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Abstract - MIG welding is a preeminent joining process in which metalcoalesces by fusion and is extensively used in a 

variety of fabrication works. With the advancements in the field of industrial automation and availability of sophisticated 

power sources, it is now possible to achieve high production rates, repeatability, and weld quality. The significant amount of 

arc heat is used for the melting of faying surfaces which when followed by rapid cooling results in a number of micro and 

macro level changes in the resulting weld. One such physical change caused by the non-uniform rates of heating and cooling 

result in angular distortion of the weldment, which not only affects the aesthetics of the weld but also results in the misfit of 

the components with parent structure. It should be the endeavor of the weld engineer to keep this distortion to the minimum 

possible limit. The present work on SS409L aims to investigate the various impacts of welding input parameters on angular 

distortion. The experiments were perpetrated in a methodical manner and central composite face centered design(CCFD) 

technique was employed to generate the mathematical equation. The cumulative curve was determined by the welding 

parameters which were taken at five different levels. The model has been optimized by using response surface methodology 

(RSM). The research work carried out is expected to be useful for industry and for further advanced studies on the subject. 
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I. INRODUCTION 
 

MIG weldingis a versatile welding process and is 

considered prominent due to many advantages 

offered by the process such as high reliability, high 

productivity, multi-position welding capabilityand 

ease of mechanization. The workpiece undergoes 

plastic deformation due to the tussle between 

contraction and expansion of different sections of 

weld interface thereby developing higher residual 

stresses. This leads to development of distortions like 

longitudinal, transverse and angular distortion. The 

outcome of uneven expansion along with non-

uniform shrinkage of the weldmentis angular 

distortion as illustrated in figure 1 [1]. 

 

 
Fig. 1: Angular distortion 

 

The factors affecting extent of angular distortion 

include width and depth of penetration of 

weldmentwith respect to thickness of plate, weld pass 

sequence, type of joint, input parameters and thermo-

mechanical properties of the material [2].   

 

In the fabrication industry angular distortion is a 

problem faced by engineers. By proving an initial 

angular compensation in the opposite direction, 

elimination of this perennial problem can be 

achieved. In order to obtain a weld without any 

angular distortion it is thereby vital to predict its 

correct measure precociously by using mathematical 

model. To examine the shape change deformation 

behavior of the component an in-depth analysis was 

performed. This led to development of suitable 

methods to control angular distortion. It is however 

strenuous to obtain analytical solutions for predicting 

angular distortion [3]. 409L is a low carbon variant of 

ferritic stainless steel. 

 

Literature survey reveals that relatively less 

experimental work is available pertaining to this 

material so far. SS409L when exposed to high 

temperature shows excellent resistance capabilities 

towards oxidation. Its extra-low carbon ferritic 

structure makes it exemplary for typical applications 

which include automotive exhaust systems, heat 

exchangers, farm equipment components, etcetera 

[4,5].The composition of SS 409L is given in table – 

1. 

 
Table - 1: Composition of Stainless Steel 409L (Provided by supplier) [6] 
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II. EXPERIMENTAL ARRANGEMENT 

 

A mechanized welding carriage programmed to move 

in forward and reverse direction was used to conduct 

the experiments. The welding torch was positioned on 

a radial rotating arm which was orchestrated to move 

up-down and across the table. A gearbox arrangement 

with variable frequency drive and a driving motor 

were made use of to obtain smooth and step less 

control of carriage. The speed obtained of 

mechanized carriage varied from 0 - 50 cm/min. This 

unit ensured constant and uniform welding speed 

which resulted in consistent and reproducible welds. 

Filler wire made of SS 308L with 1.2mm diameter 

and a DC power source with flat V-I characteristics 

of 400 ampere rated capacity was employed, as 

illustrated in figure 2 below [7]. 

 

 
Fig 2: The set-up 

 

III. PLAN OF INVESTIGATION 

 

The research work was planned to be carried out in 

the following steps: 

 

1) Input parameters 

2) Determination of working limits of parameters 

3) Generating the matrix using design expert 

software 

4) Experimentation 

5) Generation of the mathematical model 

6) Examining the adequacy of the generated model 

7) Analysis of the result 

 

3.1. Input parameters 

Based on previous experience, literature survey and 

some initial test runs, five independent controllable 

input parameters were deduced namely “wire feed 

rate (m/min)”, “welding speed (cm/min)”, “voltage 

(V)”, “nozzle to plate distance (mm)” and “torch 

angle (degree)” which had overwhelming effect on 

angular distortion [1, 8 -14]. 

 

3.2. Determination of working limits of 

parameters 

Several test runs were conducted on 200 x 150 x 6 

mm plates keeping in consideration the independent 

input parameters. The working range of each 

parameter was divided into 5 different levels with -2 

and +2 being minimum and maximum levels 

respectively and -1, 0, +1 being intermediate levels as 

shown in table - 2. 

 
Table - 2: Input parameters and their limits 

 

3.3.Generating the matrix using design expert 

software 

Experimentswere performed in a methodical manner 

and the design matrix was formulated by design 

expert software using the central composite design. 

The matrix so obtained to cover the single and 

interactive effects of input variables is illustrated 

below in table – 3. 
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Table - 3: Design Matrix 

 

3.4. Experimentation 

The number of runs generated by the design matrix 

were performed in a desultory manner to eliminate 

any systematic error, if any.For measurement of 

angular distortion, the workpiece was kept on a 

surface plate to achieve meticulous results. 

 

3.5.Generation of the mathematical model  

Angular distortion can be represented using the 

response surface function as: 

 

Y = f (α, β, γ, δ, ε) 

 

The equationgenerated by response function can be 

expressed in terms of the independent parameters as: 

b0 + b1α + b2β + b3γ + b4δ + b5ε + b12αβ + b13αγ + 

b14αδ + b15αε + b23βγ + b24βδ + b25βε + b34γδ + 

b35γε + b45δε + b11α2 + b 22β2 + b33γ2 + b44δ2 + 

b55ε2 where:  Here “Y” represents the angular 

distortion and “α”,”β”,” γ”,” δ” and“ε” are the input 

parameters which represent “wire feed rate”, 

“welding speed”, “voltage”, “NPD” and“torch angle” 

respectively, b0 is the coefficient of model, b1, 

b2...bk are the coefficients of linear terms, b12, 

b13...b(k-1)k are coefficients of interactive terms and 

b11, b22...bkk are the coefficients of quadratic terms 

of the regression equation.  Actual mathematical 

model generated by design expert software is given 

below:  

Angular Distortion (AD) = 53.92 + 5.97α + 2.29β + 

8.58γ – 7.21δ+ 0.82ε – 3.33αβ – 3.91αγ – 4.21αδ + 

0.86αε + 0.52βγ + 2.14βδ – 8.38βε – 0.61γδ + 3.63γε 

– 0.62δε – 1.5α2– 0.88β2+ 0.79γ2+ 1.29δ2-3.49ε2 

 

3.6.Examining the adequacy of generated model 

The adequacy of the generated model wasanalyzed by 

comparing the calculated F-ratio given by the 

software and the tabulated value of F-ratio. As the 

latter value is greater than the former value, the 

model can be said to be adequate. 

 

In present case the tabulated value of F-ratio at 

degree of freedom 6 and 5 at a confidence level of 

95% is 4.95 which is more than the calculated value 

of 2.18 indicating that the developed model is 

adequate. Secondly, the p-value of the developed 

model is also less than 0.05, confirming the adequacy 

of the model as depicted below in table - 4. 

 
Table - 4: ANOVA Table 
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3.7. Analysis of results 

The graphical results obtained by the design expert 

software are depicted in figure 3 – figure 5. These 

graphs represent the interactive effects of input 

parameters on AD and are explained in the following 

section. 

 

3.7.1 Interactive effects of WFR and NPD on AD 

 

 
Fig 3: Interactive effects of WFR and NPD on AD 

 

The interactive effects of WFR and NPD on AD are 

illustrated in figure 3 above. It is ostensible that 

withboth parametersAD increased. With increase in 

WFR, the heat input augmented which caused deeper 

penetration of heat causing more AD. Similarly, with 

the increase in NPD the resistive heating of filler wire 

and spread of arc increased over the weld plates 

causing more AD. 

 

3.7.2 Interactive effects of voltage and WFR on 

AD 

 

 
Fig 4: Interactive effects of voltage and WFR on AD 

 

The interactive effects of voltage and WFR on ADare 

illustrated in the figure 4 above.  Due to more heat 

input into the weld, it is observed the extent of AD 

augmented. As the voltage increases the AD 

increasesprimarily and then decreases. The probable 

reason could be with increase in voltage, results in 

more heat input and arc spread which increases the 

AD initially but with further increase in voltage the 

arc length increased to such a value where radiative 

heat losses are dominant thereby causing reduction in 

AD. 

 

3.7.3 Interactive effects of WFR and torch angle 

on AD 

 

 
Fig 5: Interactive effects of torch angle and WFR on AD 

 

The interactive effects of WFR and torch angle on 

AD are illustrated in the 5 above. It is ostensible that 

both WFR and torch angle have positive effect on AD 

as maximum angular distortion is obtained at 

maximum value of WFR and torch angle. 

 

IV. CONCLUSION 

 

The following conclusions are found noteworthy on 

the basis of investigative work – 
 

1) The (CCFD) and (RSM) are useful in the study and analysis 
of angular distortion. 

2) As voltage increased, angular distortion first increased and 

then decreased. 
3) Welding speed shows a negative influence on AD whereas it 

was observed to be positive for torch angle. 
4) Both NPD and WFR show positive effects on angular 

distortion. 

5) For the minimum value of angular distortion of 0.63°, the 
optimized values of parameters are: WFR= 0.98    m/min, S = 

37 cm/min, V = 22 V, NPD = 15mm and torch angle = 107°. 
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