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1. Introduction

TIG welding is a popular method for joining ferrous
and non-ferrous alloys [1]. High-quality and clean
welds, good surface finish, and inexpensive equipment
are some of the advantages of this technique [1]. The
low deposition rate and productivity of TIG welds
have restricted the application of this method to thin
sections, which is the reason for its slow growth rate
in the industry [2]. Enhancing the penetration of TIG
welding could compensate for the low deposition
rate. A thin layer of oxide or fluoride fluxes could
enhance the penetration depth of the welds. The
process is known as active flux TIG, or A-TIG, and
was introduced by Paton Electric Welding Institute in
the 1960s [3, 4]. The flux increases the penetration by
contracting the arc and reversing the Marangoni
convection. Li et al. [5] investigated the effect of
oxygen directly blown to the weld pool through a
double-shielded TIG method on the shape of the weld
pool. Oxygen caused a deeper weld pool compared to
TIG welding [5]. Double-shielded (Ar + COy) TIG
welding of carbon steel also confirmed that certain
amounts of oxygen from decomposing of CO>, could
increase the penetration depth [6]. Small additions of
SO2 inargonshielding gas improved joint penetration
[7]. The addition of small amounts of sulfur and
selenium, tolerable by the base metal, could enhance
TIG penetration [8, 9]. The considerable effect of
MWCNT-TiO- flux on the penetration depth of 6061
aluminum was confirmed by Muzamil et al. [2].
Ramkumar et al. [10] reported that both SiO, and
Fe,0s fluxes improved the weld depth in SS430 and
made 5 mm-thick welds accessible in a single pass.
The effects of Cu.O, NiO, Cr;0s, SiO2 and TiO;
fluxes on the penetration depth of SS304 TIG welds
were investigated by Lu et al. [11]. Yushchenko et al.
[12] didexperimental and mathematical investigations
on the electromagnetic and hydrodynamic processes
occurring in the weld pool of SS304 in TIG and A-
TIG welding and found a good agreement between
experimental and calculated results. The comparison
of mono- and multi-component oxide fluxes on the
TIG welding of stainless steels was reported in [1, 13,
14]. A mixture of MnO; and ZnO fluxes led to full
penetration in 5 mm-thick SS304 sheets [15]. Several
mechanisms were proposed for the higher penetration
associated with activating fluxes, two of which are
commonly accepted: reverse Marangoni and arc
constriction [16-18]. The former is attributed to the
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reduction of the surface tension at the center of the
weld pool under the influence of oxygen and the
resulting convection from the periphery to the center
of the pool. The latter refers to the reduction of the
plasma arc diameter while moving fromthe bare to the
flux-coated surface. The reduced arc diameter leads to
an increased current density and, therefore, a narrower
and deeper weld. Buoyancy forces, electromagnetic
forces, and aerodynamic forces are less common
mechanisms proposed in the literature [19].

A-TIG has principally been known to increase the
penetration depth of the welds. Nonetheless, in some
circumstances, fluxescouldlowertheweld penetration,
which has been disregarded in the research works.
Moreover, researchers disagree on a single depth-
enhancing mechanism in A-TIG welding. Hence, in
this paper, two objectives are pursued: first, to
determine the dominant mechanisms responsible for
increasing the penetration depth in A-TIG welding.
Second, to explain factors that may render the A-TIG
process less efficient. Hence, the effects of various
oxide fluxes on the penetration depth of SS316 and
Ab16 ferritic steel with different thermophysical
properties were studied. The results were compared
with the preceding works, and some mechanisms
were proposed following acomprehensive discussion.

2. Experimental procedure

Plates of SS316L and A516 Grade 70 steel with
dimensions of 80mm x40mm x8mm were used, and
the chemical compositions are shown in Table 1. The
chemical composition and trace elements, such as
sulfur, can have a great impact on weld penetration
[9]. In order for the chemical composition to be as
constant as possible, all tests were performed on a
small piece of steel. Bead-on-plate welding was
performed to avoid any discrepancies caused by edge
preparation and fitting of the sample. Five different
oxide powders of Fe;Os, Al,O3, SiO, TiO, and
MnO; with a purity of 99.5% were used. The oxide
powder was added to the acetone and then mixed
using a mechanical stirrer to obtain a homogeneous
activating agent. A thin layer of the flux with a
thickness of about 0.2 mm and a width of 20 mm was
applied on the specimens using a paintbrush. To
obtain a reliable flux thickness, oxides were weighed
using a 0.01 g balance following the calculations
shown in Table 2. After the acetone was evaporated,
a dry layer of flux remained on the surface.

Table 1. Chemical composition of the SS316L and A516 steel (in wt.%)

Fe C Mn Si P S Cr Mo Ni N
SS316L Bal. 0.02 151 0.42 0.017  0.002 16.8 2.15 10.1 0.0
A516 Bal. 0.16 1.17 0.33 0.009  0.003 0.02 0.006 0.01 -
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Single-pass TIG welding using a non-consumable
thoriated tungsten electrode (diameter of 2.4 mm)
was performed by employing a DCEN polarity power
source at the current of 100 A, constant speed of 2
mm/s under high purity argon shielding with a
flowrate of 12 L/min. To performwelding ata constant
travel speed, a mechanized welding process was
used. The angle of the electrode was 30°, and its tip
was at a distance of 2 mm from the surface. To
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observe the arc shape, a camera was placed in front
of the weld at a secure distance from the welding
assembly. After the welding, the cross-section of the
samples was prepared for macro-examination
followingthe conventional metallographic procedure.
The geometry (depth and width) of the welds was
measured by a non-contact measuring system at a
magnification of 8X.

Table 2. The calculations to obtain the required oxide mass for a flux of 0.2 mm thickness

Flux Width (cm) Length (cm) Thickness (cm) Density (g/cm®) Mass ()
TiO2 2 15 0.02 4.23 2.54
SiOz 2 15 0.02 2.65 1.59
Al2O3 2 15 0.02 3.95 2.37
Fe20s 2 15 0.02 5.24 3.14
MnO: 2 15 0.02 5.03 3.02

3. Results and Discussion

The macrographs of the cross-sections of A516
samples welded with and without activating fluxes
could be seen in Fig. 1. The MnO; and Fe;O; flux-
assisted welds (Figs. 1c, d) had depths comparable to
that of the conventionally welded sample (Fig. 1a).
But the welds obtained using TiO2, SiO, and Al,O;
(Figs. 1b, e, and f) were shallower than the TIG weld.
This means a negative and/or negligible effect of
fluxes on the penetration depth of the carbon steel
welds. These results contradict those obtained by
Mirzaei et al. [6] and de Azevedo et al. [20] on A-TIG
welding of ferritic steels. A wide heat-affected zone
(HAZ) observed in A516 steel could be attributed to
the large thermal conductivity of carbon steels [18].

The macrographs of the cross-sections of the SS316
specimens welded using TIG and A-TIG processes
are shown in Fig. 2. It is seen that TIG welding of
SS316 caused a shallow and wide weld pool.
According to Fig. 2(b-f), various fluxes enhanced the

penetration depth and reduced the width of the bead.
Nonetheless, SiO, and to a lesser extent Al,Oz were
less effective. Comparing Fig. 2a and Fig. 1a shows
that the penetration depth of the original weld of
Ab516 was greater than that of SS316. However, when
the same fluxes were employed the penetration depth
was reversed.

Fig. 3a makes a quantitative comparison of the
penetration depth of A516 and SS316 welds using
different fluxes. Fig. 3a shows that in the case of
S§S316, TIG welding led to the shallowest weld with
1.7 mm depth. TiO2, MnO,, and Fe;0; caused about
a 75% increase in the penetration depth of SS316.
Al;O3 by about 50% increase was a little less
effective. The least effective flux was SiO, with
merely a 9% of depth increase. The penetration
depths in this study were smaller than those reported
by Tseng et al. [21] and Liu et al. [22] because they
performed welding at a higher current and/or a lower
speed which provided greater heat for deeper weld.

(e)

Fig. 1. Cross-sectional view of A516 welds welded a: without flux, b: with TiO; flux, c: with MnO; flux, d: with Fe;Os,
e: with SiO; flux, and f: with Al>Os flux.
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Fig. 2. Cross-sectional view of SS316 welds welded a: without flux, b: with TiO; flux, c: with MnO- flux, d: with Fe,O3
flux, e: with SiO; flux, and f: with Al,Os flux.

In TIG welding of A516, a weld depth of 2.2 mm was
obtained, about 30% higher than that of SS316.
However, the depth of the flux-assisted welds
decreased in the case of TiO2, SiO,, and Al,O5 and/or
the increase was not significant when MnO, was
employed. According to Fig. 1, the best result was
attained when Fe,O3; was used. Similar results were
obtained in studies of Tseng et al. [21] in A-TIG
welding of SS316 and Dhandha and Badheka [23] in
welding of P91 steel when stable oxides like Al,O;
and CaO were used. The effect of activating fluxes
on the width of the bead of different specimens
shown in Fig. 3b is quite straightforward. For both
ferritic and austenitic steels, the weld bead narrowed
down by applying fluxes, except SiO;, which
marginally got the weld widened.

Regarding TIG welding, a deeper weld was observed
in A516 steel than in SS316 under the same welding
parameters. The thermal conductivity and diffusivity
of SS316 are lower than those of carbon steel.
Thermal diffusivity is the thermal conductivity
divided by density and specific heat capacity at
constant pressure, suggesting that heat transfers
slowly in a material with low thermal diffusivity.
This may increase weld penetration by concentrating
the arc energy. However, the viscosity of austenitic
steels is lower than ferritic steels [24]. It was reported
that an increase in the melt viscosity would result in
a reduced weld penetration because high viscosity
restricts the fluid flow [25, 26]. This means that in
stainless steels, viscosity has a greater impact on
weld penetration rather than thermal conductivity. It
is noteworthy that, during heating, in stainless steel
and carbon steel welds, the HAZ transforms to delta
ferrite and austenite, respectively [27, 28]. This
makes the heat transfer of these steels complicated. It
was beyond the scope of this paper to measure the

HAZ size of the welds, and no reliable data could be
obtained from the macrographs shown in Figs. 1 and
2. However, ithas beenwidelyaccepted and confirmed
that under the same welding conditions, ferritic alloys
show a wider HAZ than austenitic ones [29]. The
bigger HAZ width in carbon steel indicates this alloy's
higher conductivity. The other important point is the
higher sulfur content of carbon steels in routine
products, and sulfur could increase the weld
penetration, which means the carbon steel with higher
sulfur content already has an inherent active flux.
The results showed that SiO, and Al;Oz were less
effective in enhancing the weld depth. A schematic
representation in Fig. 4 compares the conventional
TIG (Fig. 4a) with A-TIG in different conditions
(Figs. 4b, c). According to Ellingham—Richardson
diagram, SiO,, TiO,, and Al;Os are the most stable
oxides. To have a good penetration in the A-TIG
process, the oxide flux should be dissociated and
oxygen atoms should be dissolved in the melt. This
happens more effectively in the less stable oxides.
Moreover, the stoichiometry of the oxide may affect
the amount of oxygen provided for the melt.
Theoretically, oxides like MnO, and TiO- should be
more effective than AlOs. However, the weld
penetration measurements showed an exception in
the case of SiO,. In more stable oxides, the arc
temperature, especially at the colder peripheral zone,
was insufficient to decompose the oxides. When the
arc collides with stable oxides such as Al,Oz or SiO;,
the arc energy is not enough to decompose the flux,
and the flux layer acts as a barrier against the arc.
Thus, the arc is deviated from the straight path and
spreads out toward the arc edges, which leads to an
increased arc width. This mechanism can be
schematically seen in Fig. 4c.
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Fig. 3. a: Penetration depth of the welds with and without flux, b: width of the weld beads with and without flux.

In contrast, when the arc energy is able to overcome
the flux layer, a small hole forms in the center of the
flux due to a higher temperature in the middle of the
arc. The metal underneath is directly exposed to the
arc energy, and leads to increased metal evaporation,
and the arc flare concentrates in the center of the weld
pool [30, 31].

As stated earlier, the reverse effect of fluxes has been
overlooked in the literature. When fluxes are used,
the arc energy could be dissipated in some ways:
consuming the arc energy by heating the fluxes,
decomposition of the flux, and the barrier effect of
the fluxes. Generally, the formation of an oxide layer
on the surface of the weld pool reduces the weld
penetration [6] and, more importantly, prevents the
weld pool surface from moving freely and, therefore,
inward Marangoni convection could be disturbed
even if the oxide has a thickness lower than 50 um
[32] which is much thinner than the thickness of
active fluxes. Also, when the heat input is insufficient
to decompose the oxide flux, the fluid flow could get
the oxide layer immersed in the melt pool as an
inclusion. The formation of a dual-phase fluid (i.e.,
the melt and oxide inclusions), in turn, leads to a
viscosity rise and a reduction in weld penetration [33,
34]. In brief, in A-TIG, two competing factors affect
the weld penetration; the increase in the penetration

Tungsten
electrode

. A-TIG arc
Conventional

TIG arc

Conventional
TIGarc .

MoltenElCES

Work piece

conventional TIG

(a) (b)

high heat input/
less stable oxide

Width of bead (mm)

Different fluxes

by reversed Marangoni and arc constriction, and the
reduction of the penetration by decreasing the arc
force or dissipation of arc energy.

To verify the above arguments, MnO; as the most
efficient flux was chosen for further study. A flux
with a thickness of 0.5 mm (2.5 times thicker) was
applied on SS316 and welding was performed using
the same parameters. As shown in Fig. 5a, in the case
of the thicker flux, in comparison with the
conventional weld, the penetration of the weld
decreased by about 22.3%, but the width of the weld
increased by about 9.8%. This means that the flux
acts as a barrier. The outward deviation of the weld
was confirmed by the shape of the arc captured
during welding (Fig. 5b). When the heat input
increased by about 37 percent, a deep and narrow
weld formed once again (Fig. 5c), even more than the
thin flux. In this case, the shape of the arc was more
focused (Fig. 5d), which agrees with the
corresponding deeper weld. In higher heat input and
flux thickness, perhaps a greater amount of the flux
is decomposed, resulting in more oxygen entering the
weld. Therefore, the enhancing mechanisms act more
efficiently. Increasing heat input by the reduction in
welding speed or increasing welding current leads to
the higher efficiency of active fluxes [35].

Conventional
TIG arc

Widened
arc

Stable flux
acts as barrier

Low heat input/
stable oxide

(c)

Fig. 4. Schematic representation of different mechanisms affecting penetration depth, a: conventional TIG, b: flux
assisted TIG in high heat input process or less stable oxide fluxes, c: flux assisted TIG in low heat input process or
stable oxide fluxes.
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Comparing ferritic and austenitic steels with different
thermo-physical properties helps to better understand
the most contributing mechanisms in increasing weld
penetration. Molten stainless steel has a higher
viscosity than carbon steel [24]. The higher viscosity
of austenitic steel was attributed to Ni alloying [36].
The surface tensions of austenitic and ferritic steels
are almost the same [37]. Also, the melts of both
alloys have nearly similar magnetic properties.
Therefore, viscosity is the main difference between
the melts of the two alloys in this study. However,
this was not much discussed in the literature. A
decrease in the melt viscosity would increase the

(c)
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weld penetration [25]. Moreover, dissolved oxygen
could affect the viscosity and surface tension of the
stainless steel considerably [26]. It could be argued
that in the A-TIG process, if the weld penetration
changes, especially in SS316, the mechanism in
which the viscosity and surface tension are
controlling parameters, i.e., the reversed Marangoni,
could be the dominant mechanism. This disagrees
with the works of Howse and Lucas [38] and
Vasantharaja and Vasudevan [39] that propose arc
constriction as the main penetration-enhancing
mechanism.

Fig. 5. Cross-sectional view and weld arc shape of the SS316 welds welded with a thick layer of MnO; flux a, b: low
heat input (weld width: 7.6 mm, weld penetration 1.5 mm), c, d: high heat input (weld width: 4.7 mm, weld penetration
3.7 mm).

With regards to the smaller impact of oxide fluxes on
Ab516 steel, it could be claimed that plain molten steel
itself has low viscosity (less than 3.4 cP [40]), and the
fluxes could not effectively reduce the surface tension
of the weld in the welding temperature range [41].
Therefore, the mechanisms that increase penetration
depth do not work effectively. This suggests that the
decreasing mechanisms should act better, and finally,
a reduction in the penetration takes place in the case
of carbon steel. It is important to note that carbon
steel has an inherent sulfur active agent, and oxide
active fluxes could not activate or enhance the
increasing mechanism. However, anyway, they could
reduce the arc energy. In contrast, molten stainless
steel has higher viscosity [42], and by adding oxygen,
the increasing mechanism works more effectively,
and finally, the penetration increases.

4. Conclusions

The present study was conducted to determine the
dominant mechanism changing the geometry of the
welds in the A-TIG welding of steels. The behaviors
of ferritic and austenitic steel were evaluated using
A|203, Fezog, MI’]OQ, SiOz, and Ti02 fluxes with
different thermodynamical stabilities.

1- The oxide fluxes caused the penetration depth of
the stainless steel welds to increase up to about 75
percent in the case of TiO2, MnO; and Fe;Os. Al;,O3
and SiO;, with a respective 50 and 9 percent increase
in the weld depth, were less effective.

2- In the case of carbon steel, the more stable oxides
i.e., Al,Os and SiO; had reversed effects and caused
the depth of penetration to reduce by about 30 percent
compared to that in conventional TIG welding.
Oxides such as Fe,O3 could play a role in enhancing
the penetration depth.
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3- Based on the thermo-physical properties of carbon
steel and stainless steel, it was decided that the
penetration enhancement was mainly governed by
the viscosity and surface tension, i.e., the reversed
Marangoni rather than arc constriction was the
dominating mechanism.

4- Inactive TIG, two mechanisms compete with each
other: one increases the penetration, and the other one
decreases the penetration. The former mechanism
was well investigated in the literature, whereas the
latter was completely ignored. The type and thickness
of flux, i.e., the energy for flux decomposition and
the barrier effect, are two parameters that consume
and dissipate arc energy and reduce weld penetration.
5- When the heat input/arc energy is low, and a thick
or stable flux exists, the second mechanism is
dominant, and a reduction in the weld penetration
results. But in high heat inputs and the presence of
thin or less stable fluxes, the first mechanism
dominates, and weld penetration increases. This has
led researchers to obtain conflicting results in their
investigations.

6- In alloys with higher viscosity and surface tension,
like stainless steel, the first mechanism could be more
effective. But contrariwise, in plain carbon steel with
lower viscosity and surface tension, the enhancing
mechanism's effect is insignificant, and the second
mechanism could reduce the penetration and increase
the weld width.
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