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ABSTRACT  

Stainless steel 304 was selected for the experiment which involved welding of the material by Tungsten Inert Gas (TIG) 

welding with S.S filler wire 1.5 mm diameter of grade ER316. It is a high-quality welding process often used to join 

plates of higher thickness in load bearing and other light-weight thin walled parts because of the preciseness of the arc. 

The main objective of the work is to carry out the research and correlate the relationship between process parameters 

such as welding current, voltage and flow rate of gas and output mechanical properties such as hardness, tensile 

strength and yield strength of butt joint specimen. The experiment has been conducted using an L9 orthogonal array. 

The input parameters selected were current, voltage and flow rate of gas in an atmosphere of 0.15 mPa. The hardness of 

material was measured at 5mm, 10mm and 15mm away from the weld zone at three different locations. Tensile strength 

was tested for three specimens in single weld run to understand the strength of the weld. Taguchi method was used to 

design and ANOVA method was used to assess the significance of factors on the overall quality of weldment which 

provides optimal results of the varying condition. Microstructure study was carried out to find out the change in the 

microstructure of the Austenitic stainless steel for the optimum combination of parameters of the tested specimen. 

Keywords-ANOVA, Hardness,Microstructure, Minitab 17, TIG welding,Taguchi,UTS,Y.S,  

 

1. INTRODUCTION 

TIG welding is becoming increasingly critical for transportation industries as vehicles that range from cars 

and trucks to aircraft are made lighter to reduce fuel consumption and save on ever-higher costs of fuel. John 

Luck,theproduct manager for Miller Electric's TIG unit, said there are new applications for aluminum and 

exotic metal alloys and that Millersees many industries going to aluminum and other light-weight thin-walled 

parts that are perfect for TIG welding because of the preciseness of the arc.―When the arc comes off the 

tungsten it's very precise and gives the ability to adjust the amps up or down. Because the process is slower 

than MIG, as far as the speed with which you can weld, you get better control of the arc — the penetration — 

and a better weldment. What provides you with the ability to weld thick and thin materials is the preciseness 

of the arc,‖ Luck said [1]. Because of the capacity to generate high temperature in the localized area led to the 

development of modern welding technology such as TIG welding. Welding often requires sufficient heat to 

generate high temperature for melting and joining raw materials. With the development of technology, the 

demand for the welding of new raw materials and larger thickness has been increased .This increment led 

tothereplacement of old gas flame welding by metal inert gas welding, tungsten inert gas welding, laser and 

electron beam welding[2]. A strong joint is obtainedwhen two clean surfaces are mutually brought into 

contact and either the heat or pressure or both are used to create a bond. The basic reason behind the formation 

ofthebond is atomic behavior. The equipment involvesin TIG welding are aDCEN power source, tungsten 

electrode, welding torch, filler wire, shielding inert gas (argon) and personal safety equipment. SS 304 is the 

most common austenitic grade containing approximately 18.29% chromium and 8.09% nickel 

asthemaincomponent.The filler rod used was stainless steel of ER316 grade containing approximately 18.46% 

chromium and 11.39% nickel. SS304 finds its application in the field of food, dairy,chemical processing 
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equipment, beverage industries, heat exchangers and milder chemicals. Austenitic steel has been chosen 

fromthevarious classification of SS304 such as austenitic, ferritic, martensitic etc. because of its easy 

availability and low cost. For the better quality of weld, there is a need to maintain the gap between electrode 

and workpiece[3].The interaction of the process parameters on the weld bead geometry, mechanical and 

metallurgical properties of the weldments occur directly or indirectly. The quality of weld joint has an 

essential dependence on the input process parameters [4]. Traditionally, skilled operators or engineers choose 

parameters based on trial and error method which was time-consuming for each new welded product to get a 

welded joint with required specifications. Then welds are examined to determine whether they meet the 

specification or not. Nowadays application of evolutionary algorithms, DOE, and computational network are 

used to establish the relationship between input process parameters and output variables to obtained desired 

weld quality [6].  

 

2. LITERATURE REVIEW  

Wang Rui et al [5] carried outanexperimental investigation on out ofaplane distortion of aluminum alloy 5A12 

in TIG welding and found that downward distortion for the plate thickness of 2.5 mm was caused by 

increasing weld heat input in residual distortion of the plate was changed from arch to buckling.  

S.P. Gadewaretal[7]studiedtheeffectofprocessparametersofTIGweldinglikeweldcurrent,gas 

flowrate,workpiecethicknessonthebeadgeometryofSS304.Itwasfoundthattheprocessparametersconsiderablyaff

ectedthemechanical properties. Satish et al. [8] optimized the TIG welding parameters for dissimilar pipe 

joints using Taguchi method and found that higher heat input results in lower tensile strength.HeLinetal[9] 

conducted anexperimentonMechanicalPropertiesofTIGweldedHighBoronFe-Ti-

BAlloy.Tensiletestswerecarried outonTIGweldedjointsafterthepostweldheat-treatment. 

Theresultshowsthattheweldshaveslightlyhigheryieldstrength(YS),andlowerultimatetensilestrengthcomparedtot

hoseofthe base metal. Ramesh 

KumarBuddyetal[10]studiedMechanicalpropertiesandmicrostructuralofTIGwelded40mmand60mmthickSS31

6Lsamplesforfusionreactorvacuum 

vesselapplications.Themechanicalpropertiesliketensile,bendtests,Vickershardnessandimpactfracturetestshaveb

een carriedoutfortheweldsamples. Tensilepropertytestresultsindicatesoundweldjointswithefficiencies 

over100%.Hardening wasnon-uniformly observed.ShekharRajendraGulwade et al [11] studied the effect of 

welding parameters like current, voltage and flow of gas onthehardnessofausteniticstainlesssteelon the304-

gradematerial.ExperimentsbasedonTaguchi technique 

hasbeenusedtoacquirethedata,Tofindoutpercentagecontributionofeachinputparameterforobtainingoptimalcondi

tions,analysisofvariance (ANOVA)method was applied.  F. Souza Netoetal[12] conductedanexperimentto 

study themechanicalbehaviorofAISI4130SteelthroughTIG 

andLaserweldingprocess.Theymeasuredthetensilestrengthofthejoint, heat 

affectedzoneandfusionzone,andcomparedwiththem.TheyshowedthattheLaserweldingprocessis 

faster,easilyautomatedandproducesareaphasetransformationarea(FusionZoneandThermallyAffectedZone)abou

tten times smallerthanTIGweldingprocess. ArunKumarNiranjan and Sathyapaulraj[13] 

conductedanexperiment by TIG welding over Incoloy 800H and used Taguchi and ANOVA to optimize 

process parametres  and found that welding procedure current exerted significance influence on multiple 

responses followed by welding speed and Voltage. 

Balasubramanian [14] obtained mathematical model equations for pulsed TIG welding of titanium sheets 

andconcluded that the mathematical relationships developed can be employed easily in automated welding in 

the form of a program,for obtaining the desired weld bead dimensions 

 

3. EXPERIMENTAL PROCEDURE 

SS304 plates of dimension 130 mm length,50mmwidth, and 3mm thickness was butt welded by usingLincoln 

TIG machine with polarity Direct Current Electrode Negative [DCEN]. The chemical composition of the 

base material and filler rod is given in table 1 and table 2 respectively. The input process parameters used for 
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welding were welding current[A], voltage[V], and flow rate of gas[L/min]. Taguchi method was used to 

generate Taguchi Design to set up a Taguchi orthogonal array design in the worksheet. Each row of the design 

specifies a combination of factor, levels to be used for a run of the experiment. 

Some more parameters: 

Pressure used                                     0.15 MPa or 22 psi 

Welding speed                                   12 inches/min 

Filler metal diameter                           1.5 mm 

Electrode diameter                              1.5 mm 

Gap between plates                             1.5 mm 

3.1 Work material and filler rod  

The work material selected was austenitic stainless steel 304 with dimension 130 mm length,50 mm width and 

3 mm thick in which argon at 0.15 MPa was used as shielding gas. The filler rod used was stainless steel 

ER316 grade. The specimen was welded by TIG as per the standard of ASTM240. 

TABLE 1: Composition of SS304 

% C % Si % Mn % P % S % Cr % Mo % Ni % Al % 

COMP 0.0570 0.4300 1.2800 0.0370 0.0120 18.2900      - 8.09     - 

REQD   - 

0.0800 

 - 

1.0000 

 - 

2.0000 

     - 

0.0450 

     - 

0.0300 

18.0000 

20.0000 

     - 

     - 

8.0000 

11.0000 

    - 

    - 

 

TABLE 2: Composition of filler rod 

% C % Si % Mn% P % Cr % Mo % Ni % S % Cu % 

COMP 0.047 0.3900 1.1200 0.0280 18.4600 2.1200 11.3900 0.0100   0.2800 

REQD      - 

0.0800 

0.3000 

0.6500 

1.0000 

2.5000 

      - 

  0.0300 

18.0000 

20.0000 

2.0000 

3.0000 

11.0000 

14.0000 

   - 

0.0300 

 - 

0.7500 

 

 

Fig.1:Test specimen size prepared according to ASTM-E8[ courtesy: reference 15] 
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Fig: 2 Welded plates 

 

 

Fig.3: Specimen for tensile test 

3.2 TIG welding equipment  

 

Fig.4: TIG welding setup  
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3.3Testing machine 

In this experimental work ,tests such as Ultimate  tensile strength and Hardness has been carried out on 

thefollowing machine by varying various process parameters like current voltage and flow rate ofthegas.The 

tensile test is crucial in evaluating the behavior of engineering materials as well as in assessing the amount of 

material for use in design. Tensile test measures the YS, which is the stress at which welded specimen begins 

to deform plastically and cannot return to its original position. The tensile testing specimen was prepared 

transverse to the weld bead having three tensile testing specimens in one weldrun.Hardness is generally 

defined as resistance to permanent indentation. In this experiment, hardness testing machine is shown in Fig. 3 

on which Brinell hardness number was calculated using formulae as given below.Source: H.W. Hayden, et al., 

The structure and properties of materials, vol. 3 (John Willy and Sons ,1965) 

 

𝐵𝐻𝑁 =
𝟐𝑷

𝝅𝑫 𝑫 −  𝑫𝑫𝟐 − 𝒅𝟐 
 

Where, 

P= load kg 

D= diameter of steel ball 

D= diameter  of indentation     

BHN= Brinell hardness number 

 

Fig.5:Hardness Testing Machine 

 

Fig: 6 TENSOMETER 
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TABLE 3:Control factors and levels: 

             unit        Level 1       Level 2 Level 3 

Current              A 95          120            140 

Voltage              V           12           14            16 

Gas flow rate          L/min          15          20              25 

 

TABLE4: Experimental layout using L9 orthogonal array and performance results 

Exp. No. Welding 

current (A) 

Voltage 

(V) 

Flow rate of 

gas (L/min) 

    Hardness  

(BHN) 

     UTS 

(MPa) 

Yield 

strength 

(MPa) 

1        95         12         15 189.90 670.25 470.59 

2        95         14         20 190.21 675.86 475.54 

3        95         16         25 195.22 680.26 480.26 

4       120         12         20 196.22 526.30 400.26 

5       120         14         25 198.55 700.52 500.35 

6       120         16         15 185.62 701.36 502.36 

7       140         12         25 200.68 695.56 495.26 

8       140         14         15 201.48 698.46 498.36 

9       140         16         20 205.56 689.96 489.96 

 

4. EXPERIMENTAL ANALYSIS 

4.1 Analysis of variance 

Analysis of variance (ANOVA) is a method of calculation that significantly evaluates the contribution of each 

parameter variation made by overall response variation. It is used to determine the significance of input 

parameters. The statistical software Minitab 17.0 is employed to examine the implication of welding 

parameters namely welding current, voltage and flow rate ofthegas. 

4.1.1 Analysis of Variance for tensile strength: 

TABLE  5(A) 

source DF Adj SS Adj MS F-Value P-value 

current 2 4052 2026 0.69 0.590 

voltage 2 7288 3644 1.25 0.445 

Gas flow rate 2 7290 3645 1.25 0.445 

error 2 5840 2920   

total 8 24469    

 

MODEL SUMMARY TABLE 5(b) 

S R-sq R-sq(adj) R-sq(pred) 

54.0365 76.13% 4.54% 0.00% 

From above table, it is clear that percentage contribution of welding current is 59%,voltage 44.5% and flow 

rate of gas 44.5%. it can be found that current is the most significant factor. 
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Fig.5showsthe main effects plot for tensile strength. It was observed that optimum 

parametersettingforTensilestrengthisobtainedatacurrent of 140 A, voltage of 14 V and gas flow rate of 25 

L/min. 

 

Fig.7: Main effects plot for tensile strength of weld for various parameters: (a) tensile vs   current (b) 

tensile strength vs voltage (c) tensile strength vs gas flow rate  

 

4.1.2 Analysis of variance for Hardness  

ANOVA TABLE: 6(a) 

source DF Adj SS Adj MS F-value P-value 

current 2 202.405 101.202 3.16 0.240 

voltage 2 2.0971 1.486 0.05 0.956 

Gas flow rate 2 59.471 29.736 0.93 0.519 

error 2 64.081 32.040   

total 8 328.929    

 

MODEL SUMMARY TABLE: 6(b) 

S R-sq R-sq(adj) R-sq(pred) 

5.66042 80.52% 22.07% 0.00% 

 

From the above table, it is clear that percentage contribution of welding current is 24%,voltage 95.65% and 

gas flow rate 51.9% . It can be observed that voltage is the most significant factor. 

Fig.6 shows the main effects plot for hardness from which it was observed that optimum parameter setting for 

hardness is obtained at a current of 140 A, voltage of 14 V and gas flow rate of 25 L/min. 
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Fig.8: Main effects plot for hardness of weld for various parameters (a) hardness vs current (b) 

hardness vs voltage (c) hardness vs flow rate  

4.1.3 Analysis of variance for yield strength 

ANOVA TABLE: 7 (a) 

source DF Adj SS Adj MS F-value P-value 

current 2 1146 573.2 0.65 0.604 

voltage 2 2559 1279.6 1.46 0.406 

Gas flow rate 2 2587 1293.7 1.48 0.404 

error 2 1752 875.9   

total 8 8046    

 

Model SummaryANOVA TABLE: 7(b) 

S R-sq R-sq(adj) R-sq(pred) 

29.5957 78.22% 12.90% 0.00% 

From above table, it is clear that percentage contribution of welding current is 60.4%, voltage 40.6% and gas 

flow rate 40.4%. It can be observed that current is the most significant factor. 

Fig.7 shows the main effects plot for yield strength from which it was observed that optimum setting for yield 

strength can be obtained at a current of 140 A, voltage of 14 V and gas flow rate of 25 L/min. 

 
Fig.9:Main effects plot for yield strength of weld for various parameters (a)yield strength vs current  

(b)yield strength vs voltage  (c)yield strength vs gas flow rate 
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4.2 Main Effects Plots for S/N ratios 

Main Effects plots for S/N ratios for larger is the better was analyzed for each response variable. The S/N 

Ratios is termed asasignal to noise ratios. The change in the quality characteristics of the product under 

investigation in response to a factor introduced in the experimental design is the ‗signal‘ of the desired effect. 

However, when an experiment is conducted, there are numerous external factors not designed into the 

experiment but influence the outcome, these external factors are called noise factors and their on the outcome 

of quality characteristics is known as ‗the noise.‘ 

The signal to noise ratios measures the sensitivity of the quality characteristics under control to those noise 

factors not under control. 

4.2.1 Response Table for Signal to Noise Ratios for Hardness versus current ,voltage and gas flow rate 

Larger is betterTABLE: 8 

level Current Voltage Gas flow rate 

1 45.66 45.83 45.68 

2 45.73 45.88 45.90 

3 46.13 45.81 45.94 

Delta 0.48 0.06 0.26 

Rank 1 3 2 

From the table 8, it is clear that current has the greatest effects on s/n to noise ratios when the graph is plotted 

for hardness versus current, voltage, and gas flow rate. fromthe fig.10 it is clear that current at 95 A  has low 

s/n ratios and current at 140 A  has more s/n ratios. 

 

Fig.10: Main effects plot for S/N ratio (a) hardness vs current, (b) hardness vs voltage and (c) hardness 

vs gas flow rate 

4.2.2 Response Table for Signal to Noise Ratios for UTS versus current, voltage and gas flow rate 

Larger is betterTABLE: 9 

level Current Voltage Gas flow rate 

1 56.59 55.93 56.78 

2 56.09 56.80 55.94 

3 56.84 56.79 56.80 

Delta 0.74 0.86 0.87 

Rank 3 2 1 
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From table 9 it is clear that gas flow rate has the greatest effects on S/N to noise ratios when the graph is 

plotted for UTS versus current, voltage and gas flow rate. From Fig.11 it is clear that gas flow rate at 20 L/min 

has low S/N ratios and at 25 L/min has more S/N ratios. 

 

 

Fig.11: Main effects plot for S/N ratio (a) UTS vs current, (b) UTS vs voltage and (c) UTS vs gas flow 

rate  

4.2.3 Response Table for Signal to Noise Ratios for YS versus current, voltage and gas flow rate 

    Larger is better                                                            TABLE:10 

Level Current Voltage Gas flow rate 

1 55.34 53.13 53.81 

2 53.35 53.83 53.13 

3 53.88 53.82 53.84 

Delta 0.53 0.69 0.71 

Rank 3 2 1 

From table 10 it is clear that gas flow rate has the greatest effects on S/N to noise ratios when the graph is 

plotted for YS versus current, voltage and gas flow rate. From Fig.12 it is clear that gas flow rate at 20 L/min 

has low S/N ratios and at 25 L/min has more S/N ratios. 

 
Fig.12: Main Effects plots for S/N for yield strength (a) yield strength vs current, (b) yield strength vs 

voltage and (c) yield strength vs gas flow rate  
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5. MICROSTRUCTURE ANALYSIS  

The microstructure of base and weld material was observed  according to the test method ASM 9-2004 and 

ASTM E-2004 under magnification of 100X and 200X. The microphotograph oftheweld with highest ultimate 

tensile strength was observed and described below. As we know that base metal chosen was austenitic SS304. 

It was verified under micrograph that base metal hadastructure consisting austenitic grains with Annealing 

twins without any carbide precipitate within the grains and at the grains boundary as shown in Fig.13.The 

microphotograph of the specimen with highest tensile strength was observed under magnification of 200X for 

different zones such as transition, HAZ weld, HAZ and base metal as shown in Fig. 13,14,15 respectively. 

Fig.13 shows two zones, one is transition zone atahigh temperature between the weld and HAZ which has not 

gottheopportunity to mix with weld zone and anther atalow temperature known as HAZ .The transition zones 

contained austenitic grain under the magnification of 200X. 

Fig.14 shows the weld zone containing -ferrite intheaustenitic matrix at 200X. 

Fig. 15 shows base metal having austenitic grains with annealing twins with no carbide precipitate within and 

at the grain boundary under the magnification of 200X. 

 

Fig.13:Microphotographs of Base metal at 100X 

 

Fig. 14:   Microphotographs of Base metal at 200X 

 



 
 
 

 
 

198 AngadYadav, Dr. DharamvirMangal, Dr. Chaitanya Sharma 

 

International Journal of Engineering Technology Science and Research 

IJETSR 

www.ijetsr.com 

ISSN 2394 – 3386 

Volume 4, Issue 5 

May 2017 

 

 

 

 

 

 

 

 

 

 

 

 

 

Transition Zone200X                           Weld zone    200X                                    Base Metal200X 

 Fig.15:Microphotograph of various zones after welding 

 

6. CONCLUSIONS AND FUTURE SCOPE 

1. OptimumparametersettingforTensilestrengthwasobtainedatacurrentof 140 amps,14volts,and25-litre/min-

gasflowrate. It was clear that percentage contribution of welding current is 59%, voltage 44.5% and flow rate 

of gas 44.5%, so current is the most significant factor. 

2.Optimumparameter setting for hardnessisobtainedat acurrentof140amps,14volts,and25-litre/min-gasflow.It 

was clear that percentage contribution of welding current is 24%, voltage 95.65% and gas flow rate 51.9%, so 

voltage is the most significant factor. 

3.Optimum setting for yield strength can be obtained at a current of 140 A, voltage of 14 V and gas flow rate 

of 25 L/min. it is clear that percentage contribution of welding current is 60.4%, voltage 40.6% and gas flow 

rate 40.4%, so current is the most significant factor. 

4. It was verified under micrograph that base metal hadastructure consisting austenitic grains with Annealing 

twins without any carbide precipitate within the grains and at the grains boundary as shown in fig.7. The 

microphotograph of the specimen with highest tensile strength was observed undermagnification of 200X 

after the welding. It was observed that weld zone contained -ferrite intheaustenitic matrix at 200X. 

5. A study carried out in this research was based on Taguchi analysis and optimized by ANOVA method. In 

this research, only three parameters were used to analyses the output parameters. Normally there are many 

parameters which affect the weld profile i.e. nozzle tip distance, gas flow rate, filler speed, an orientation of 

the workpiece which affects the weld. Taguchi L9 orthogonal array has been used to optimize the process 

parameters. The full factorial, ANN model can also be used for predicting the output parameters. The 

combination of shielding gasses may also be used for protecting the workpiece from the atmosphere. 
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