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ABSTRACT 

 

 Grade 316L-PM
TM

 is increasingly used in various industrial applications due to its very 

rigid requirements on the microstructure, micro cleanliness, high corrosion resistance, high 

improved machinability. To ensure the final quality of weld, however, it is important to know 

how the welding parameters affect the process‟s outcome. Weld should be defect free and 

deposited with the desired geometry, with efficiency, and with a minimal waste of material. With 

the aim of obtaining such welded joint prepared by Grade 316L-PM
TM 

selection of the optimum 

combination of input variables is essential. Hence this article highlights development of 

empirical relationships with the use of response surface methodology by designing a four-factor 

two-level design matrix with full replication for planning, conduction, execution, and 

development of empirical relationships. Optimum parameters are computed by determining S/N 

ratio and effects of the process variables on Grade 316L-PM
TM

 austenitic stainless steel are 

evaluated using RELINOX 316L electrode by FCAW under dry environment.  
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Introduction 

 All welding processes are  employed with the aim of obtaining a welded joint with the 

desired weld-bead parameters, excellent mechanical properties with minimum distortion. [1] 

Methodologies exist to provide a structured framework for the welding process parameters 

improvement. [2] One iteration of the methodology is applied to determine S/N ratio and effects 

of the process variables on Grade 316L-PM
TM

 austenitic stainless steel using RELINOX 316L 

electrode by flux cored arc welding under dry environment. [2, 3] FCAW is one of the superior 

welding processes having high productivity with all positional welding capability compared with 

other processes. It produces welds that are generally about 5–10% stronger at room temperature 

than welds from SMAW and SAW processes and are similar to those of gas tungsten arc welding 

(GTAW) deposit after similar post weld heat treatment (PWHT). [4]  
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 A comprehensive literature review of the application of Response surface methodology in 

the area of welding has been introduced herein. Tarang explained that for determining the 

mechanical properties of the weld in GTAW, the weld bead geometry plays significant role. [5] 

For producing an satisfactory high quality joint, the input welding process variables which 

influence the bead geometry must be properly selected and optimized for FCAW process stated 

by Mostafa.[6] Rayes demonstrated  a central composite rotatable design to develop a 

mathematical model for predicting maximum weld bead penetration as a function of welding 

process parameters.[7] Murugan developed mathematical models using a five-level factorial 

technique to predict the weld bead geometry for depositing 316L stainless steel onto structural 

steel IS2062. [8] Gunaraj predicted and optimized weld bead volume for the SAW and 

determined the main and interaction effects of process control variables on important bead 

geometry parameters quantitatively. [9]   Kannan optimized FCAW process parameters for 

deposition of duplex stainless steel on low carbon structural steel plates by developing 

mathematical models using multiple regression method and optimized percentage dilution using 

particle swarm optimization technique (PSO). [10] Siva optimized the weld bead parameters of 

nickel based overlay deposited by plasma transferred arc surfacing. [11] Mechanical properties 

of metal injection moulded 316L stainless steel using both prealloy and master alloy techniques 

was determined by Heaney. [12] Kaladhar determined optimum process parameters during 

turning of AISI 304 steels using Taguchi method and ANOVA. [13] Ananthapadmanaban 

reported the experimental studies on the effect of friction welding parameters on properties of 

steel. [14] Mumim investigated the hardness variations and microstructure at the interfaces of 

steel welded joints. [15]   

 From the literature, it can be inferred that many studies were carried out to design the 

experiments for the study of effect of process parameters on weld bead geometry for different 

grades of stainless steel for various welding processes but no work has been reported for study of 

effect of process parameters and optimization Grade 316L-PM
TM

. The Grade 316L-PM
TM

 is an 

austenitic stainless steel, based on the 316L 1.4435 chemistry, therefore can be used in 

conjunction with 316L and 316LS-PXQ
TM

 without risk of corrosion caused by differences in 

electrical potential by welding or any other joining process. [16] Grade 316L-PM
TM

 is 

increasingly used as chemical, surgical and medical industry, marine engineering, textile industry 

equipment due to its very rigid requirements on the microstructure, micro cleanliness, high 

corrosion resistance, high improved machinability especially against pitting corrosion in chlorine 

environment. [17]  

 Since this alloy is accepted for various industrial applications much study of the 

properties as a function of process parameters has been performed. To ensure the final quality of 

weld, it is important to know the effect of welding parameters on the process‟s outcome as well 

as welds should be defect free and deposited with the desired geometry, with efficiency, and with 

a minimal waste of material. [18] 

 Hence an attempt has been made to correlate important FCAW process parameters such 

as welding current (I), arc voltage (V), welding speed (S), and electrode stick out (L) with weld 

deposit area. The results illustrate significance of selected critical input process parameters over 

weld deposit area (WDA). The degrees of importance among them varied according to the 

responses of interest.  
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1. Numerical simulation and experiments of Grade 316L-PM
TM

 austenitic stainless 

steel butt Welding  

 In the present work, numerical simulation of the V groove butt welding of controlled-

rolled 16-mm-thick micro-alloyed HSLA steel plates of Grade 316L PM
TM

 having the chemical 

composition given in Table 1 is attempted, together with a comparison with experimental results. 

Its low carbon content make this alloy not sensitive to chromium carbide precipitate (Cr23C6), 

even after repeated heat treatments, thus reduces the chances of occurrence of intergranular 

corrosion. [16] During welding, 316L steel series experiences almost no transformation and it 

can be considered as a single phase material. [17]  

Table 1 Composition of base and filler metal for Grade 316L-PM
TM

. 

 C Si Mn P S Cr Mo Ni N Cu Fe  

Base Metal  0.030  1.00  2  0.045  0.03 19.0  3.00  15.0  -  -  Bal 

Filler Metal  0.030 0.78  1.50 0.022  0.022  18.0  4.3 12.0 0.024  0.17  

 

 2.1 Description of experimental procedure 

The welding process used, was the Flux Cored Arc Welding (FCAW) method. Multi pass 

butt joining of steel plates of size 350 mm x 150 mm plates with close V groove preparation at 

the angle of 60
o 

with root opening 3mm as shown in Figure 2, was carried out by flux cored arc 

welding process (FCAW) with variation in input variables. 

 The welding was performed by using RELINOX 316L (AWS: A5.4 E 316L-16) 

electrode having diameter of 1.2 mm. Electrode is re- dried at 300
o
C for 1 hrs, for best results. 

The details of the welding parameters used in this work are presented in Table 2. [20]  

 

   

 Fig. 1 A Layout of the experimental setup 

Fig.1 B Schematic diagram of single V-groove, 3 mm opening 

Fig.1 C Appearance of the weldment 
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2.2 Identification of process variables 

Selection of process variables has considerable influence on the weld quality, weld 

geometry, and weld metallurgy. [10] Though many direct and indirect parameters affect the 

quality of weld, the major key process parameters affecting the bead geometry are selected viz. 

arc voltage, welding current, welding speed and electrode stick out were selected. Table 2 shows 

independent controllable process variables, which were identified based on their significant 

effect on WDA to carry out the experiments. [20]  

 

Table 2-Welding parameters and their levels. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 Fig. 2  Effect of controllable factor (WDA) on S/N ratio. 

Symbol Welding 

parameters 

Units Level 1 S/N ratio Optimum 

Level 2 

I Welding current Amp 160 64.14710 
65.30625 

180 65.30625 

V Arc voltage Volts 24 64.34706 
65.13329 

26 65.13329 

S Welding speed  mm/sec 5 66.18940 
66.18940 

7 63.29096 

L Electrode stick out  mm 19 66.18940 
66.18940 

25 63.29096 
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2.3 Development of design matrix and recording the responses  

 In this study and L16 orthogonal array with five columns and sixteen rows with full 

replication of 2
4
 (=16) factorial design was used. This array has fifteen degrees of freedom and it 

can handle two-level process parameters. Therefore, only sixteen experiments are conducted to 

record the response. The levels for each factor were the highest value and the lowest value of the 

factors, at which the outcome was acceptable. [11] These values were outcomes of trials runs. 

Highest value has been represented by „1‟ and the lowest value has been represented by „2‟ as 

mentioned in Table 3. Different levels of identified process variables are mentioned in Table 2. 

The experiments were conducted as per the design matrix at random to avoid effect of systematic 

errors creeping into the system. The weld deposit area (Aw) was calculated by addition of area of 

penetration (Ap) with area of reinforcement (Ar) of the weld. 

 

Table 3-Design matrix using L16 orthogonal array with measured response  

and S/N ratio for Weld deposit Area (WDA). 

 

 

S.No. Design 

matrix 

WDA 

Aw, mm
2
 

MSD mean square 

deviation 

S/N ratio 

 

I V S L 

1 2 1 1 1 2150 4622500 66.64877 

2 1 1 2 1 1280 1638400 62.14420 

3 2 2 2 1 1624 2637376 64.21172 

4 2 2 2 2 1610 2592100 64.13652 

5 1 2 2 2 1485 2205225 63.43453 

6 1 1 1 2 1790 3204100 65.05706 

7 1 2 2 1 1435 2059225 63.13704 

8 2 2 1 1 2250 5062500 67.14365 

9 1 2 1 1 2000 4000000 66.02060 

10 2 1 2 1 1510 2280100 63.57954 

11 2 2 1 2 2266 5134756 67.10520 

12 1 2 1 2 1985 3960100 65.97706 

13 2 1 1 2 2070 4284900 66.31941 

14 2 1 2 2 1480 2190400 63.31941 

15 1 1 1 1 1850 3422500 65.34343 

16 1 1 2 2 1300 1690000 62.27887 

Grand average of performance 64.74643 

 

2.3.1 Overall loss function and signal-to-noise (S/N) ratio 
 The critical input variables that may contribute to improved quality were identified by 

looking at the amount of variation present as a response. [20] As a result, four quality 

characteristics corresponding to WDA were obtained using Taguchi quality loss function 

(TQLF) characteristic can be expressed as: 

Higher is better 
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Lij = (1/r   𝑟
𝑖=1 1/ yijk 2)         (1) 

 

where Lij is the loss function of the ith quality characteristic in the jth experiment, r is the number 

of test, and yijk the experimental value of the ith quality characteristic in the jth experiment at the 

kth test. As a result, TQLF for four quality characteristics corresponding to WDA are obtained 

using Eq. (1). The overall loss function is further transformed into the signal-to-noise (S/N) ratio 

by applying Eq.2.  

 

ηj = -10 log (Lij)         (2) 

 

The S/N ratio for each level of input variables corresponding to the overall loss function is 

shown in Table 2. The largest signal-to-noise ratio (average) is the optimum level, because a 

high value of signal-to-noise ratio indicates that the signal is much higher than the random 

effects of the noise factors. [19] The largest S/Navg for critical input parameters is indicated by 

optimum and the effect is shown in the Fig. 2.  

 The dash line indicates the grand average of performance. From Table 3 the optimal bead 

width is obtained by applying welding current 180 A, arc voltage 26 V, welding  speed 5 

mm/sec, and electrode stick out 19 mm for a plate of 8 mm thickness, i.e., I2-V2-S1-L1.  

 

2.4  Developing empirical relationship 

 The response surface methodology (RSM) was used to optimize the parameters in this 

study. RSM is a collection of mathematical and statistical techniques that are useful for 

designing a set of experiments, developing a mathematical model, analyzing the optimum 

combination of input parameters, and expressing the values graphically. [9] The response 

function represents any of the weld dimensions can be expressed as the following equation: 

 

Y = f (I, V, S, L)         (3) 

The second order response surface model for the four selected parameters is given by equation 4.  

where Y is the dependent variable, which is to be predicted: X1, X2, X3,……Xk are the k known 

variables on which the predictions are to be made and α0,α1, α 2, α 3, …… α k are the coefficients, 

the values of which are determined by the method of least squares.  

Y  =  α 0 + α 1 X1 + α 2 X2 + α 3X3 + α 4 X4 + α 12 X5+ α 13 X6+ α 14 X7 + α 23 X8 +  α 24 X9 + α 34 X10  + 

α 123 X11+ α 234     X12+ α 134 X13+ α 124 X14    (4) 

 

Table 4 Regression Coefficient and Grade Values 

 

 

2.5 Evaluation of coefficient of models 

 The values of different coefficients for different responses were calculated as per the 

modeling as given in table 4. The value of regression coefficients gives an idea as to what extent 

the control variables affect the responses quantitatively. Higher value of coefficients signifies 

Coefficient α 0 α 1 α 2 α 3 α 4 α 12 α 13 α 14 

Value 109.7 7.15 14.96 - 18.12 - 0.42 5.43 9.91 0.625 

Coefficient α 23  α 24 α 34 α 123 α 234 α 134 α 214 

Value - 0.42 10.92 - 11.94 -10.32 9.76 - 0.46 -10.03 
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higher influence of the variable on the response. Inverse relationship between variable and 

response is found when the value of coefficient is negative.  

 

2.6 Testing the coefficient for significance 

     The estimated value of the coefficient of the model indicates as to what extent the important 

process variables affect the responses quantitatively [6]. The result through analysis of variance 

as given in Figures 2, shows that welding speed and arc voltage has the significant parameters 

that affect WDA. The value of F- ratio for a desired level of confidence (95%) was achieved that 

indicated model may be considered adequate within the confidence limit.  

 

Table 5  Results of ANOVA on composite desirability 

 

 

S.No. Parameters 

 

WDA Degrees of 

freedom  

P Value F Value 

SS % Contribution 

1 
Welding 

Current 102.245 8.46 1 0.177 2.02 

2 Arc Voltage 447.60 37.04 1 0.376 0.83 

3 
Welding  

Speed 
656.67 53.5 1 0.06 3.83 

4 
Electrode 

Stick out 0.353 1 1 0.936 0.01 

5 Errors 9748.27 - 11 - - 

6 Total 10955.14 100 15 - - 

 

 

2.7 Development of the final models 

 

 The values of the regression coefficients give an idea as to what the control variables 

affect the responses quantitatively. Without sacrificing accuracy, regression coefficients having 

less significance can be eliminated along with responses with which they are associated. [8]  

After determining the significant coefficient, the final model was developed using only theses  

coefficients. The regression analysis of the input parameters is expressed in linear equations as 

follows:  

WDA  =  109.7 + 7.15 I + 14.96 V – 18.12 S – 0.42 L + 5.43 IV + 9.91 VS + 0.625 SL  

 – 0.42IL + 10.92 VL – 11.94 IS – 10.32 IVS  + 9.76 VSL – 0.46 ISL – 10.03 IVL  (5) 

 

2.8 Results and Discussion  

 The main effects of the different process parameters on WDA predicted from the 

designed matrix are depicted in figure 3-6, showing general trends of cause and effects. The 

results from ANOVA indicate that welding speed and arc voltage is significant welding 

parameters that affect WDA. The mathematical model is build  by MINITAB software for WDA. 

The output results from the predicted model were calculated from the corresponding input data. 

It had been found that welding current directly influences the depth of penetration and the extend 
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of base metal fusion. The arc voltage highly influences on the external bead appearance and weld 

bead shape. The welding speed has a pronounced effect on the weld size and penetration for a 

given combination of welding current and welding voltage. At a given current the weld bead 

shape and the depth of penetration are affected by electrode diameter. The electrodes stick out 

affects the depth of penetration and the deposition rate. Measured value from the experiment and 

predicted value from multiple regression techniques are shown in Table 5. 

 

 

 

 

 

 

Fig 3 Effect of welding current on WDA.     Fig 4 Effect of arc voltage on WDA. 

               
Fig 5 Effect of welding speed on WDA            Fig 6 Effect of electrode extension on WDA.    

Results 

 Results indicate that process variables of FCAW influence Grade 316L-PM
TM

 austenitic 

stainless steel to a significant extent. Welding speed has more predominant effect on the weld 

geometry than that of other parameters. Welding current and arc voltage has the considerable 

factors that affect WDA while electrode stick out has minor effect on WDA. Stable arc with few 

little spatters was obtained while using the optimum process variables viz. I1-V1-S1-L1and I1-

V1-S2-L1. Better weld bead appearance were obtained after FCAW process as seen in Fig. 1 C 

which is pointed out that FCAW process provides better appearance and weld quality.  This 

study also show that FCAW method provide better welding and less spatter rates compared with 

the other methods such as GMAW. The reason why lower spatter rate obtained during FCAW 

welding process is that cored wire included slag made powder and flux provide formation of 

little and less drops by changing metal transfer mode during the welding process. Welding 

current during FCAW process with flux cored wire has lower values than that of GMAW process 
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with solid wire. The results obtained from multiple regression technique are consisted with 

experiment results.  

 This paper had presented application of Taguchi method and regression technique to 

determine the optimum process parameters for Grade 316L-PM
TM

 using FCAW. The proposed 

mathematical model is used to predict the FCAW process parameters for any given welding 

conditions for Grade 316L-PM
TM

. 

Table 6 Results from multiple regression analysis and experiment. 

No. of 

experiments 

Measured 

 WDA 

Experiment 

WDA  

No. of 

experiments 

Measured 

 WDA 

Experiment 

WDA  

1 2073.6 2150 9 1996.8 2000 

2 1316.571 1280 10 1481.143 1510 

3 1604.571 1624 11 2246.4 2266 

4 1604.571 1610 12 1996.8 1990 

5 1426.286 1485 13 2073.6 2070 

6 1843.2 1790 14 1481.143 1480 

7 1426.286 1435 15 1843.2 1850 

8 2246.4 2250 16 1316.571 1300 
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