
La Metallurgia Italiana - Gennaio 2025	 pagina 34

Memorie Scientifiche - Saldatura

INTRODUCTION
A novel variation of the TIG welding procedure known as 
the Activated flux ATIG welding technique was initially 
created for the welding of titanium by Paton Institute of 
Electric Welding to boost penetration capability by up 
to 200% when compared with conventional welding. 
TIG welding makes use of a non-consumable tungsten 
electrode to form the weld. To prevent oxidation and 
contamination, the arc is shielded by an inert gas such as 
argon or helium.
ATIG welding is like TIG welding, except it adds an extra 
gas, usually nitrogen, to the welding arc. This active gas 
increases weld penetration and improves the mechanical 
qualities of the weld joint. In ATIG process, just prior 
to welding, an active flux is applied and deposited on 
the workpiece surface by brushing or spraying the flux 
layers onto the workpiece's surface. Welding happens 
when the surface has been dried and layer deposition is 
finished. The flux helps in arc striking and arc stability. 
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The slag produced will shield the weld bead, cover the 
arc gap, and prevent damage to the molten metal. Deeper 
penetration is accomplished due to ATIG's improved arc 
penetrating capabilities. ATIG welding is similar to TIG 
welding, except it adds an extra gas, usually nitrogen, to 
the welding arc. This active gas increases weld penetration 
and improves the mechanical qualities of the weld joint [1]. 
TIG welding offers precise control and clean welds, but it 
may not penetrate thicker materials, whereas ATIG welding 
improves penetration and productivity while enhancing 
mechanical qualities, albeit at higher cost and complexity. 
Material thickness, desired weld quality, and available 
resources all plays a role when choosing what approach 
should be employed [4 &5].
One of the primary problems with welding duplex stainless 
steels is the production of weld metals with an excessive 
quantity of ferrite due to the rapid cooling that takes 
place during welding. The problem is often resolved 
by altering the weld metal composition or heat input to 
obtain the correct phase balance. Nitrogen has a larger 
heat capacity than other gases, therefore it can absorb 
and release heat more efficiently. Heat is evenly spread 
over the workpiece by introducing nitrogen gas flow 
during the welding process, which prevents localised 
overheating and minimises distortion [7-10]. This improves 
control over the perimeters, which leads to precise and 
appealing welds. The use of nitrogen gas in welding and 
metal manufacturing can considerably reduce post-weld 
cleanup time. Nitrogen, being an inert gas, inhibits oxides 
and scale from forming on the weld surface, minimising the 
need for considerable cleaning and surface preparation. 
This saves time and decreases the usage of chemicals and 
abrasive materials commonly used to remove weld spatter 
and scale. The cleaner welds achieved with nitrogen gas 
also make subsequent processes easier, such as painting 
applications, because they give a smoother and more 
uniform surface for adhesion [2].The use of duplex stainless 
steels, which offer excellent resistance to stress corrosion 
caused by chloride and strong mechanical properties, can 
help to lessen this problem in pipelines. The metallurgical 
characteristics of duplex stainless steels, however, pose a 
variety of technical difficulties during the welding process 
[21-23]. In welding pipes, the depth of penetration needs to 
be carefully controlled. 

Puren et al analyses the stress corrosion cracking behaviour 
of 2205 duplex stainless steel welded joints when hydrogen, 

corrosive media, and stress are combined. The results 
reveal that the presence of hydrogen causes the fracture 
to transfer from the base material to the heat affected zone 
and commence pitting, which leads to crack initiation and 
stress corrosion fracture [25].The impact of Post Soldering 
heat treatment (TTPS) parameters 25 s 1050 °C on 
autogenous TIG welds of UNS S31803 DSS strips, modifies 
the microstructure which enhances higher corrosion 
rates observed with higher ferrite content and nitride 
precipitation [26].The multi-layer multi-pass welding of 
low-alloy steel and duplex stainless steel, ER2209 welding 
wire was single-layer single-pass deposited on the surface 
of Q345B hot-rolled plate using gas metal arc welding 
(GMAW). The "tongue-shaped" morphology formed due 
to arc energy and the width of the heat affect zone in the 
welded joint, affects the corrosion performance of the 
welded joints [27].

The austenite content in DSS deposits increases with 
increasing deposition energy, with Ar+2%N2-protected 
deposits having much greater content than Ar+2%CO2-
protected deposits. DSS deposits with balanced phase 
content (austenite concentration of 48.4%) were achieved 
at a line energy of 600 J/mm for DED-arc under Ar+2%N2 
protection. Unlike the nitrogen loss in Ar+2%CO2-
protected samples, Ar+2%N2 shielding gas introduces 
more nitrogen elements into DSS samples. Ar+2%N2 
protected samples contain more austenite and exhibit 
a more homogenous microstructure, resulting in solid 
solution strengthening and a significant reduction in the 
anisotropy of the tensile characteristics [28].Microstructure 
characterisation of Plasma Arc Welding linked on SDSS 2507 
at a thickness of 10 mm characterisation reveals significant 
changes in austenite content, ranging from 68.9% in weld 
metal (WM) to 32.1% in the heat-affected zone (HAZ). 
The oxide inclusions in the WM increase the hardness of 
the welded joints, but also provide a channel for crack 
development, reducing its impact toughness. HAZ has 
a complex microstructure that forms ferrite and a variety 
of austenite, including grain boundary austenite (GBA), 
intragrain austenite (IGA), and Widmanstätten austenites 
(WA). HAZ contains minor amounts of secondary austenite 
(γ2) and chromium nitride, which considerably reduces its 
corrosion resistance [29]. This paper attempts to optimize 
the TIG and ATIG welding process's process parameters 
and their effect on depth of penetration using the Taguchi 
technique.
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EXPERIMENTAL PROCEDURE
Duplex Stainless Steel (2205) plates of 6mm thickness 
200X100 mm size are edge prepared to form flat butt joints. 
The chemical composition of the Duplex Stainless Steel 
(2205) is listed in the table 1. The joints were autogenously 
welded using an automatic GTA welding machine. The 
process parameters considered for study are: Welding 
Current (A), Welding speed (mm/min), Gas Flow rate (L/
min) and Arc gap (mm) [6]. The response variable is Depth 
of Penetration and width of the weldment. ATIG welding 

experiments using different shielding gases of Pure argon 
and mixture of Argon + 2% Nitrogen are carried out by 
varying the arc gap in the range of 1.8 to 2.4 mm, the gas flow 
rate in the range of 10–16 litres/min, the welding current 
in the range of 150–180Amps to and the welding speed in 
the range of 100–130 mm/min. The process parameters 
considered are summarized in Table 2. The electrode 
material and tip angle are kept constant. Taguchi L16 
orthogonal design is used for designing the experiments 
and the experimental layout is shown in Table 3. 

Welding Process 
Levels(ATIG+N) Current(A) Welding 

speed(mm/min)
Gas flow rate

(l/min) Arc gap (mm)

1 150 100 10 1.8

2 160 110 12 2

3 170 120 14 2.2

4 180 130 16 2.4

Tab. 1 – Chemical Composition of Duplex Stainless Steel Base Metal, weight %

Element C Si Mn S P Cr Ni Mo N

Wt % 0.02 0.33 1.7 0.002 0.02 22.71 5.40 3.02 0.14

Tab. 2 – Activated flux Gas Tungsten Arc welding parameters used to weld 6 mm thick DSS2205 plates

Tab. 3 – L16 Orthogonal Array

Experiment  No. Current(A) Welding 
speed(mm/min)

Gas flow rate
(l/min) Arc gap (mm)

1 1 1 1 1

2 1 2 2 2

3 1 3 3 3

4 1 4 4 4

5 2 1 2 3

6 2 2 1 4

7 2 3 4 1

8 2 4 3 2

9 3 1 3 4

10 3 2 4 3

11 3 3 1 2

12 3 4 2 1

13 4 1 4 2

14 4 2 3 1

15 4 3 2 4

16 4 4 1 3
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Based on the Taguchi design the experiments were 
conducted and subjected to metallographic observation. 
Specimens were polished and etched using kalling’s 
reagent No.2 for metallographic observations at mid length 
of the weld. For each weld, depth of penetration and weld 
face width were measured using an image analyzer.

RESULT AND DISCUSSION
To the given heat input, the weldments should have 
maximum penetration and minimal face width, however 
in case of activated GTA welds, the presence of activated 
flux changes the temperature gradient to positive value 

i.e. dσ /dT>0. This positive temperature gradient presents 
centripetal marangoni convection which in turn directs the 
flow toward pool center resulting in deeper and narrow 
weld pool than the normal TIG welds. In Activated TIG 
optimization is done to maximize depth of penetration. 
Depth of penetration falls under higher the better-quality 
characteristic and the corresponding loss function is 
expressed by Equation 1. The overall loss function of 
depth of penetration is further changed into the s/n ratio 
by Equation 2. In Taguchi method, S/N ratio is used to find 
out the deviation of the quality characteristics from the 
preferred value [3,12&24]. 

(1)

(2)

The average S/N ratio for all the responses (depth of 
penetration: DOP) values of all levels are calculated and 

listed in Table 4. 

Tab. 4 – S/N ratio for depth of penetration of Activated TIG Welds.

Experiment  No.
ATIG Welds ATIG+N Welds

Width(mm) Depth D (mm) S/N ratio for D Width(mm) Depth D (mm) S/N ratio for D

ATIGL1 6.94 4.78 13.59 6.56 4.46 12.98

ATIGL2 7.29 4.56 13.18 7.00 4.45 12.978

ATIGL3 7.34 3.83 11.66 6.50 4.12 12.30

ATIGL4 7.42 3.37 10.55 7.75 3.71 11.38

ATIGL5 7.47 6.12 15.74 7.47 5.79 15.13

ATIGL6 7.72 4.67 13.39 7.25 4.30 12.68

ATIGL7 7.26 4.18 12.42 6.31 3.57 11.058

ATIGL8 7.15 4.37 12.81 6.59 3.85 11.708

ATIGL9 8.33 6.34 16.04 7.34 5.55 14.89

ATIGL10 7.9 5.42 14.68 6.94 4.72 13.47

ATIGL11 7.23 4.48 13.02 7.25 5.09 14.13

ATIGL12 7.05 4.26 12.59 7.31 4.00 12.04

ATIGL13 7.96 6.26 15.93 7.88 6.16 15.79

ATIGL14 7.72 6.31 16.00 7.63 6.09 15.69

ATIGL15 8.28 6.12 15.74 7.25 6.07 15.66

ATIGL16 7.91 4.29 12.65 7.63 4.79 13.60
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STATISTICAL ANALYSIS
Analysis of variance (ANOVA) is performed on the S/N 
ratio using a commercially available software package 

for both ATIG and ATIG+N based results. The results are 
provided in Tables 5& 6.

Tab. 5 – Analysis of Variance for ATIG - DEPTH of penetration (mm)

Source DoF Seq SS Adj SS Adj MS F P % of contribution

Current 3 5.36 5.36 1.79 11.85 0.036 36.88

Welding Speed 3 7.19 7.19 2.40 15.90 0.024 49.50

Gas Flow Rate 3 1.38 1.38 0.46 3.04 0.193 9.47

Arc Gap 3 0.15 0.15 0.05 0.33 0.808 1.02

Error 3 0.45 0.45 0.15 3.11

Total 15 14.53 100

R-Sq = 96.89%   R-Sq(adj) = 84.43%

Tab. 6 – Analysis of Variance for ATIG+N - DEPTH of penetration (mm)

Source DoF Seq SS Adj SS Adj MS F P % of contribution

Current 3 19.16 19.16 6.39 8.48 0.056 50.16

Welding Speed 3 12.99 12.99 4.33 5.75 0.092 34.02

Gas Flow Rate 3 2.30 2.30 0.77 1.02 0.494 6.02

Arc Gap 3 1.47 1.47 0.49 0.65 0.633 3.85

Error 3 2.26 2.26 0.75 5.91

Total 15 37.056 100

R-Sq = 94.1%   R-Sq(adj) = 70.4%

In ATIG welding of duplex steel 2205 with and without of 
nitrogen as a shielding gas, the current and welding speed 
plays a major role in deciding the depth of the penetration 

of the weld. The contribution of the levels of arc gap is not 
predominant in affecting the responses considered. The 
corresponding regression equations are:

With C: Current, WS: Welding speed, GFL: Gas flow rate 
and AG: Air gap.

EFFECTS OF PROCESS PARAMETERS:
The effects of the process parameters of Activated TIG 
welding on welding duplex stainless steel Using Argon 

and Argon + Nitrogen as shielding gas is obtained by 
plotting the main effects of the process parameters to 
the response considered are shown in response Tables 
7 & 8 and plotted as response graphs in Figure 1 and 2 
respectively. 
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Tab. 7 – Response table S/N ratio for depth of penetration ATIG (larger  the better)

Process
Symbols A B C D

Levels Current Welding Speed Gas Flow Rate Arc Gap

ATIG

1 12.25 15.32 13.16 13.65

2 13.59 14.31 14.31 13.74

3 14.08 13.21 14.13 13.68

4 15.08 12.15 13.40 13.93

The optimum setting is A4B1C2D4

Tab. 8 – Response table S/N ratio for depth of penetration ATIG+N (larger the better)

Process
Symbols A B C D

Levels Current Welding Speed Gas Flow Rate Arc Gap

ATIG

1 12.41 14.7 13.35 12.94

2 12.64 13.7 13.95 13.65

3 13.63 13.29 13.65 13.63

4 15.19 12.18 12.92 13.65

The optimum setting is A4B1C2D4

Fig. 1 – Main effects of S/N ratio for ATIG welds – depth of penetration
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Fig. 2 – Main effects of S/N ratio for ATIG+N welds – depth of penetration

CURRENT	
The welding current directly influences the heat input to 
the weld. Higher currents result in more heat input, which 
can improve penetration and fusion but can also cause 
excessive heat-affected zones (HAZ). Duplex stainless 
steels require a balanced microstructure of ferrite and 
austenite. High current levels can increase heat input, 
which promotes grain growth and may increase ferrite 
content. This can upset the balance, resulting in a greater 
amount of ferrite. Optimal current levels are required 
to preserve phase stability and prevent the production 
of undesired phases such as sigma or chi phases, which 
can be caused by excessive heat input and prolonged 
high-temperature exposure. The ideal current for ATIG 
welding duplex stainless steels should be determined by 
the material's thickness, joint configuration, and required 
weld qualities. It is typically necessary to fine-tune to get 
the optimal mix of penetration, microstructure control, 
and overall weld quality.
The current is the heat source of the process exhibits a 
linear relationship with the depth of the penetration and 
the area of the weld. The depth of penetration as well as 
the area of the weld increases with increase in the welding 
current is clearly visualized from both statistically as 

well as the weld macrostructure. The minimization 
of the aspect ratio is also achieved in increasing the 
welding current. The desired level of current in achieving 
maximum penetration and minimum aspect ratio is level 4  
ie., 180 Amps for ATIG and ATIG+N.

WELDING SPEED
Welding speed effects cooling rate; greater speeds 
generally increase cooling rate, resulting in a larger ferrite 
content. Slower speeds, on the other hand, allow for 
greater time at higher temperatures, which promotes the 
development of austenite. 
Proper welding speed contributes to the mechanical 
integrity of duplex stainless steel. High welding speeds 
may result in a higher ferrite content, increasing strength 
but decreasing toughness. Slow speeds might cause 
excessive austenite, weakening strength.Faster welding 
speeds typically produce narrower and shallower 
weld beads, which may not be sufficient for complete 
penetration welds in thicker materials. Slower speeds can 
improve penetration but may result in broader beads and 
an increased risk of overheating. 
Excessive welding speeds might compromise weld pool 
stability, potentially resulting in porosity and incomplete 
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fusion defects. In contrast, extremely slow rates can result 
in excessive heat input, creating weld metal dilution and 
increasing the danger of hot cracking. The ideal welding 
speed for duplex stainless steels must be carefully 
selected depending on the material thickness, welding 
technique, and desired weld qualities.
The function of the welding speed is to concentrate the 
heat source to a particular point. In order to maximize 
the depth of penetration and the area of the welds, the 
welding speed should be low as possible. The welding 
speed exhibits an inverse function with respect to the 
depth of penetration concerned. And it is clearly captured 
from the experiments. The minimization of the aspect 
ratio is also achieved in decreasing the welding speed. 
Thus, the welding speed at level 1 is the desired level for 
the responses considered i.e., the welding speed is to be 
set at100 mm/min for ATIG welding of duplex steel.

GAS FLOW RATE 
The gas flow rate is one of the significant factors in 
ATIG welding process. The gas rate should not be low 
or so high, but a moderate gas flow rate is essential in 
determining the weld geometry and depth of penetration. 
The desired rate of gas flow is at second level for the 
responses considered i.e., the gas flow rate is to be set at 
12 lit/min for ATIG welding of duplex steel.

ARC GAP 
The air gap is one of the important factors in ATIG welding 
process. In our investigation the air gap doesn’t affect the 

responses significantly. It should be inferred that within 
the selected range of process window it can be fixed at 
any level to get a desired output.

EFFECT OF NITROGEN
Nitrogen is essential in ATIG welding duplex stainless 
steels because it stabilises the austenite phase, 
increases corrosion resistance, improves mechanical 
characteristics, reduces porosity, and controls the 
heat-affected zone. Proper nitrogen level management 
is critical for producing high-quality welds with the 
necessary characteristics. Insufficient nitrogen can result 
in increased ferrite content, whilst too much nitrogen can 
induce porosity and other weld defects. The penetration 
of the weldments were reduced and controlled by the 
presence of nitrogen in the shielding gas mixture as well 
as the its governs the bead geometry of the welds by 
maintaining a good aspect ratio of the weld.

MACROSTRUCTURE
 Macro structures of all the ATIG and ATIG+N welds (16 
welds each) are shown in Figure 3 & 4. The macrostructure 
study shows the effect of various welding parameters 
on depth of penetration. It can be noticed from these 
macrographs that for ATIG and ATIG+N welds even small 
variations in current (Amps) and welding speed (mm/min) 
can affect the depth of penetration significantly and also 
points out the head of optimization of process parameter 
in order to achieve full penetration welds.
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Fig. 3 – Macrostructures of Bead Geometry (ATIGL1 – ATIGL8)
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Fig. 4 – Macrostructures of Bead Geometry (ATIGL9 – ATIGL16)
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Fig. 5 – Macrostructures of Bead Geometry ATIG+N L1 – ATIG+N L8)
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Fig. 6 – Macrostructures of Bead Geometry (ATIG+N L9– ATIG+N L16)
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MICROSTRUCTURE
Duplex stainless steel (DSS) contains approximately equal 
proportions of body centered cubic ferrite (α) and face-
centered cubic austenite (γ). Austenite stabilizers, such as 
nickel and nitrogen, promote the formation of austenite 
(γ phase), while ferrite stabilizers, such as chromium and 
molybdenum, promote formation of ferrite (α phase) 

respectively[17].The DSS base material microstructure 
and sem image  is shown in Figure 5 ac & b which has 
Ferrite-Austenite dual phase banded structure. During 
welding the weld pool solidifies as ferrite, which on further 
cooling partially transforms to austenite.

Fig. 7 – Microstructures of base material and welded joints: (a) Optical microstructure; (b) SEM micrograph; 
(c) ATIG;(d) ATIG + N

(a) (b)

(c) (d)

In Figure 5 c and d shows the microstructure of ATIG and 
ATIG +N welds. The ferrite content in the different weld 
zones were ATIG – 63% and ATIG+N – 55% whereas 54% 
ferrite is observed in the Base Metal is shown in table 9. 
All duplex stainless steel weld metals solidify primarily as 
ferrite and, in the subsequent solid-state transformation, 
part of the ferrite transforms to austenite[7-9]F. This 
ferrite-to-austenite transformation takes place over a 
range of temperatures starting at the solvus temperature. 
However, the transformation cannot attain equilibrium on 
account of the rapid cooling, so that more ferrite remains 
untransformed than under equilibrium conditions. The 

transformation of ferrite to austenite during the welding 
of duplex stainless steel is similar to that in low carbon-
steel weld metals where austenite transforms to ferrite 
on cooling. In low-carbon steels, first the proeutectoid 
ferrite forms at the prior-austenite grain boundaries; 
then the Widmanstätten side-plates nucleate at the grain 
boundaries and grow inward; and finally, the intragranular 
acicular ferrite forms in the regions partitioned by the 
side-plates. 
In the case of a higher Nitrogen content welds like AuTIGN 
and AuATIGN, the areas of ferrite phases were surrounded 
by Austenite phase in large amounts. The weld specimens 
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show only dual phase structure of α ferrite and γ austenite 
[10,12-15]. Weld metals which experience Faster 
cooling rates result in higher ferrite and lower austenite 
compared to parent material. Figure 5 c and d shows the 

microstructure of ATIG and ATIG +N welds. The ferrite 
content in the different weld zones were ATIG – 63% and 
ATIG+N – 55% whereas 54% ferrite is observed in the Base 
Metal is shown in table 9. 

Tab. 9 – % of Ferrite of Duplex Stainless Steel weld metal (confirmation run) - Base Metal, ATIG & ATIG+N 

S.No Specimen Designation % Ferrite

1 BM 54

2 ATIG 63

3 ATIG+N 55

OPTIMUM LEVEL OF PROCESS PARAMETER
The effects of the process parameters of ATIG welding on 
welding duplex stainless steel is clearly shown by plotting 
the main effects of the process parameters to the concern 
response considered. And it is summarized below for 
each process parameter. Based on the L16 experiments, 

the optimum level settings for depth and aspect ratio 
are A4B1C2D4  and A4B1C2D4respectively.)The average 
values of the factors at their levels are taken from the 
Table 5 and the predicted value of the response is given in 
the table 10 [12 &24]. 
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Tab. 10 – Predicted optimal levels for confirmation run (ATIG & ATIG+N)

S.No. Responses Optimal parameter

1 Depth of penetration ATIG A4B1C2D4

2 ATIG+N A4B1C2D4

CONFIRMATION RUN 
The confirmation experiments were carried out by 
setting the process parameters at optimum levels for 
different responses considered. At the optimum settings 

full penetration of the welds is achieved and the values 
obtained in the confirmation run are shown in Table 11. 
The macrostructures of the confirmation runs are shown 
in Figure 6.

Tab. 11 – Predicted and confirmation run values for ATIG & ATIG+N

S.No. Response Predicted Optimal parameter

1 Depth of penetration 7.13 mm A4B1C2D4

2 6.05 mm A4B1C2D4

Fig.8 – a) Macrostructure of bead geometry for confirmation run (DOP) ATIG: b) Macrostructure of bead 
geometry for confirmation run (DOP) ATIG+N

CONCLUSIONS
The Activated flux significantly increases the Depth of pe-
netration for a given current value for full penetration, 180 
A was found to be sufficient against 250A required for wel-
ding DSS plates without flux. 
It has been found that Autogenous ATIG welding with Ar-
gon + 2% Nitrogen as shielding gas can be used to produ-
ce sound welds on 6mm thick 2205 DSS plates in single 
pass.
Current and Welding Speed plays a vital role in heat input 
of the process and is highly significant in influencing the 
Depth of penetration of the weld. As well as both the pa-
rameters are highly significant in affecting aspect ratio of 

the welds in both ATIG and argon, nitrogen mixture ATIG 
welding.
The presence of nitrogen in the shielding gas mixture 
lowers and controls the  weld penetration while also go-
verning the bead shape of the welds by keeping a proper 
aspect ratio.
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