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Abstract 
TIG welding process has increasingly been used in the fabrication of ferrous and non-ferrous materials alike owing to its 

adaptability and ease of welding any known weldable material. The process also lends itself to automation, making it ideal for 

mass manufacturing industries. When automated, it can successfully weld autogenous joints. The process is largely used to weld 

thin gauge sheets. The present work is aimed to investigate the effects of controllable input parameters like welding current, 

welding speed and torch angle on the response parameters which is angular distortion of the resulting weldments in this case.  An 

attempt has also been made to develop a mathematical equation relating input parameters to the response so that an optimized 

setting of these parameters can be obtained to have minimum possible angular distortion. Central composite face centered 

technique has been used to developed the mathematical model, whose adequacy has been tested by ANOVA analysis. Significance 

of the regression coefficients has been tested by t-test. Response Surface Methodology has been used for optimization of the 

developed model. 
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1. INTRODUCTION 

Tungsten inert gas welding, TIG is widely used in 

manufacturing process for different types of materials like 

Aluminum, Mild steel and different type of stainless and 

alloy steels. The optimization of TIG welding process 

parameters play important role for the final product quality 

in terms of weld distortions, joint efficiency and mechanical 

properties. As welding process involves the heating and 

cooling process in non-uniform manner, the distortions are 

unavoidable. The weld process contributes to the 

development of several kinds of distortions like 

longitudinal, transverse or angular distortion [1]. Every 

effort should be made to keep these distortions minimum as 

they not only spoil the esthetics of the joint but also result in 

dimensional deviations causing misfits in the final assembly.  

The present work is aimed at investigating the effects of 

input process parameters on angular distortion (fig.1). An 

elaborated experimental work has been carried out to evolve 

a mathematical model which might help in correctly 

selecting the process parameters so as to have minimal 

angular distortion. The material selected for present 

investigation work is stainless steel 409L which is a newly 

developed low carbon variant of stainless steel. The material 

has good workability and because of the less amount of 

carbon has reasonably good weld ability with less chances 

of cracking and material also possess good inter-granular 

corrosion resistance [2, 3]. Literature survey has also 

revealed that not much experimental work has been 

conducted on material so far. This makes a strong base for 

conducting experiments on this material. The chemical 

properties on material are given in table-1 and distinctive 

mechanical and physical properties of the material are given 

in table-2. 

 

An elaborated experimental work was carried out with the 

selected input parameters by using statistical technique of 

using design of experiments (DOE). 

 

 
Fig 1: Angular Distortion [2] 

 

Table 1: Chemical composition of Stainless Steel 409L 

Element C Mn P S Si Cr Ni 

Max 

percentage 

0.03 1 0.04 0.03 1 10.5-

11.7 

0.5 

 

Table 2: Physical and Chemical properties of 409L 

Mechanical Properties 

Yield 

Strength 

(N/mm
2
) 

Tensile 

Strength 

(N/mm
2
) 

Elongation 

(%) 

Hardness 

(Hv) 

≥175 ≥360 ≥25 ≤175 
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Physical Properties 

Specific 

Heat 

(J/g℃) 

Specific 

Gravity 

Thermal 

Expansion 

Coefficient 

(W/m℃) 

(20-100℃) 

Thermal 

Conductivity 

(W/m℃) 

(100℃) 

0.46 7.75 6.5 249 

 

2. WELDING SETUP 

The welding experimentation was conducted on a welding 

power source of   current rating   of 200A.  In order to 

achieve the reproducibility in results, the practicals were 

conducted on a mechanized welding carriage where the 

torch was attached to a radial rotating arm which had the 

arrangement of moving up-down and across the table. The 

table of the system was driven by a motor and gear box 

arrangement with a variable frequency drive to have stepless 

control of speed from 0 cm/min to 50 cm/min. The setup is 

shown in figure 2. 

 

 
Fig 2: The experimental setup 

 

3. PLAN OF INVESTIGATION 

3.1 Identification of Important Welding Parameter 

and Establishing their Working Limits- 

On the basis of trial runs conducted, it was found that the 

angular distortion was dependent on primarily welding 

current, welding speed and torch angle. Several trial runs 

were conducted to know the working of lower and upper 

limits of these independently controllable variables on the 

basis of following observations: 

1 Appearance of bead is uniform 

2 No over penetration 

3 No overlapping of the plates 

 

The limits of the parameters are given in the table 3 

 

Table -3: Welding Parameters with limits 

 
 

3.2 Development of Design Matrix 

In the present investigation central composite face centered 

technique has been used to develop a design matrix with 20 

number of experimental run (2^3+2*3+6=20). 2^3 =8 

represents the center points. 2*3=6 represents the star points 

and additional 6 runs have been added, all at zero levels of 

parameters to improve the precision of model. The 

experimentation is conducted in one replicate and 20 

numbers of experiments were run as per the design matrix 

shown in table 4. 

 

Table 4 : Runs as per design matrix 

 
 

3.3 Conducting the Experiment as per Design 

Matrix 

The runs were conducted in a randomized manner so that 

systematic error, if any in the system gets eliminated. The 

response parameter i.e. angular distortion of the weldments 

was measured using the setup shown in fig 3. 
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Fig 3: measuring the angular distortion 

 

Two readings per weldments were taken with one reading at 

each edge and the average of the two was used to calculate 

angular distortions as per following relationship: 

 

SinӨ= P/H 

 

The values of angular distortion are shown in table 4 

 

3.4 Development of Mathematical Model 

For the present investigation work statistical techniques of 

design of experiments was used. The general expression 

relating the input parameters to the response output can be 

expressed as follows 

 

f(Ө)= (A,B,C) 

 

Where 

Ө = angular distortion 

A = welding current 

B= welding Speed 

C= torch angle 

 

The general mathematical equation can be given as follows 

 

Ө= β0+β1A+β2B+ β3 C+β12AB+ β13AC+ β23B C +β11 A
2
 +β22 

B
2
 +β33C

2 

 

After putting the respective values in design expert software, 

the following mathematical equation was obtained in the 

coded form 

 

Distortion angle (Ө) = +5.30+0.80*A-2.72*B+ 0.50*C-

1.03*AB+0.47*AC-0.75*B C +2.48*A
2
 -0.13 B

2
 -2.66*C

2 

 

3.5 Checking the Adequacy of the Developed Model 

After putting all the values of response and input parameters 

into the design expert software following table was obtained 

which shows that the developed model is significant and the 

lack of fit is insignificant. 

 

Table 5: ANOVA Analysis of the model 

 
 

The R
2 

value of 0.8048 of the developed model as per the 

table 6 given below also shows reasonable adequacy of the 

model. This is further substantiated by the scattered diagram 

shown in figure 4 which shows closed proximity between 

actual and predicted values. 

 

 
Fig 4: Scattered diagram for angular distortion 

 

Table 6: Fit Statistics of the model 

 
 

4. RESULTS AND DISCUSSIONS 

The results obtained after statistical analysis are presented in 

chart (1-6).It was observed that there existed direct and 

indirection effects amongst the input parameters. These 

direct and interaction effects are discussed as below: 
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4.1 Direct Effects of Welding Parameters 

4.1.1 Effect of Welding Current 

It has been observed from the figure 5 that there has been an 

increase in angular distortion from 7 degrees to 8.6 degrees 

with an increase in current from 80 to 120 amperes. The 

reason for this can be attributed to the fact that with the 

increase in welding current the heat input also increased 

resulting in deeper penetrations causing more angular 

distortions. There however existed a region between 

minimum and maximum value of currents in which the 

angular distortion was found to be decreased. The reason 

might be interaction effects of other welding parameters. 

 

 
Chart 1: Direct effect of welding current 

 

4.1.2 Effect of Welding Speed 

It has been observed from the figure 6 that there has been a 

decrease in angular distortion from 7.91 degrees to 2.47 

degrees with an increase in speed from 20 to 40 cm/min. 

The reason for this can be attributed to the fact that at high 

welding speed, heat input will be low resulting in decrease 

in angular distortion. The interaction effects are negligible in 

case of welding speed. 

 

 
Chart 2: Direct effect of welding speed 

4.1.3 Effect of Torch Angle 

It has been observed from the figure 7 that there has been an 

increase in angular distortion from 2.2 degrees to 3.02 

degrees with an increase in torch angle from 45 to 90 

degrees. The reason for this can be attributed to the fact that 

for steeper torch angle, the depth of penetration in the plate 

is slightly greater than that for a shallow angled torch. Thus, 

the heat amount input in the weld bead, giving non-uniform 

distribution leads to distortion which is more in steeper torch 

angle positions and less in shallow torch angle positions. 

There however existed a region between minimum and 

maximum value of currents in which the angular distortion 

was found to be first increased and then decreased. The 

reason might be interaction effects of other welding 

parameters. 

 

 
Chart 3: direct effect of torch angle 

 

4.2 Interaction Effects of Welding Parameters 

4.2.1 Interaction Effect of Torch Angle and 

Welding Speed 

As shown in figure 8, at all the values of welding speed, 

angular distortion increases initially, and then decreases 

with the increase of torch angle. This fact states the reason 

that for steeper torch angle, the depth of penetration in to the 

plate is slightly greater than that for a shallow angled torch. 

Thus, the heat amount input in the weld bead, giving non-

uniform distribution leads to distortion which is more in 

steeper torch angle positions and less in shallow torch angle 

positions. At all the values of torch angle, angular distortion 

decreases with the increase of welding speed. Clearly, at 

high welding speed, heat input will be low resulting in 

decrease in angular distortion. 
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Chart 4: Interaction effect of torch angle and welding speed 

 

4.2.2 Interaction Effects of Welding Current and 

Welding Speed 

As shown in figure 9, at all the values of welding current, 

angular distortion decreases with the increase in welding 

speed. Clearly, at high welding speed, heat input will be low 

resulting in decrease in angular distortion. At all the values 

of welding speed, angular distortion decreases initially, then 

increase with the increase in welding current. The reason for 

this fact states that on certain low welding current, the 

widening effect of the arc predominates and puts less heat 

into the joint resulting in the initial decrease of angular 

distortion. However the distortion increased after 100 

amperes because at this high current the penetrating effects 

predominate over the widening effects resulting in increase 

in distortion. 

 

 
Chart 5: Interaction effect of welding current and welding 

speed 

 

4.2.3 Interaction Effect of Torch Angle and 

Welding Current 

As shown in figure 10, at all the values of welding current, 

angular distortion increases initially, and then decrease with 

the increase in torch angle. Clearly, at steeper torch angle, 

the angular distortion is more. 

 

At all the values of torch angle, angular distortion decreases 

initially, and then increases with the increase in welding 

current. Clearly, at high welding current, heat input will be 

high resulting in increase in angular distortion. 

 

 
Chart 6: Interaction effect of welding current and torch 

angle 

 

5. CONCLUSION 

On the basis of experimental work carried out, following 

conclusions can be drawn 

(1) Welding current has  allover a positive effect on angular 

distortion 

(2) Welding Speed has  allover a negative effect on angular 

distortion 

(3) Torch Angle has all over a positive effect on angular 

distortion 

(4) At all the values of welding speed, angular distortion 

increases initially, and then decreases with the increase 

of torch angle 

(5) At all the values of torch angle, angular distortion 

decreases with the increase of welding speed. 

(6) At all the values of welding current, angular distortion 

decreases with the increase in welding speed. 

(7) At all the values of welding speed, angular distortion 

decreases initially, then increase with the increase in 

welding current. 

(8) At all the values of welding current, angular distortion 

increases initially, and then decrease with the increase 

in torch angle 

(9) At all the values of torch angle, angular distortion 

decreases initially, and then increases with the increase 

in welding current 
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