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This paper mainly focuses on the review of activated flux TIG welding, more  
commonly known as ATIG, or activated TIG, welding. Tungsten inert gas welding 
is an imperative process since quality of the welds produced is high. In this  
process, productivity is usually low and to overcome this limitation, ATIG welding  
is often used to achieve improved productivity through enhanced penetration.
Application of a thin coating of activating flux is made onto the faying surface  
prior to ATIG welding. By employing ATIG welding, it may be possible to weld  
8-10 mm thick stainless steel plates as compared to 2-3 mm in conventional TIG  
welding. As activating flux, some oxides, chlorides, fluorides, etc. are used with acetone, 
or alcohol, etc. as the solvent. In ATIG welding, input parameters are chosen such as 
welding current, welding speed, percentage of activating fluxes, etc. to achieve weld 
bead with deep penetration and consequently high aspect ratio.
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1. Introduction

Gas Tungsten Arc Welding (GTAW) or Tungsten 
Inert Gas (TIG) welding is performed by creating  
an arc between a non-consumable tungsten 
electrode and the work piece to be welded. It is 
used in those cases where accurate welding as  
well as precision welding is essentially desired 
(Korkman & Meran, 2020; Wu et al., 1997; Chen 
et al., 1990; Katoh, 1990). However, due to lack 
of productivity and low depth of penetration,  
research works were undertaken since long 
to improve depth of penetration as well as 
productivity. Increased productivity in ATIG 
welding signifies greater depth of penetration, i.e. 
8-10 mm in stainless steel instead of 2-3 mm in 
conventional TIG welding. Increased productivity 
can be derived by reducing welding time through 
enhanced penetration and requiring less number 
of welding passes. 

Activated Flux TIG welding, known as ATIG  
welding, was first utilized in the late 1950s 
by the EO Paton Institute of Electric Welding.  
ATIG welding fetches enhanced penetration.  
As 2 to 3 mm depth of penetration could be  
achieved by TIG welding with single pass, but 10  
to 12 mm depth of penetration  could be achieved  

with single pass by using activating flux in ATIG  
welding. So, more than 300% increment could  
be achieved by this process (Saha & Das, 2018). 
Active fluxes are those fluxes that will cause a 
substantial change in the weld metal chemistry 
when welding voltage and consequently,  
the amount of flux fused is changed. Activated 
Tungsten Inert Gas (A-TIG) welding is one variant 
of conventional TIG welding process where a 
thin layer of appropriate activating flux is applied 
on the base plates prior to welding. Practically, 
application of the activating flux on the base  
plates prior to welding is the only difference 
between conventional TIG and ATIG welding; 
however, the results in terms of weld bead 
characteristics vary to a large extent as well as weld 
penetration. Commonly used activating fluxes 
for ATIG welding are chromium oxide (Cr2O3), 
magnesium carbonate (MgCO3), magnesium oxide 
(MgO), manganese dioxide (MnO2), calcium oxide 
(CaO), aluminium oxide (Al2O3), zirconium dioxide 
(ZrO2) etc. as shown in Fig.1 (Singh & Khanna, 
2021). 

Powdered fluxes of particle size 30-60 μm are 
mixed with appropriate solvent (mostly acetone) 
to prepare a semi-solid mixture. This paste is 
then applied on faying surfaces and surrounding 
areas of the base plates (Fig.2) (Zhang et al., 
2011). Application of activating flux offers several 
benefits like increased depth of penetration due  
to reversal of Marangoni Effect, reduced weld  
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bead width, constricted arc, narrow HAZ, less 
distortion, etc. Among the fluxes, SiO2, TiO2, 
MoO3, CuO, Co3O4, MoS2 are effective as single  
component flux. As binary fluxes SiO2 + TiO2 mixed 
in the ratio of 90:10 or 80:40  and MoO3+ SiO2 
mixed in the ratio of 4:1, Fe2O3+ Cr2O3 mixed in  
the ratio 89:11 and as ternary flux SiO2+ TiO2+  
Cr2O3 produced remarkable effect in respect of 
depth of penetration. 

2. Mechanism for Deep Penetration

2.1. Reversed marangoni effect

The Marangoni effect (also called the Gibbs–
Marangoni effect) is the mass transfer within 
two fluids due to a gradient of the surface 
tension (Figure 3). In the case of temperature  
dependence, this phenomenon may be called  
thermo-capillary convection (or Bénard-Marangoni 
convection).

Thermal coefficient of surface tension (TCST) is 
responsible to change the direction of movement 
of molten pool of weld material. If the surface 
tension gradient is negative, the cooler part  
will be the outer region of the molten pool as 
compared to the central part. So, more surface 
tension will be generated at the outer region 
compared to that at the central part. As a result, 
direction of flow of the molten pool will be in  
the outward direction creating a wide and shallow 
weld pool.  However, due to the presence of 
surface active elements such as oxygen, sulphur 
and selenium present in an active flux, as  
proposed by Heiple and Roper (Shahroudi & 
Halvaei, 2019), temperature dependence of 
surface tension becomes positive from negative 
and flow of direction of molten weld pool will 
be towards central region, and then flows down 
starting from outward region. As a result of this, 
high depth of penetration can be achieved. This 
is known as reversed Marangoni effect (Xu et al., 
2007; Bhattacharya, 2015; Lin & Yang, 2020).

2.2. Arc constriction effect

Arc constriction can also be the possible reason 
behind high penetration (Howse & Lucas, 2000; 
Kumar et al., 2009; Lin & Wu, 2012).

Arc Constriction is due to insulating properties  
of flux. Metallic oxides are mostly used as fluxes 
and they are electrical insulators, and hence, 
surfaces covered by such fluxes have higher 
electrical resistance. This reduces size of arc spot 
and increases penetration.

Fig. 1. Different oxide fluxes used in activated flux  
TIG welding (Singh & Khanna, 2021).

Fig. 2. Application of flux for ATIG welding process.
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3. Theories Regarding High Penetration in 
ATIG Welding Process 

3.1. Theory of simonik in 1976

This theory tells Shahroudi and Halvaei (2019) 
that oxide and fluorine atoms existing in the 
activating flux create remarkable entity to drag 
free electrons at the corner edge of the plasma 
of the arc. It is stated that ions formed in this way 
acquire substantially lower ability to move than 
free electrons. So, at the central portion of the arc, 
density of arc increases enormously due to higher 
moveability of electrons.

3.2. Theory of savitskii and Leskov in 1980

This theory implies Shahroudi and Halvaei (2019) 
that the activating fluxes possess the ability to 
decrease surface tension as well as lower the 
anodic spot and consequently result in deeper 
penetration.

3.3. Theory of Heiple and Roper in 1982

According to this theory as reported by Shahroudi 
and Halvaei (2019), deeper penetration can be 
achieved with the help of reversed Marangoni 
effect. When the surface tension gradient  
becomes negative, the flow of molten pool occurs 
from centre to the edge of the molten pool. It is 
known as Marangoni effect. On the other hand,  
due to the presence of active fluxes, surface  
tension gradient changes its value from negative 
to positive and as a result, the direction of  
molten pool starts from surface end towards  
the centre of the molten pool. It is known as 
Reversed Marangoni effect and it is considered 

to be the main reason behind achieving high 
penetration during ATIG welding.

3.4. Theory of Lowke, Tanaka and Ushio in 2005

According to this theory, the activating flux 
is responsible to cause an insulating surface 
all-around the arc region and consequently, the arc 
causes deeper penetration (Shahroudi & Halvaei, 
2019).

4.  Predictor Factors of ATIG Welding

Many determinant factors are responsible Sandor 
& Dobranszky (2007) to cause deep penetration as 
well as productivity as stated below:

1. Root gap: The joint gap i.e. root gap is a major 
factor in case of butt joint. Basically, higher 
currents (i.e., 550-650 A) for a root face of 
8-10 mm is required for a zero root gap butt 
joint. In this case, welding on both sides is 
mandatory for achieving favourable depth 
of penetration. Here, heat input is also to  
be checked. For circular seam welding, zero 
root gap is required.

2. Welded joint: If the root gap is more than a 
prescribed limit, then inclusions may occur. 
In case of ATIG welding, zero root gap is  
to be maintained, otherwise it will create a 
problem from the industrial point of view.

3. Thickness as well as quantity of flux to 
be applied: Thickness of paste should be  
around 20-25 µm (except for TiO2, the paste 
thickness should be around 40 µm). The 
quantity of flux should be around 0.1 to 0.15 
gm/m according to international literature  
on ATIG welding.

Fig. 3. Typical variation of surface tension with change in temperature in (a) TIG and (b) ATIG welding.

(a) (b)
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4. Method of applying flux: Human errors 
may arise while applying flux to generate  
uniform desired thickness of flux cover. 
However, human errors need to be eliminated 
or reduced substantially by suitable ways  
and means. 

5. Selection of tungsten electrode: In ATIG 
welding, lower amperage is required as 
compared to higher amperage in TIG welding. 
Although high penetration is achieved using 
low amperage in ATIG welding, but visibly  
high heat load gets developed which  
ultimately leads to faster disbursement of 
electrode. So, it is necessary for monitoring 
high heat input.

5.  Types of Welding Current Used for ATIG 
Welding

There are generally three types of welding current 
used in TIG welding, such as DCSP, DCRP and AC 
(Mohan, 2014; Afolalu et al., 2019). These are 
discussed in the following:

DCSP (Direct Current Straight Polarity) or DCEN 
(Direct Current Electrode Negative): In it, tungsten 
electrode is connected to the negative terminal 
and work piece is connected to the positive 
terminal. It is used in consideration of high depth 
of penetration and shallow weld bead.

DCRP (Direct Current Reverse Polarity) or DCEP 
(Direct Current Electrode Positive): In it, tungsten 
electrode is connected to the positive terminal  
and work piece is connected to the negative 
terminal. It is mainly used for light weight material 
with low amperage.

AC (Alternating Current): It is mainly used for 
aluminium and magnesium materials. One part 
of the square wave form is used for cleaning 
action and the other part for welding with deep 
penetration.

6.  Enhancement of Penetration in Flux 
Assisted TIG Welding of Various Types 
of Materials

6.1  Flux assisted TIG welding of aluminium 
and its alloys

Yong et al. (2007) reported the effect of multi-
component flux AF 305 on aluminium alloy.  
They used different polarities DCSP, DCRP and  
AC to show the effects of flux on weld penetration. 

It was shown that AC polarity created better  
weld penetration as compared to other direct 
current polarities and resulted deep penetration 
more than 3 times that of conventional TIG 
welding.  It was also stated that when AF 305 was 
used as activating flux, some portions of welding 
slag got separately distributed on weldment  
and constriction of arc pool happened. In another 
work conducted by Reddy et al. (1998), they 
explained the effect of pulse frequency during TIG 
welding with respect to micro structure, hardness 
and tensile strength of AA8090 type AI-Li alloy 
treated with AA5356 filler. They showed that 
pulsed current during TIG welding resulted in  
finer equiaxed grain structure as compared to 
coarse columnar grain structure in continuous 
current TIG welding process. It was also  
revealed that grain refinement was associated  
with increase of hardness, UTS and ductility. They 
also stated that within the optimum frequency 
range of 6 to 8 Hz, grain refinement was the highest. 

An experiment was performed by Zhou and  
Huang (2014) to show the effect of mono 
component fluxes such as TiO2, SiO2, Cr2O3, 
V2O5 and  halide CaF2 on 5052 aluminium alloy.  
They showed that TiO2 and SiO2 took major role 
causing greater depth of penetration as well as 
narrow heat affected zone. Another research 
work conducted by Li et al. (2017) explained the 
effects of AlF3, LiF, KF-AlF3, and K2SiF6 on 2219 
aluminium alloy by using DCEN welding and VP 
(variable polarity) TIG welding and comparison 
were made among these processes. They stated 
that DCEN ATIG welding showed no porosity 
in the weld zone instead of several micro and  
macro porosity observed during VP TIG welding. 
Coarse grain structure was observed in VPTIG 
welding due to large current as compared to 
reduced current in DCEN ATIG welding. 

Al-SiC composite was welded by Singh et al.  
(2017) using pulsed current ATIG welding giving 
improved mechanical properties as compared  
to ATIG, PCTIG and conventional TIG welding.  
In the same year, DCEN ATIG welding was reported  
by Li  and Zou (2017) to be more effective with 
respect to avoid porosity and achieving deep 
penetration as compared to convetional TIG 
welding. They used the fluxes such as AlF3, LiF, 
KF-AlF3, and K2SiF6 and 2219 alluminium alloy 
was considered as base metal. Hui and Jiashengi 
(2017) carried out an experiment to show that 
the active agent, AlF3- 75% LiF had better effect 
during DCEN active flux TIG welding on 2219 
aluminium alloy. This active flux was reported to 
be much responsible to remove surface oxide  
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and welding pores to improve the weld surface 
quality. A report on the influence of welding 
parameters on mechanical properties such as 
tensile strength, hardness, etc. was made by 
Varshney &  Kumar (2021) during TIG welding and 
activated flux TIG welding. Better microstructure 
analysis of welded joint of aluminium AA5456  
was reported. Better microstructure properties  
and mechanical properties such as hardness, 
etc. were evaluated by taking welding current as  
the varying parameter. Here welding electrode  
of grade 4047 was used for more content of  
silicon for increasing fluidity during welding 
operation.

6.2  Research works based on magnesium alloy

The effect of CdCl2 as the activating flux was 
reported by Liu et al. (2006) during ATIG  
welding on AZ31B magnesium alloy. To improve 
mechanical properties by adding ceramic particles 
with activating flux were also experimented by  
(Liu & Su, 2008). During their experiment, they 
used 60% TiO2 + 40% SiC by using base metal 
AZ31B. Another research work showed by Li et 
al. (2012) the effect of single component fluxes  
(TiO2, Cr2O3 or SiO2) during A-TIG welding in AC 
mode by using base metal AZ31B magnesium alloy. 

Shen et al. (2013) showed the effect of SiC  
mixed with TiO2 as a flux during experimentation 
with ATIG welding. They used hot extruded AZ 31 
magnesium alloy plates of sizes 100 mm x 50 mm 
x 6 mm. When the amount of TiO2 was increased 
up to 70%, the depth of penetration was found  
to be increased and consequently D/W ratio 
was also increased. Authors also concluded that  
nano sized SiC particles produced more micro 
hardness value as compared to micro sized SiC 
particles. It was also revealed that when the 
amount of nano sized particles reached 40%, the 
UTS value of fusion zone of the welded portion 
achieved maximum value. 

Another work carried out by Shen et al. (2014) 
showed the effect of current during their 
experimentation with activated flux TIG welding. 
They used AZ 31 magnesium alloy plates of  
sizes 100 mm × 50 mm × 6 mm as base metal.  
They selected TiO2 as flux with particle size of 
120 nm. They concluded that with the increase 
of current, D/W ratio increased and at the  
same time width of welded seam was also found  
to have increased. They also stated that when 
current value reached too high, D/W ratio 
decreased and deterioration of surface of base 

metal occurred. An experiment was carried out 
by Zhou et al. (2017) to show the effects of Cr2O3 
flux and ageing treatment on microstructure 
and mechanical properties of TIG welded AZ31 
magnesium alloy joints. It was reported that Cr2O3 
flux exhibited higher D/W ratio of the welded 
joint as compared to conventional TIG welding. 
The average micro hardness of fusion zone of 
the ATIG welded joint was greatly improved by  
ageing treatment. It was also reported that the 
ageing treatment improved ultimate tensile 
strength and elongation of the ATIG welded joint. 

The effect of fluorine free and fluorine content 
coating on AZ31 magnesium alloy was observed  
by Fu et al. (2019). They took the sample size as 
30mm x20mm x 5mm. The main constituent 
of coating in the fluorine-free electrolyte was  
MgO and MgO + MgF2 as coating component in 
fluorine electrolyte. On the contrary, when KF 
content in the electrolyte was increased, porosity 
of the coating surface decreased. Some other 
group Guiqing et al. (2020) experimented on  
AZ91 magnesium alloy plates with dimensions  
100 mm x 100 mm x 5 mm. They reported the 
influence of magnetic field on microstructure 
and mechanical properties of AZ91 magnesium  
alloy welded joint in ATIG welding. The results 
obtained were compared with or without the 
use of magnetic field. When the parameters of 
magnetic field and activated flux matched, larger 
depth of penetration and smaller form factor 
were obtained. Welding efficiency was improved 
at the same time. It was also stated that at the 
activated flux amount of 3 gm cm-2, optimal  
values of mechanical properties of welded joint 
such as tensile strength of 385 MPa, elongation 
of 13.3%, and hardness  of 67HV were obtained. 
Although the combined action of magnetic field 
and activated flux had no significant effect on  
phase composition of weld seam, but the 
crystallization nucleation of molten pool was 
changed, finer grain size was formed, and formation 
of twins was attained. 

A different team Tanaka et al. (2000) carried 
out experiments taking base plate as SUS 304 
measuring 150 mm x 50 mm x 6 mm  with helium 
as shielding gas and pure TiO2 as activated  flux.  
It was reported that D/W ratio of welds with flux 
was much higher as compared to welds without 
flux which were independent of current. It was 
shown that surface tension got abruptly lowered 
with the increase in coating density of flux. The 
change of surface tension was stated to be the 
same as change of depth of penetration.
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It was concluded that in GTAW process with  
flux, metal plasma was localised at the centre 
of the weld pool as compared to wider metal  
plasma in the weld pool occurred in GTAW process 
without flux. There was a constricted anode  
root in case of flux assisted GTAW as compared  
to diffused anode root in case of conventional 
GTAW process. The anode root can found to 
be related to temperature distribution on the  
weld pool surface. Multiplication effect of Lorentz 
force and reversed Marangoni effect were  
found to be fully responsible to cause the  
inward flow of the weld pool.

6.3  Research works based on stainless steel 
and dissimilar metals 

A method was applied by Kumar et al. (2009) 
to improve welding efficiency and mechanical 
properties of the welded joint. It was revealed 
that transverse section of weld pool section of 
ATIG welds showed inward flow lines even in low 
sulphur content stainless steel. It was concluded 
that productivity obtained with ATIG welding  
was higher compared to conventional TIG  
welding. Kuo et al. (2011) made an extensive 
study between TIG welding and ATIG welding  
and concluded that aspect ratio, i.e. depth/width 
ratio, had been more with flux than that without 
flux. They used G3131 mild steel and SUS 316 L 
stainless  steel as dissimilar alloys. As oxide 
fluxes, they used SiO2, Fe2O3, Cr2O3, and CaO. 
TIG welding without flux produced clean and 
smooth weld surface whereas TIG welding with 
flux produced residual slag on the surface. On 
consideration of weld morphology, TIG welding 
without flux produced wider and shallower weld 
bead, whereas TIG welding with fluxes like SiO2, 
Fe2O3 and Cr2O3 produced narrow weld bead  
and deep penetration. CaO flux had no significant 
effect on weld morphology. Authors also 
concluded that TIG welding without flux produced 
lower angular distortion in the weldment  
whereas TIG welding with flux produced higher 
angular distortion. 

Lin & Wu (2012) experimented on Inconel 718  
alloy with TIG welding with single component 
flux such as SiO2, NiO, MoS2 and MoO3 and 
mixed component fluxes such as 50% SiO2+50% 
MoO3 and 50% SiO2+ 50% NiO, the later produced 
better depth of penetration as well as D/W 
ratio of the weldment. In another work, Song 
et al. (2018) concluded that a wide scope for  
researchers existed to use Mg/steel dissimilar 
welding. The main feature of this hybrid welding  

is their large difference in melting point 
temperature. Other team of researchers 
such as Vasantharaj and Vasudevan (2012);  
Manivannana et al. (2020); Sharma and Dwivedi 
(2021); Afolalu et al. (2021); Chandrasekar 
et al. (2020); Vinothkumar et al. (2020); Silva 
et al. (2020) applied a flux during stainless  
steel tube welding. It was beneficial in respect 
of deep penetration and productivity. It was also 
applied during bead-on-plate welding on mild 
steel and ferritic stainless steel. It was reported 
to be helpful in respect of elimination of edge 
preparation, reduced distortion and increase of 
productivity. 

The effect of self developed flux on P91 graded 
steel was reported by Arivazhagan & Vasudevan 
(2013) in another work. They explained the  
effect of self developed flux on mechanical 
properties and evaluated microstructure of p91 
graded stainless steel. Untempered martensitic 
microstructure was observed in the welded 
joint. Microinclusion content was low and low 
volume fraction of delta ferrite was found in the  
weldment. Due to presence of untempered 
martensite,  impact toughness was low. Impact 
toughness was also increased due to increasing 
tempering time at 7600C. An experiment was 
executed by Cai et al. (2016) with the help of TIG 
welding by applying boron oxide flux on base 
metal BS700MC super steel. Boron oxide played 
a vital role to increase the depth of penetration 
by constricting the arc  and  reversing Marangoni 
convection  in the weld pool. It was stated that 
when base metal was pasted with boron oxide 
as flux material, the microstructure of the heat 
affected zone generated a large amount of  
acicular structure causing the weld joint low 
temperature impact toughness. It was also 
concluded that boron oxide could significantly 
reduce the current required for penetration.  
As a result, softening degree of heat affected   
zone reduced due to reduced heat input. 

Ruckrt et al. (2014) carried out an experiment on 
plain carbon and stainless steels, titanium and 
aluminum by applying fluxes. They chose silica for 
plain carbon steel, stainless steel and aluminium. 
On the other hand, they chose fluorides based 
fluxes for titanium. A flux coating of 15 mm 
width was applied around the joint area. It was  
reported that in ATIG welds, depression in the  
weld pool was observed at higher current and 
it was hardly visible in TIG welding at higher  
current. They reported a confined arc was  
created on the surface of base metal due to the 
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presence of flux coating on the surface. Due to 
presence of flux coating, high power density of arc 
was produced to cause deep penetration. 

Venkatesan et al. (2014) performed experiment on 
AISI 409 ferritic stainless steel plates with the use 
of TiO2, SiO2 and Cr203 as fluxes. The ATIG process 
was reported to be better in respect of depth 
of penetration and increment of productivity 
than conventional TIG welding. It was concluded 
that 86% increase of depth of penetration was 
achieved with the help of the fluxes used. It was 
also stated that SiO2 flux in mixed condition 
with other fluxes produced greater depth of 
penetration as compared to 100% SiO2 flux. It was 
also observed that residual slag was formed on 
the surface during ATIG welding which should be 
removed. Consequently, clean weld was formed 
on the surface during TIG welding. Another  
group Zou et al. (2014) reported an experiment 
on ATIG welding of SUS329J4L duplex stainless  
steel by the use of double shielding gas with the  
use of different oxygen content levels. The outer 
layer was controlled by controlling the oxygen  
levels and the inner layer remained filled with  
pure argon to suppress the oxidation of the 
electrode.  Due to dissolution of oxygen in the  
weld metal, large depth of penetration was 
observed. On the other hand, microstructure of 
the weld metal was completely changed due to 
dissolution of oxygen.

An attempt to show the effect of two different 
fluxes, SiO2 and Fe2O3 on AISI 430 ferritic  
stainless steel was made by Ramkumar et al. 
(2015) during ATIG welding. It was revealed 
that SiO2 and Fe2O3 fluxes could be successfully 
employed to achieve desired depth of  
penetration by using single pass welding instead  
of double pass welding without flux. The  
existence of ferrite, Wid-manstatten austenite  
and low carbon martensite clusters were  
observed by examining microstructure analysis  
of  fusion zone of base plate. Low carbon  
martensite was responsible to increase the 
hardness of the fusion zone as compared to the 
parent metal. Joint strength efficiency obtained 
with Fe2O3 weldment was found to be 87.5% 
whereas joint strength obtained was more than 
parent metal for autogeneous TIG welding with  
or without the use of SiO2 flux. Depth of  
penetration could be increased (Ramkumar et  
al., 2015) by the application of SiO2 flux on  
AISI 904L super austenite stainless steel. Trials 
were made on bead-on-plate welding to show 
the effect of heat input and current on depth  
of penetration. Optimal values of process 

parameters were validated by employing the 
experimental investigations to ascertain the 
structure-property relationship of activated flux 
TIG welding. 

Experiments were carried out by Vora & Badheka 
(2015) with base metal as ferritic/martensitic 
(RAFM) steel. Different oxide fluxes Al2O3,  
Co3O4, CuO, HgO, MoO3, and NiO were used by 
considering bead-on-plate welding maintaining 
constant values of process parameters. Size of 
specimen was 75mm x 25mm x 6mm and pure 
acetone was taken as solvent. It was concluded 
that spatter was found on weld bead surface  
when Co3O4 was used whereas in case of CuO  
flux, spatter was found on the lower side,  
although Co3O4 and CuO are responsible to 
cause deep penetration. However, successfully 
full penetration was achieved with Co3O4 and 
CuO fluxes. Highest D/W ratio was achieved as 
0.95 by using the flux Co3O4. Micro hardness 
values and microstructure remained unchanged  
during TIG and ATIG weldment. The HAZ as  
well as weld region was noticed to have a 
combination of fine grained and coarse grained 
structure. Moghaddam & Kolahan (2020a) showed 
the effect of SiO2 nano–powder flux on base  
plate AISI 316L stainless steel. The size of the 
specimen was 100mm x 50mm x 10mm and  
99.99% pure argon was used as shielding gas. 
Ethanol was used as a solvent. In this study, 
formulation had been done by regression  
modelling which was characterised by depth of 
penetration and welding bead width as a function  
of input parameters such as welding current, 
welding speed and root gap. Based on ANOVA 
results, the best fitted model had been selected 
and Taguchi optimization technique was used 
to optimize  the best suited model and the 
experimental results. 

Patel et al. (2021) exprimented  on Chromium 
manganese austenitic stainless steel of 5 mm 
thick using SiO2 and TiO2 as flux. It was reported 
that reversed Marangoni and arc constriction 
effect resulted in higher productivity as well as 
lower consumable cost. It was stated that tensile 
strength and hardness value of ATIG welded 
specimen was more as compared to conventional 
TIG welded specimen. In another experiment 
conducted by Vora et al. (2021), they reported 
the effect of TiO2 flux on SA 516 Gr. 70 carbon 
steel material of specimen thickness 6 mm.  
In this work, the input parameters were selected  
as welding current, arc length and torch travel 
speed. The responses namely heat input, heat 
affected zone, D/w ratio and depth of penetration 
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were optimised by the combinations of RSM 
(Response Surface Methodology) and HTS (Hough 
Transform Statistics) algorithms. 

Chandrasekar et al. (2020) observed  fusion 
welding to be the best suited method for industrial 
application. ATIG process was associated with  
less bead width and high depth of penetration  
with less heat input. Proper flux material was 
selected for individual material to get the desired 
benefit from ATIG welding. The effect of oxide 
fluxes on 316 stainless steel  was reported (Roy 
et al., 2017) in some other work. It was reported  
that different ratios of flux mixtures such as  
SiO2 and TiO2 mixed in the ratios of  1:1, 4:1 and  
1:4 were used to get the desired depth of 
penetration. SiO2 had more pronounced effect  
on depth of penetration as compared to TiO2.  
More depth of penetration was achieved when 
SiO2 and TiO2 mixed in the ratio of 4:1 and 1:1  
were used. Full penetration of 5 mm was achieved 
with the valid condition at 120A current, 17.9 
V voltage and 140 Hz frequency when SiO2 and 
TiO2 were mixed in the ratio of 1:1. Weld bead 
appearance was reduced to some extent in ATIG 
weldment due to addition of flux mixtures. An 
experiment was performed by (Saha & Das, 
2018). They applied  fluxes, TiO2, Cr2O3  and  
Fe2O3, on  316L stainless steel base plate of  
thickness 6 mm during their experimentation 
with ACATIG welding. Welding was done both on 
bead-on-plate welding and butt joining. Different 
weld features such as weld bead width, depth 
of penetration, reinforcement, reinforcement 
form factor (RRF), penetration shape factor 
(PSF) against different heat input values were  
discussed and compared. It was revealed that  
TiO2 & Fe2O3 resulted in high depth of penetration 
as well as narrow weld width. On the other  
hand, Cr2O3 flux was ineffective in respect of 
causing depth of penetration as well as to reduce 
weld bead width.  

Dhandha & Badheka (2015) reported on the 
effect of 6 different activating fluxes such as CaO, 
Fe2O3, TiO2, ZnO, MnO2 and Cr2O3 on P91 graded  
stainless steel of thickness 6 mm. Bead- on-plate 
welding was done under 100% pure argon  
shielding gas to avoid the effect of root gap 
and edge preparation. Surface appearance was 
satisfactory after using activating flux on the  
base plate. It was stated that heat input increased 
with the use of activating flux and each oxide 
was found to possess capability of reducing  
bead width as well as increasing depth of 
penetration depending on physical-chemical 
properties of the oxides. 

Leconte et al. (2007) carried out experiments 
to show the effects of various fluorides such as 
BaF2, CaF2, Na3AlF6, MgF6 on 304L stainless steel.  
They also used different fluoride mixtures during 
their experimentation. The size of the specimen 
was 200 mm x 50mm x 4 mm. In this work, the 
combined effect of arc physics and chemistry of 
base metal were investigated. It was revealed 
that the electrical arc energy density  and ionic 
radius of the element were responsible to  
cause the activating effect of the fluorides. They 
stated that fluoride fluxes were not capable of 
producing any effect on base metal. A global 
or a local arc temperature increased which was  
largely dependent on fluorides that could be 
observed by optical spectrometry of the arc. In 
another experiment conducted by Bodkhe & 
Dolas (2018), they showed that the effect of the 
activating flux SiO2 on 304L stainless steel was  
very significant in consideration of depth of 
penetration. They took current, welding speed 
and arc gap as input variables whereas depth 
of penetration as response. Response surface 
methodology with central composite design was 
taken as design of experiment. From ANOVA table, 
it was clear that the three process parameters 
i.e. current, weld speed and arc gap were most 
significant and current was stated to be the top 
most significant input criteria. By taking the  
random values of welding current, weld speed and 
arc gap, regression equation was established for 
predicting the response. 

Afolalu et al. (2020) showed that FeO nano particle 
flux powder could be prepared from the waste 
organic material coconut shell, by reduction 
process. The chemical reaction followed such 
as coconut shell + FeSO4.H2O → FeO + C.  It was 
revealed that the nano particles of flux powder  
was successfully applied to improve properties 
of the welded joint in case of activated flux TIG 
welding and metal inert gas welding process.  
Singh et al. (2017) reviewed to state that in TIG 
welding wider weld pool and shallow depth of 
penetration of weld was achieved. So, to overcome 
these difficulties of TIG welding, the author 
proposed to use ATIG welding, FBTIG welding  
and pulsed current TIG welding. It was stated  
that pulsed current TIG welding was better in 
respect of increased depth of penetration, narrow 
weld pool and better weld quality. 

A report on bead-on-plate welding on 306 grade 
stainless steel with similar grade filler was made 
by (Saha & Das, 2019) using TiO2, Cr2O3 and Fe2O3 
as flux material. Both AC and DCEN polarity was 
used on 6 mm thick plates and compared with 
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the required benefits achieved in comparison 
with TIG welding. TiO2 flux required lower heat  
input with DCEN polarity compared to AC  
polarity. When Cr2O3 was used with the same 
heat input and DCEN polarity and AC polarity, no 
appreciable increment in depth of penetration 
could be obtained.  Using Fe2O3 flux, lower heat 
input was evolved compared to TiO2 flux. TiO2 
flux produced 6.98 mm depth of penetration  
compared 5.64 mm produced by Fe2O3. Cr2O3 
produced the same depth of penetration as 
produced by  conventional TIG welding with the 
same heat input. Another work Saha and Das 
(2020) showed the effect of impact of different 
mono component fluxes on 306 stainless steel 
by using DCEN polarity during ATIG welding. 
Slag formation was observed on the weld bead 
when TiO2 and Fe2O3 were used as flux. Cr2O3 
flux produced little slag on weld bead. TiO2 and  
Fe2O3 showed potential capability of increasing 
depth of penetration and narrow weld bead 
width. On the contrary, Cr2O3 flux played no role 
of improving depth of penetration and shortening 
weld bead width. 

Fujii et al. (2008) showed the effect of double 
shielding gas [He-O2 and He-CO2] on SUS  
304 stainless steel  to have greater depth of 
penetration.  It was revealed that under welding 
speed of 0.75 mm/s, welding current of 160 A 
and  electrode gap of 1 mm under the He–0.4%O2 
shielding, the depth/width ratio could be  
increased remarkably. In another work reported 
by Babbar et al. (2019), multi-component TiO2-
SiO2-Al2O3 hybrid Flux was used on SS304 to have 
deep penetration of 8.283 mm with current of 
110 A, speed of 82 mm/min and flow rate of 
14 l/mm. In the research work carried out by 
Bhattacharya (2015), he showed that the reversed 
Marangoni convection and Lorentz force both 
might be responsible to drive the molten pool  
from periphery towards the centre of the weld  
pool. The workpiece material used was 304 
stainless steel of size 105 mm x 95 mm x 6 mm 
and different  fluxes such as SiO2, TiO2, CrO3 
and MoS2 were used in doing the experiment. 
Due to the presence of oxygen in the activating 
fluxes, arc constriction effect was observed 
which was responsible to increase heat density 
and consequently temperature of the weld pool  
resulting  in depper weld pool.  

Pandya et al. (2020) showed reversed Marangoni 
effect and arc constriction effect to be  
responsible to cause higher heat input and 
consequently, larger depth of penetration. 
Activated fluxes having more electronegativity 

create more constricted  arc column resulting in 
deeper penetration. Different concentrations of 
surface active elements played a remarkable role 
to change surface tension gradient and ultimately 
depth of penetration. It was also revealed that 
smaller sized particles of activated fluxes showed 
higher depth of penetration than larger sized 
particles. An increase of current showed higher 
depth of penetration, and increase in weld speed  
as well as increase in arc length were found to 
cause reduced depth of penetration. 

Magudeeswaran et al. (2014) experimented 
on duplex stainless steel as base plate (ASTM/
UNS:S32205) of size 100 mm x 150 mm x 6 mm 
and Ador ATIG Flux -1 which was a typical banned 
activating flux used to enhance the depth of 
penetration and narrow weld bead. Butt joint was 
made during ATIG welding. They took electrode 
gap, torch travel speed, current and voltage as 
input parameters and weld bead width, depth 
of penetration and aspect ratio were taken as 
responses. In this experimental work, optimisation 
was done by Taguchi,s orthogonal array (OA) as 
experimental design method and statistical tools 
such as analysis of variance (ANOVA) and pooled 
ANOVA techniques. There was no solidification 
cracking in the weldment when ATIG welding  
was done on DSS weld joint. In an experimental 
work conducted by Li et al. (2018), they showed 
the influence of TiO2, NaCl and CaF2 activating 
fluxes on 5 mm stainless steel plate. Pulsed TIG 
welding with 2% thoriated tungsten electrode 
and DCEN polarity was used  in the experiment. 
Average surface tension of the molten weld pool 
was measured with the help of a new surface 
tension measurement system. Absolute value 
of  surface tension gradient decreased when TiO2 
flux was used. It was revealed that due to increase 
of coating density, surface tension gradient also 
increased and approached a maximum value. 
Further increase of coating density resulted in a  
decrease of surface tension and ultimately reached 
to zero. They reported that NaCl and CaF2 reduced 
the average value of surface tension but created 
little effects on surface tension gradient. 

Niagai (2021) repoted the effects of activating 
fluxes Cr2O3, TiO2, SiO2, Fe2O3, NaF and AlF3 on 
unalloyed (carbon) steel S235JR+N as well as 
fine-grained steel grades P265GH (for pressure 
vessels) and S355J2+N. It was concluded that  
TiO2 and  SiO2 played a vital role to increase the 
depth of penetration independent of grades and 
types of steel. Other oxides and fluorides were 
dependant on types and grades of steel. As for 
example, the sodium and the aluminium fluorides 
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decreased depth of penetration on weld of 
austenitic stainless steel and depth of penetration 
was increased by the use of the above fluorides 
in case of fine grained steel. LAFM and SS 316 
LN dissimilar weld joint of 6 mm thickness was  
made by (Patel et al., 2019). They used five different 
fluxes such as TiO2, Fe2O3, CuO, Co3O4 and HgO 
to make a comparative study with TIG welding. 
Experiments were performed on bead-on-plate 
welding under the same welding conditions and 
parameters. Surface appearance was inferior in 
ATIG weldment compared with TIG welded joint. 
Too much spatter was found in ATIG weldment 
with Co3O4 flux. They also stated that higher 
D/W ratio was exhibited by Co3O4 and TiO2 flux.  
Arc constriction effect and reversed Marangony  
effect were effective in case of  TiO2 and Co3O4. 
But in case of other fluxes, arc constriction effect  
was totally absent. A course grained LAFM HAZ 
changed to fine grained LAFM base metal. But in 
case of 316 L HAZ and 316L base metal, there was 
no change of microstructure. 

Saha et al. (2021) carried out an experiment on 
base plate AISI 316L stainless steel of 10 m thick 
austenitic stainless steel. They took Cr2O3, Fe2O3 
and SiO2 as single component fluxes with DCEN 
polarity by forehand welding technique under 
varying welding current. Squre edged butt joint 
was prepared for ATIG welding. Current in the 
range of 120A -150A were used for comparing 
effect of these fluxes on base plate. It was  
reported that depth of penetration was increased 
with the increase of current and consequently  
high heat input, but excessively high current 
produced high heat input which was responsible 
to cause wider weld bead and HAZ, higher rate 
of distortion and  breakage of the refractory cap  
at the top of the torch. Reinfocemement 
dropped gradually with the increase of 
current while filler deposition rate remained 
unchanged. Among the three fluxes, Fe2O3 
caused 134-140% more depth of penetration 
compared to conventional TIG welding, and  
SiO2 flux caused remarlably well depth of 
penetration i.e. 9.15 mm or 160% to 174% 
increase of depth of penetration in comparison 
with conventional TIG welding. Highest value 
of RFF and lowest value of PSF were observed 
in case of SiO2 flux. Cr2O3 based flux produced 
more micro hardness value compared to  Fe2O3, 
and SiO2 based ATIG welding. HAZ and weld bead 
width were lower in case of Fe2O3, and SiO2 based  
ATIG weldment compared to Cr2O3 based ATIG 
welding. Saving of time was significant in case of 
Fe2O3 and SiO2 based ATIG welding. 

Sahu et al. (2021) experimened on stainless steel 
316L and Alloy 800 of size 6 mm thickness. They 
used two different components of fluxes such as 
Flux A– 35% TiO2, 40% SiO2, 15% NiO, 10% CuO and 
Flux B– 35% TiO2, 40% SiO2, 15% ZnO, 10% MoO3. 
It was reported that flux B produced higher depth 
of penetration compared to flux A component. 
Visual defects were absent in macrograph and 
microstructures of the weld locations. Acharya 
and Das (2020) reviewed on the effects of various 
activating fluxes on different types of materials 
such as alluminium alloy, magnesium alloy, 
stainless steel and dissimilar metals. It was stated 
that three kinds of polarity of current were used 
in ATIG welding such as DCSP (direct current 
straight polarity) or DCEN (direct current electrode 
negative), DCRP (direct current reverse polarity) 
or DCEP (direct current electrode positive) and AC 
(alternating current). In view of increase of depth 
of penetration as well as productivity benefiets, 
ATIG welding can be highly recommended to 
industries. The Analytical hierarchy process (AHP) 
was successfully applied by Acharya and Das  
(2022) for finding out the optimised input 
parameters and responses with the experimental 
values conducted by (Magudeeswaran et al., 
2014). It was stated that 9 experimental runs 
were conducted by taking the input parameters 
such as heat input, weld speed and electrode  
gap and depth of penetration as response. As  
flux, AdorAeTIG and as base metal, UNSS32205 
duplex stainless steel were used during 
experimentation. The AHP, a multicriteria decision 
making tool was used to explore the optimal 
depth of penetration and productivity benefiets  
in ATIG welding. Reversed Marangoni effect and  
arc constriction effect could be  the  main 
mechanism causing deep penetration in ATIG 
welding.

7. Different simulations / algorithms 
adopted for optimisation / prediction  
in ATIG welding

To attain deep penetration during ATIG welding 
and to determine sinificance of each process 
variable to achieve deep penetration, ANOVA  
was  carried out by Magudeeswaran et al. (2014); 
Moghaddam and Kolahan (2020) and others 
during their experimentation on duplex stainless 
steel welds. Back propagation neural network 
(BPNN) with corresponding hidden layer numbers 
with the number of neurons/nodes was applied 
by Moghaddam and Kolahan (2021) to find the 
suitable model to get the output or response. On 
the other hand, opmisation was done by utilising 
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SA (simulated annealing) and PSO (particle  
swarm optimization) algorithms to find maximum 
depth of penetration, favourable aspect ratio 
and minimum weld bead width. Confirmation 
tests taking experimental values  were carried 
out to validate predicted values. The optimal 
experimental values were in close proximity with 
the predicted values. Different works carried out 
by Chaudhary et al. (2015) showed how the AHP 
could successfully be implemented for prediction 
purposes. In a particular work carried out by  
Capraz et al. (2015), they  stated that AHP-TOPSIS 
hybrid model could effectively be applied for 
selection of the  best supplier fulfililing different 
criteria to suit green supply chain management. 

8. Conclusion and Future Scope of Work 

From the present review, the following may be 
concluded:

• Some of the mixture of fluxes such as SiO2, 
Al2O3 and TiO2, not only took the responsibility 
of increasing the depth of penetration, but 
also initiated to enhance surface appearance 
of weldment with a single pass and thus, 
increased  productivity could be obtaind.

• Among various active  fluxes used by the 
researchers, SiO2 and TiO2 are quite common. 
Use of activated flux could increase penetration 
of weldment while welding stainless steel, 
mild steel, nickel based alloys, magnesium 
based alloys, P91 steel, etc. although a specific 
activated flux for a particular application not 
yet explored.

• An effective range of flux quantities for 
different active fluxes are required for a 
particular application to enhance penetration. 
Flux coating thickness on the joint surface  
is an essential factor in ATIG welding. It was 
revealed that with increment of flux densty, 
depth of penetration increased considerably. 
It was reported that about 200 mg/m flux 
quantity is sufficient in ATIG welding but 
any amout more than that may produce flux 
residue.

• Increase of penetration could not be obtained 
effectively  by the use of Al2O3 flux. Al2O3 
crystal structure creates a cover over the metal 
below and creates a shielding atmosphere 
to protect from atmospheric contamination 
and thus limiting depth of penetration could 
be achieved via diffusion of oxygen through 
aluminium oxide.

• Oxygen content in the weld pool generally 
was found to take major role in increasing 
depth of penetration due to reversal of surface 
tension gradient from negative to positive 
over a certain range of thickness of material 
from 70-300 ppm for different materials. 
Enhancement of weld penetration may not be 
possible if the oxygen content in the weld is 
too high or too low.

• Stability and particle size of the flux can have 
a  remarkable effect when the flux is allowed 
to decompose under the arc. The arc is unable 
to decompose a too-stable or too-large  
sized particles and so, they will  produce no 
significant effect on the activated flux TIG 
welding.

• Reversed Marangoni  and arc constriction 
mechanisms are responsible to cause deep 
penetration in the weld pool. Activated fluxes 
having more electronegativity create more 
constriction of the arc column and  produce 
deep penetration.

• Addition of H2, He, O2 and N2 in argon as 
shielding gas can cause a hike of depth of 
penetration by increase of heat input during 
ATIG welding. Effects of hydrogen addition 
with helium was observed. Firstly, arc voltage 
is increased due to high thermal conductivity 
of hydrogen. Secondly, due to high thermal 
conductivity of hydrogen at the dissociation 
temperature, arc shape and colour is altered. 
Due to addition of hydrogen, bead geometry 
is also changed. Depth of penetration is 
increased while the bead width remains 
unaltered and consequently, aspect ratio is 
increased. Furthermore, increase of heat input 
due to increase of weld cross sectional area. 
Due to addition of oxygen with argon shielding 
gas, some changes is observed in liquid weld  
pool characteristics. When the oxygen content 
is increased beyond the critical value of 70 
ppm, the liquid weld pool characteristics is 
changed from wide shallow type to deep 
narrow one followed by reversed Marangoni 
flow from outer direction to inward flow 
direction of the liquid molten weld pool. When 
10% nitrogen is added with argon shielding 
gas, sudden changes in mechanical properties 
is observed. Tensile strength of sample can 
be raised by 15% as well as its fatigue life. As 
helium has a high thermal conductivity and 
heat carrying capacity than argon, high heat 
input is created when helium is mixed with 
argon and as a result deeper penetration is 
observed in the workpiece. This is particularly 
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useful for thicker material and when deeper 
weld pool is desired.

• In case of various metals, higher hardness  
and tensile strength can be achieved in fusion 
zone  during ATIG welding than conventional 
TIG welding. Microstructure of the ATIG 
weldment shows that due to formation of 
columnar and equiaxed grain structure in 
the fusion zone of ATIG weldment, tensile  
strength and hardness are more than 
convensional TIG weldment.

• To increase toughness and to minimise 
the effect caused by residual stress in ATIG 
welding,  post-weld heat treatment (PWHT) 
is required.  At the centre of the welded 
joint of ATIG weldnent, compressed residual 
stresses arise due to sudden contraction and 
expansion of the liquid weld pool. This residual 
stress can be minimised by post weld heat 
treatment. To achieve a desirable weldment, 
post weld heatment is requied as it is shown 
that if the postweld heat treatment is done 
above AC1 temperature, fresh marensite is 
formed and as a result, lower toughness and 
higher hardness is observed. If post weld heat 
treatment (PWHT) is done 200 below the AC1 
temperature, highest toughness and lowest 
hardness are obtained at the heat affected 
zone of ATIG weldment.

• Degrading of weld appearance may occur 
due to high amount of slag on weld surface 
by the entrapped oxide flux. FB-TIG (flux 
bound tungsten inert gas) welding can largely 
eliminate this drawback and takes advantages 
over ATIG welding. In flux bound tungsten 
inert gas (FB-TIG) welding, flux is not pasted on 
faying surface and all around it; but, it is applied 
on the upper surface of base metal keeping 
small space after root gap. So during welding 
flux does not adhere just below electric arc. 

• In this field, lot of works can be done by 
considering flux composition, heat input, size 
of particle, coating thickness and arc length 
to get desired depth of penetration and 
mechanical properties.

• Different simulations/ algorithms can be 
applied to optimize the process. Simulation-
based optimisation methods which are most 
commonly used, are Statistical ranking and 
selection methods (R/S), Heuristic methods, 
Stochastic approximation, Derivative-free 
optimization methods. Dynamic programming 
and neuro-dynamic programming. Particle 
swarm optimization (PSO), Artificial Neural 

Network (ANN), Analytical Heirarchy Process 
(AHP), etc. are also used.

• There is also a greater scope for the researcher 
as little work is done on some materials such as 
AISI 321, Inconel X-750, aluminium alloys, etc.

• In this work, an overview is made to report 
effects of various process parameters such 
as welding current, welding speed, heat 
input, electrode diameter, etc. on responses 
like tensile strength, hardness, depth of 
penetration, etc. by a suitable optimisation 
technique.             

• Ressearchers have the scope to compute 
continuous temperature distribution towards 
the weldment and to minimise width of heat 
affected zone (HAZ) to get high penetration, 
and hence, productivity during A-TIG welding.
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