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Abstract The TIG welding with active flux (A-TIG welding) consists in depositing a thin layer of flux on the
work piece surface just before the welding. The layer deposition can be done by brushing or spraying over the
surface, and welding is performed after it dries out. It is found that with this process it is possible to increase the
weld penetration and productivity up to three times higher or more compared to the TIG process in metals. In
this review paper, A-TIG welding of austenitic stainless steels is examined. The welding flux, the shielding gas
and the welding parameters affect the weld penetration in A-TIG welds. The effects of the activated flux
welding mechanisms, the flux chemical composition, thickness of the flux, flux powder size welding current, the
arc voltage, the arc length, the welding speed and composition of the shielding gas on weld geometry of
austenitic stainless steel A-T1G welds are explained in detail.
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Introduction

Tungsten inert gas (TIG) welding process is known for its versatility and high joint quality. However, these
advantages of TIG welding are offset by the limited thickness of material that can be welded in a single pass
and by the poor productivity of the process [1]. A new TIG process variant, known as activated flux welding
(A-TIG), uses an activating flux to overcome these limitations by increasing the penetration significantly that
can be achieved at a given current [2]. The A-TIG welding process in which a very thin coating of the flux is
deposited on the joint area prior welding. The flux consists mainly of oxides and halides in the form of thin
powder dispersed in an organic solvent, usually acetone. Before starting the A-T1G welding process some time
is needed to evaporate the liquid of the paste. The liquid of the paste evaporates within seconds leaving a layer
of flux on the surface. Fig. 1 shows the cross-sections of the weld beads obtained during autogenous TIG
welding and A-TIG welding of AISI 316L stainless steel, respectively using the same welding process
parameters [3]. Deeper weld beads were obtained with the A-TIG welding.

Figure 1: Macrostructure of (a) TIG, (b) TiO, flux A-TIG and (c) SiO, flux A-TIG welds produced with the same
welding parameters on AlSI 316L steel plates [3].
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Activating Flux Welding Mechanisms

Although, there are several mechanisms were proposed by the researchers, there is not a general agreement
about the mechanism of the A-TIG welding process. The proposed theories are the arc constriction, reversal of
the Marangoni convection, the arc pressure and Lorentz forces [4]. Among these theories the first two are very
important [5,6]. The important theories are explained below. Fig. 2 schematically illustrates the important

mechanisms underlying the increased penetration capability of TIG weld produced with an activated flux [7].
Conventional TIG Welding Activated TIG Welding

Activated Flux

A

Figure 2: Mechanism for increased penetration capability of activated TIG weld [7].

Arc constriction mechanism: Fig. 3 illustrates the arc columns and the anode roots of TIG and A-TIG welds
[3]. Fig. 3 shows that fluxes constrict the arc column and the anode root diameter compared to the conventional
TIG arc at the same current level. Each flux has its own characteristic effect. Constriction of the plasma column
increases the weld penetration as shown in Fig. 1.
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Figure 3: Effect of TIG welding without and with flux on arc column and anode spot of AISI 316L stainless
steel plates [3].

In the A-TIG process, it is proposed [8] that arc constriction is produced by the effect of the vaporized
molecules capturing electrons in the outer regions of the arc which results in a constricted plasma (Fig. 4). The
flux atoms are ionized to generate electrons and positive ions. The reactions occurring primarily in the arc
column lead to a reduction in the diameter of the plasma column and, hence, the area of the anode root as shown
in Fig. 3. The degree of constriction will be determined by the effectiveness of the flux vapor to combine with
the electron [8].

Marangoni convection: The geometry of the weld pool is directly affected with the liquid metal movement [9]:
The lateral metal movement forms a wide, shallow weld and the vertical liquid movement produces a deep and
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narrow weld pool as shown in Fig. 2. It is well established that surface tension is usually the dominant driving
force [1] in TIG welding.

The Marangoni convection refers to the convection movements due to the surface tension gradient on the weld
pool surface, as shown in Fig. 5 [9]. While using TIG welding processes, the surface tension gradient is
generally negative, and the convection movements are centrifugal [9]. The addition of an activating flux
involves an inversion of the convection currents due to the presence of oxygen at the melting zone surface [10].
It originates from dissociation of the oxides in the activating flux [11] and increases the active surface tension
[12]. In this case, the surface tension gradient becomes positive, and the resulting convection movements are
vertical. Thus, the A-TIG process leads to an increase in penetration depth and a decrease in weld pool width.
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Figure 4: Schematic illustration of model of arc constriction by the activating flux [8].

Z (a)
R
z edge center edge
5 ke
L
o
&
S
g
Temperature, T
¢ b
g (b)
Z edge center edge
g U
“
=3
‘.."_1
-
=
7

Temperature, T
Figure 5: Marangoni convection mode in the weld pool (9): (a) 06/0T < 0; (b) 05/0T>0.

A-TIG Fluxes

The nature and exact composition of the flux depends on the material to be welded. Several mixtures were
published. A patented activating flux formulation for TIG welding of austenitic stainless steel was published:
30-50%Ti0,, 25-40% SiO,, 10-20% Cr,03, 5-15% NiO and 5-15% CuO [13]. Table 1 illustrates the mono
fluxes which were successfully applied in A-TIG welding. Each flux powder has its own characteristic effect in
A-TIG welding process. Figure 6 shows the characteristics of the Type 316L stainless steel TIG weld geometry
produced with and without flux [13]. Each powder has a characteristic effect.

If the activated flux of the A-TIG welding process consists two or more different powders, the ratio of the
mixture becomes important [22]. Figure 7 shows the characteristics of austenitic stainless steel TIG weld
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geometry produced with various flux compositions. The increases in weld penetration and the decrease in bead
width are significant with use of the activating flux, which is composed of MnO, and/or ZnO powder mixture.
The 40%Mn0O,-60%Zn0O mixture led to the greatest improvement in penetration capability.

Table 1: Activating fluxes which gave successful results in A-T1G welding of stainless steels

STAINLESS STEEL ACTIVATING FLUXES

TYPE

Ferritic stainless TiO,[14], B,03[14], SiO, [14]

Awustenitic stainless TiO, [15], SiO, [15], Cr,03[15], ZnO[15], Fe,03[15], MnO,[15], M0oO5[15],
FeO[16], ZrO,[17], CrO;[18], AlF5[19],

Duplex stainless Si0,[20], Mo0O;[20], Cr,03[20], TiO, [15]

Martensitic stainless CuO[21], Co304[21]

(f) SiO,
Figure 6: Characteristics of weld geometry produced with and without activated flux [19], (a) TIG welding, (b-
g) A-TIG welding
In a study the particle size effect on the weld penetration were investigated to in A-TIG welding of austenitic
stainless steels [23]. SiO, was used in the experiments. Three kinds of particle sizes were selected to investigate
the effect of particle size and the flux quantity on the weld penetration. It is clear that the small particles (0.8 and
4 um) have a good effect on enhancing the penetration, while the large particle (25 pum) has no effect. The
specific surface area of small flux particles are larger than big particles. Since the decomposition of the oxide
depends on the reaction rate, which increases with the specific area, the small particle is easily decomposed.

This implies that the decomposition of large SiO, particles is very weak.
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Figure 7: Characteristics of TIG weld geometry produced with various flux composition [22].
The coating thickness is observed to have a very profound effect on weld penetration as shown in Fig. 8 [17].

The maximum of penetration in A-TIG depends on the welding current. Beyond the optimal thickness, weld
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penetrations decrease significantly. This rapid fall can be explained by higher energy consumption required to
break the flux barrier.

For A-TIG process, a paste is obtained by mixing flux powder in a liquid carrier which is very often alcohol or
acetone. A-TIG welding was carried out with the activating fluxes dissolved by acetone, distilled water, ethanol
and methyl ethyl ketone (MEK) respectively, the influence of solvent on weld penetration is shown in Fig. 9
[24]. Among the four kinds of solvents, acetone has the most obvious effect, followed by ethanol.
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Figure 8: Evolution of penetration depths with coating thickness in A-TIG welding [17].
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Figure 9: Effect of solvent on weld penetration in A-TIG welding [24].

Effects of A-TIG Welding Parameters

In TIG welding the welding parameters determine the weld bead geometry. The important parameters are the
welding current, the arc voltage, the arc length, the welding speed, composition of the shielding gas and the gas
flow rate [26]. The effects of these parameters in A-TIG welding are explained below.

The influence of welding current on depth of penetration and weld bead width of the bead-on-plate welds made
with and without flux is shown in Fig. 10 respectively, for 304LN steel plates [25]. The increase in welding
current causes a higher weld energy and an increase weld cross section area, weld depth and weld width [26].
The growth in weld penetration and width is not equivalent for TIG and A-TIG welding as shown in Fig. 10. It
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was found that, at all current levels the increase in depth of penetration in A-TIG welding is almost twice that of
conventional TIG welding. It can be seen that the weld bead width of A-TIG welding is enlarged by more than
half for the same welding current of TIG welding.

As the welding speed increases, the arc input heat per weld length decreases, and the weld penetration becomes
shallow [26]. Fig. 11 shows the measured penetration of autogenous TIG bead-on-plate welds into 5mm thick
stainless steel as a function of weld current and travel speed [16]. The penetration depth is inversely
proportional to travel speed at a particular weld current. The abilities of oxide fluxes increasing the weld
penetration decrease with the increasing of welding speed.

Arc length is critical in determining the arc energy density during TIG welding. Generally, welding with a
shorter arc length, the heat of the arc is more readily transferred into the workpiece than diffused to the
surrounding environment. To avoid electrode damage and obtain arc stability, austenitic stainless steels A-TIG
welding arc length was recommended to be kept in 2-4 mm [25].
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Figure 10: Influence of welding current on the (a) depth of penetration and (b) bead width of the welds
produced by TIG and A-TIG welding of 304LN steels [25].
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Figure 11: Effect of process parameters on penetration depth of stainless steel TIG welds [16].
In A-TIG welding the arc voltage increases slightly [26]. Fig. 12 shows the effect of TIG welding on arc voltage
with and without flux. The weld current and travel speed were maintained at a constant value, and the arc
voltage increased when the activated TIG welding was used [20]. The decomposed flux additives attract
electrons, causing the arc to constrict and result in an increase in arc voltage [20]. Fig. 14 clearly shows that the
five fluxes can simultaneously increase the arc voltage, whereas the increase caused by the oxides can be weak
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or strong depending on the flux compositions. There is a clear correlation between the measured arc voltage and
the observed arc constriction in TIG welding with and without flux, i.e., the higher the arc voltage value, the
greater weld arc constriction will be [20].

16.5
7 & Without Flux
16.0 © With SIO, Flux
J A With MoOj Flux
15.5 — A With CryO; Flux
< With TiQ, Flux
i 4 With MnO, Flux

Arc Voltage (V)
S
L
|

D 6 12 18 24 30 36 42 48 54
Weld Time (sec)
Figure 12: Effect of oxide flux on arc voltage [20].

Argon is the most commonly used for TIG process because it has a relatively low spatter and a stable arc [27].
Helium is another important inert gas for TIG welding. Compared to argon, its current density at the anode spot
on the liquid pool under He shielding is high, which will directly increase the electromagnetic force and
possibly increase the temperature gradient on the pool surface. Since the strength of the Marangoni convection
is controlled by the combination of the temperature gradient on the pool surface and the temperature coefficient
of the surface tension, the helium should have a more significant effect on the Marangoni convection [28].
Adding an active element to the weld pool through the shielding gas is another recommended method for deep
penetration in TIG welding [27]. A suitable amount of O, or CO, addition in the shielding gas produced a
significant improvement in weld penetration depth [29]. The oxygen in the weld metal from the decomposition
of the mixed shielding gas plays an important role in changing the Marangoni convection in the weld pool.
When the oxygen concentration in the weld metal is over 70 wt. ppm, the Marangoni convection in the weld
pool changes from outward to inward [29]. Consequently, a deep and narrow weld shape forms.
Hydrogen is added to argon for TIG welding of stainless steels [30]. The addition of hydrogen also significantly
increases the volume of molten material in the weld pool due to the higher thermal conductivity of argon—
hydrogen mixtures at temperatures at which molecules of hydrogen dissociate [31]. In TIG welding the arc
voltage also increased with the hydrogen and nitrogen content [32]. Increasing the hydrogen or nitrogen content
of the shielding gas contributed to an increase in penetration depth and in the cross-sectional area of the weld
metal [32].

Conclusion

The TIG welding process is very sensitive to small changes in the electric arc environment. During A-TIG
welding of steels with proper oxide type fluxes, the oxides decompose and the oxygen atoms transfer to the
liquid weld pool. If sufficient amount of oxygen is transferred to the weld pool the direction of the Marangoni
convection and a deep weld bead geometry forms. Some halides presenting in the flux and the metal atoms
coming from the decomposed oxide powders cause arc constriction which is also a useful mechanism to
increase the weld depth. The deep penetration depth obtained in A-TIG applications is the main advantage of
this process. Deep welds give distinguished savings in welding time and weld costs. Some other advantages of
the A-TIG welding process are less welding distortions and higher weld strengths. During ~ A-TIG welding of
stainless steels some alloying elements, particularly chrome, may be lost by the increased oxidation in the weld
pool.
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