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Abstract—Activate TIG (Tungsten Inert Gas) welding is used to 

increase the weld penetration. In A-TIG welding fluxes are 

mixed with solvent and applied on the weld plate before 

welding. In this work, A-TIG welding was used on mild steel of 

10 mm thick plate for the experimental work. Experiments were 

performed to check the effect of various flux combination, 

welding speed and welding current on weld penetration and 

weld bead width during activated TIG welding. The response 

surface methodology was used to develop the second order 

mathematical model for the weld penetration and weld bead 

width. Box-Behnken experiment design was used for finding out 

the relationship between responses (weld penetration and weld 

bead width) and welding parameters (welding speed, welding 

current and fluxes). The analysis of variance (ANOVA) was 

used to test the significance of fit of the equation. Optimization 

of the process parameters for the maximum tensile strength and 

minimum weld bead width was performed using design expert 

statistical software. 
 
Keywords—Activate Tungsten Inert Gas welding,response surface 
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I. INTRODUCTION 

 
-TIG welding is used to increase the penetration. A-TIG 

welding is carried out using the paste of flux is applied 

before welding. This flux constrict the welding arc and 

increase the penetration compared to normal TIG welding 

process.Various fluxes like MnO2, TiO2, MoO3, and SiO2are 

used for the A-TIG welding processes for the various 

materials. In A-TIG, the temperature coefficient of surface 

tension on the molten pool changed from a negative to a 

positive value. Therefore, the surface tension at the pool 

centre was higher than at the pool edge. This indicated that 

the surface tension gradient introduces centripetal Marangoni 

convection in the molten pool. In this condition, the fluid 

flow of the molten pool surface easily transfers from the pool 

edge to the centre, and then downward [1].In ATIG welding 

the flux is mixed with the solvent. Oxide based flux powder 

mixed with methanol and ethanol provided good 

spreadability and convertibility. Smooth and clean surface 

were achieved by using oxide base flux. The penetration 

depth and bead width were increased using different values 

of current. It was also found that there was reduction of the 

angular distortion using weld parameters [2]. In case of 

conventional TIG welding, angular distortion increases 

continuously with increase in current. It is clear that for any 

value of current maximum distortion in ATIG is quit lower 

than the all the value of TIG welding. So distortion is not the 

problem against increase in current density [4]. Vasudevan et 

al. [5] noted the characteristics of ATIG welding in the 

context of angular distortion. Angular distortion shows the 

quality of weld and also affects appearance, in maintaining 

tolerances, dimensional accuracy. In case of depth of 

penetration is same as plate thickness the angular distortion 

is very low only 1 degree with silicon dioxide as a flux. 

While in case of conventional TIG welding angular distortion 

is almost double of that in ATIG welding.Paulo et al. [7] 

concluded that without activating flux weld depth achieved is 

very less and bead width is unnecessarily high. Best result is 

achieved in case of silicon dioxide, and highest penetration. 

CaO and Al oxide is not advisable to use because they are 

giving same or near result as conventional TIG welding. Wu 

Pan [8] noted that with higher welding speed penetration 

achieved decreases. Welding speed below 180mm/min is 

safe, very minor change with speed. But more than 200 

mm/min arc fluctuates very much and this leads to lower 

penetration, bad quality weld. Quing et al. [9, 10] concluded 

that with increase in coating density penetration increases for 

initial specific small value, but after that point it doesn’t 

affect penetration. This shows that for desired penetration 

particular value of coating density is necessary. Very high 

value of coating density makes penetration very less because 

there are chances of arc extinguishes.In this study, an attempt 

has been made develop mathematical model for the 

penetration depth and weld bead width in the A-TIG welding 

process. Response surface methodology was used to 

developed mathematical model for the penetration depth and 

weld bead width in A-TIG welding processes. Design expert 

was used to find the various coefficient of the second order 

response equations and optimization is carried out using the 

design expert statistical software. 

 

II. EXPERIMENTAL WORK 

 

For the experimentation 10 mm thick Mild steel plate was 

used as a base metal, whose chemical compositions and 

mechanical properties are listed in Table I and Table II. The 

plate was machined into rectangular samples with dimension 

of 150mm x 50 mm. These specimens are cleaned and rust 

was removed and then employed for welding. Activated flux 

was prepared using five kinds of oxides (mixed in form of 

SiO2+CaO, SiO2+TiO2, MnO2+Al2O3) packed in 

A 
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powdered form of about 40 micron particle size. These 

powders were mixed with methanol to produce a paint-like 

mixture, so it can be easily applied on the work piece 

surface. Before welding, a thin layer of the flux was brushed 

on to the surface of the joint to be welded. Methanol 

evaporates, leaving a layer of flux adhering to the surface of 

specimen. The coating density of flux was about 5–6 

mg/cm
2
. Fig.1 shows a specimen with flux application. 

                                    TABLE I 
                                MILD STEEL CHEMICAL COMPOSITION 

 

Carbon 0.16-0.18 % 

Silicon 0.40 % max 

Manganese 0.70-0.90 % 

Sulfur 0.040 % max 

Phosphorus 0.040 % max 

 
TABLE II 

MILD STEEL MECHANICAL PROPERTIES 

 

Max Stress 400-560 MPa/mm2 

Yield Stress 300-440 MPa/mm2 

0.2% proof stress 250-420 MPa/mm2 

Elongation 10-14% min 

 
 

 
 

Fig. 1 Flux application in Activated TIG 

 

A direct-current, electrode-negative power supply device was 

used with a mechanized operation system in which the 

welding torch travelled at a constant speed. Single-pass, 

autogenously TIG welding was performed along the 

centerline of the test specimen to produce a bead-on-plate 

weld using developed an automatic welding machine. Table 

III lists the process parameters used in A-TIG welding.  A 

machine-mounted torch with a standard throated tungsten 

electrode was used. The gap between electrode and 

workpiecesurface was measured for each weld before 

welding to ensure that the weld deposit performed under the 

same conditions. During experiment, same arc length was 

kept for welding process. Controller was used to obtain the 

various welding speeds during the welding. 

 

TABLE III 
EXPERIMENTAL PARAMETERS 

 

Fluxes SiO2 + CaO,SiO2 + TiO2+Al2O3+ MnO2 

Particle size 40 micron meter  

Current 60A ,100 A ,140A  

Work piece size 150mm x 50mm x 10mm  

Travel speed 150 , 180 , 210 ( mm/min)  

Coating density 5-6 mg/cm2 

Tip angle 45 degree  

Gas supply 10 L/min  

Gas Argon  

 

In the present study, the three-level and three-factorial Box– 

Behnken experimental design was chosen for finding out the 

relationship between the response(weld penetration and  bead 

width) and the variables (welding currents, types of fluxes 

and welding speed). The model has the advantage that it 

permits the use of relatively few combinations of variables 

for determining the complex response function. The levels of 

the variables were coded as 1 (low), 0 (central point or 

middle) and 1 (high) as shown in the table Table IV. A total 

15 experiments were carried out with 3 centre point using the 

Box–Behnken experimental design. Based on the literature 

and trial experiment, parameters range was selected. The 

actual design of matrix is shown in Table V. 
 

TABLE IV 
 WELDING  PARAMETERS ATDIFFERENT LEVEL 

 

 
                                                    

 
 

 

 
 

 

 
 

 

                                                      TABLE V 
BOX-BEHNKEN DESIGN MATRIX AND EXPERIMENTAL RESULT 

 

Exp. 

No. 

Welding parameters Penetration 

(mm) 

Bead width 

(mm) V 

(mm/

min) 

Welding 

Current 

(Amp) 

Fluxes 

1 150 60 2 2.9 6.5 

2 210 60 2 2.7 6.3 

3 150 140 2 3.6 7.2 

4 210 140 2 3.2 6.8 

5 150 100 1 2.9 6.9 

6 210 100 1 2.8 7.3 

7 150 100 3 3.3 5.4 

8 210 100 3 2.0 5.5 

9 180 60 1 2.4 6.5 

10 180 140 1 3.1 7.1 

11 180 60 3 3.0 5.7 

12 180 140 3 3.3 5.9 

13 180 100 2 3.6 6.8 

14 180 100 2 3.6 6.8 

15 180 100 2 3.6 6.8 
 

The welded section was examining for the depth of 

penetration and width of weld bead. Subsequently these 

specimens were grind, polished and etched to know the 

Parameter Level 

 Low (-1) Medium(0) High (1) 

Welding 

Speed 

150 180 210 

Current 60 100 140 

Flux SiO2+CaO (1) SiO2+ TiO2(2) Al2O3+ MnO2 (3) 
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penetration depth and width of weld bead. Penetration and 

width of weld bead were measured using tool maker’s 

microscope. Experimental results are shown in table V.  

These data were utilized for analysis and evaluation of 

optimal parameter, combination required to achieve desired 

quality weld in terms of bead geometry within the 

experimental domain. 

 

III. RESULT AND DISCUSSION 

 

A. Mathematical modeling 

The mathematical model was developed using Design Expert 

software and subsequently statistical analysis was carried 

out. For three variables, the quadratic response ‘y’ is 

described in the form of the following equation 

𝑦 = 𝑏₀+  𝑏ᵢ𝑥ᵢ +  𝑏ᵢᴊ𝑥ᵢ𝑥ᴊ +   𝑏ᵢᵢ𝑥ᵢ² 
 
Where b0 is the intercept term, bi is the linear term, bii is the 

quadratic term and bij is the interaction term. In the present 

study, the response, i.e. penetration (p) and width of weld 

bead (B), are a function of welding speed (v), Current (A) 

and flux combination (F). By applying multiple regression 

analysis on the design matrix and the response values, the 

following equation is established: 

 

Penetration (P) = -16.07500 + 0.15583*(welding Speed) + 

0.038125 * (Welding Current) + 4.1 * (Fluxes) – 4.167*10
-5

 

*(welding Speed)*(Welding Current) – 0.01*(welding 

Speed)*(Fluxes) -2.5*10
-3

 *(welding Current)*(Fluxes) – 

3.889*10
-4

 *(welding Speed)
 2

 - 9.375*10
-4

 *(welding 

Current)
2
 – 0.5 *(Fluxes)

2
---------------------------------------(1) 

Bead Width (B) = 1.09063 + 0..03375*(welding Speed) + 

0.023437*(WeldingCurrent)+1.8875*(Fluxes)– 4.16667*10
-5

 

*(welding Speed)*(Welding Current) – 2.5*10
-3

 * (welding 

Speed)*(Fluxes) -2.5*10
-3

 *(welding Current)*(Fluxes) – 

6.9444*10
-5

 *(welding Speed)
2
 -2.344375*10

-5
 *(welding 

Current)
2
 – 0.4625 *(Fluxes)

2
  --(2) 

The variance was analyzed to test the significance of fit of 

the equation shown in Table VI and Table VII.The model 

gives a highly significant F-value, demonstrating that the 

model adequately represents the actual relationship between 

the response and the variables. Any model term with p < 0.05 

is significant. The determination coefficient reflects the 

goodness of fit for the model. The model presents a 

determination coefficient (R-Squared) of 0.9149 for 

penetration and 0.9273 for the bead width, implying a high 

correlation between the experimental and the predicted 

results. 

 

 

TABLE VI 
     ANOVA FOR SECOND ORDER POLYNOMIAL EQUATION FOR PENETRATION DEPTH  

 

Source Sum of 

square 

df Mean 

square 

F 

value 

P-value 

prob>F 

Remark 

Model 2.85 9 0.32 5.97 0.0317 significant 

A-(V) 0.50 1 0.50 9.43 0.0277  

B-(I) 0.60 1 0.60 11.42 0.0197  

C-Fluxes 0.020 1 0.020 0.38 0.5659  

AB 0.010 1 0.010 0.19 0.6821  

AC 0.36 1 0.36 6.79 0.0479  

BC 0.040 1 0.040 0.75 0.4247  

A^2 0.45 1 0.45 8.53 0.0330  

B^2 0.083 1 0.083 1.57 0.2659  

C^2 0.92 1 0.92 17.42 0.0087  

Residual 0.26 5 0.053    

Lack of fit 0.26 3 0.088    

Pure error 0.000 2 0.000    

Cor. total 3.11 14     

R-squared 0.915     

 

 
TABLE VII 

         ANOVA FOR SECOND ORDER POLYNOMIAL EQUATION FOR  BEAD WIDTH 

 

Source Sum of 

square 

df Mean 

square 

F 

value 

P-value 

prob>F 

Remark 

Model 4.88 9 0.54 7.08 0.0221 significant 

A-(V) 
1.250 

E-003 
1 

1.250E

-003 
0.016 0.9033 

 

B-(I) 0.50 1 0.50 6.54 0.0509  

C-Fluxes 3.51 1 3.51 45.90 0.0011  

AB 
1.000 

E-002 
1 

1.000E

-002 
0.13 0.7325 

 

AC 0.022 1 0.022 0.29 0.6109  

BC 0.040 1 0.040 0.52 0.5020  

A^2 0.014 1 0.014 0.19 0.6822  

B^2 
5.192 

E-003 
1 

5.192E

-003 
0.068 0.8048 

 

C^2 0.79 1 0.79 10.32 0.0236  

Residual 0.38 5 0.077    

Lack of fit 0.38 3 0.13    

Pure error 0.000 2 0.000    

Cor. total 5.26 14     

R-squared 0.9273     

 
B. Effect of Process parameters on penetration and 

weld bead   width 

Prior to optimization, it is necessary to illuminate the 

influence of welding parameters on penetration and weld 

bead width. For this purpose, experiments are carried out as 

per the box behnken experiment design. The 3D response 

surface graph for the weld penetration depth is shown in 

Fig.3. With increase in welding speed, the penetration depth 

is decreases due to less heat is input during welding same is 

visible in 3D response graph.  Similarly, with increase in 

current, penetration depth also increases because at higher 

current level, heat energy entering into the work piece 

increase and hence higher penetration depth is achieved. 

Compared with welding speed, current has predominant 
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effect on the weld penetration. Maximum penetration is 

achieved, 3D response surface graphs for the weld bead 

width are shown in Fig. 4. Effect of welding speed and 

welding current is similar like weld penetration. With 

increase in current, weld bead width is increase and weld 

bead width reduces with, increase in weld speed. Maximum 

weld bead is achieved for the fluxes with combination 

(SiO2+TiO2). In conventional TIG welding, weld penetration 

was in the range of 1 to 1.58 mm. The maximum penetration 

was obtained was 1.58 mm. The maximu penetration depth 

obtained using A-TIG welding processes is 3.6 mm.  With A-

TIG welding, penetration depth increase more than 200% 

compared with conventional TIG welding.These results are 

in quite agreement with the literature results. 

Temperature gradient always exists on the surface of the A-

TIG weldment. Higher temperature gradient gets at center 

and lowers at edge of weldment due to oxide fluxes used in 

A-TIG welding. Various driving forces acting in A-TIG 

includes bouncy force, Lorentz force, shear stress induced by 

the surface tension gradient at the surface of weldment due to 

the arc plasma as well as arc pressure.  Fluid flow modes are 

changed based on surface tension.The surface tension in the 

center is lower than the surface tension at the edge of 

weldment, produces wide and shallow penetration depth got 

in conventional TIG weld. In A-TIG welding process, the 

temperature coefficient of surface tension on the molten pool 

is changed from negative to positive value. Therefore the 

surface tension at the center is higher than the edge of metal, 

which produce shallow and high depth of penetration in the 

weldment. The arc constriction is also principle factor that 

increases the penetration of weldment. Because the 

conductivity of the flux is lower than the metal vapors and 

the melting point of the flux is higher than the weld metal. 

Metal evaporation can be only generated in the central 

regions of the welding arc where the temperature is higher 

than the dissociation temperature of the flux compounds. 

When in A-TIG welding the arc constricting the plasma 

column and increase the energy density of the heat source 

and electromagnetic force of the weldment. It is indicated 

that the narrow and deep weld morphology compared with 

the convectional TIG welding.  

 

 

 

 

 
 
Fig. 33D response surface graph for A-TIG welds in mild steel plate for 

penetration depth. 
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Fig. 43D response surface graph for A-TIG welds in mild steel plate for 

weld bead width. 

 

 
 

C. Optimization of welding parameters 

Design Expert statistical software was used for the 

optimization of the process parameter for maximum 

penetration and minimum weld bead width.  By analyzing 

the response surface model, the optimum welding parameters 

were obtained, as listed in Table VIII and Table IX. To 

demonstrate the validity of the procedure, A-TIG welding 

was conducted using the optimum welding parameters. The 

experimental result exhibits highly agreement with the 

predicted value.  

TABLE VIII  
OPTIMIZED PARAMETER FOR PENETRATION (MAXIMUM) 

 

Sr. 

No 

Current  

(A) 

Speed 

(mm/min) 

Flux Penetration 

(Predicted) 

mm  

Penetration 

(Actual) 

mm 

1 110 168 2 3.71 3.7 

 
 

 

TABLE IX 
OPTIMIZED PARAMETER FOR BEAD WIDTH (MINIMUM) 

 

Sr. 

No 

Current  

(A) 

Speed 

(mm/min) 

Flux Bead width 

(Predicted) 
mm  

Bead width 

(Actual) 
mm 

1 60 210 3 5.39 5.38 

 

 

CONCLUSIONS 

 

In this study, a novel activated flux that is easy to apply and 

provides good spreadability was developed; furthermore, it 

provides increased penetration capability in mild steel. ATIG 

welding process parameters were optimized for mild steel 

joints to obtain desirable penetration and bead width and the 

results were analyzed in detail. The results are summarized 

as follows: 

 

1) A Mathematical model was developed to predict the 

weld penetration and bead width in A-TIG welding 

of mild steel. Among the three investigated 

parameters, the welding speed has predominant 

effect on the penetration. The developed 

relationships can be used to predict the penetration 

and bead width in activated TIG welding of mild 

steel within the range of parameters. 

2)  Optimum welding parameters obtained for 

maximum penetration were 110 amp current, 168 

mm/min welding speed and flux(mixture of SiO2+ 

TiO2
)
. Also optimum parameters for minimum weld 

bead width were 60 amp current, 210 mm/min 

welding speed and flux(mixture of Al2O3+ MnO2). 

3) In A-TIG welding process, the temperature 

coefficient of surface tension on the molten pool is 

changed from negative to positive value. Therefore 

the surface tension at the center is higher than the 

edge of metal, which produce shallow and high 

depth of penetration in the weldment. 
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