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Abstract 

 

With the rapid progress in various fields such as aerospace, missile and 

nuclear industry; complex and precise components with specific requirements 

are being demanded by these industries. Stainless Steels have been used in 

wide variety of such applications like nuclear reactors, heat exchangers, oil 

and gas industry and process industries involving chemical. The use of high 

dilution submerged arc welding of austenitic and duplex stainless steels has 

been shown to produce acceptable properties and almost eliminated corrosion 

[1, 2]. In SAW, welding process parameters play a significant role in 

determining the quality of a weld joint in submerged arc welding. The present 

work aims to develop mathematical model for weld bead geometry 

parameters; weld bead width, weld bead height, area of reinforcement and area 

of penetration for submerged arc welding of austenitic and duplex stainless 

steels (AISI 304 Grade)using response surface methodology (RSM) technique. 

Mathematical models for output responses had been developed in terms of 

welding parameters and checked for adequacy using t-test and ANOVA (F-

Test). 
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1. INTRODUCTION 

In Submerged Arc Welding (SAW) process, the arc and the molten weld metal are 

shielded in an envelope of molten flux and a layer of unfused granular flux particles. 

Since the arc is completely submerged in granular flux, thus the process is relatively 

free of intense radiation of heat and light [3]. Like Gas Metal Arc Welding  (GMAW)  

process,  SAW  process  employs continuous  solid  wire  electrode  that  is  consumed 

to produce filler metal.  

Austenitic and duplex stainless steels has austenite as its primary phase (face centered 

cubic crystal) and have a two-phase microstructure consisting of grains of ferritic and 

austenitic stainless steel [4]. 

Yang et al. [5] concluded in their work that bead width increases with the increase of 

current up to a peak value then decreases. 

Tsai et al. [6] have used grey-based Taguchi methods to determine optimum process 

parameters for submerged arc welding in hard facing. For Experimentation they 

deposited a martensitic stainless steel hard facing layer on 30x80x120mm mild steel 

plate by SAW process. Using grey relation they have done evaluations on dilution 

rate, hardness and deposition rate, finally done the analysis of variance. From this 

study they concluded that the performance characteristics such as hardness, dilution 

and deposition rate are improved together by using grey relation. 

Narang et al. [7] developed mapping technique for graphical representation of weld 

bead profile. The authors formed prediction equations for depth of penetration, bead 

height, HAZ width, bead width, bead contact angle, depth of HAZ and dilution. It was 

suggested that bead contact angle was an important output response among weld bead 

shape parameters. 

It has been observed from literature that the effect of welding parameters in different 

welding processes had been studied by a number of authors but least work is observed 

in welding of austenitic and duplex stainless steels (AISI 304 Grade). So in the 

present work;an attempt has been made to model the weld bead geometry parameters 

in terms of input welding parameters. 

 

2. DESIGN AND EXPERIMENTATION 

2.1 Design: 

For design of experiment, three factor-five levelcentral composite design of response 

surface methodology (RSM) had been used[8]. Response surface methodology (RSM) 

is a collection of mathematical and statistical techniques that are useful for the 

modeling and analysis of problems in which a response of interest is influenced by 

several variables and the objective is to optimize this response. Thecentral composite 

design (CCD) is a very efficient design for fitting the second-order model.Generally, 

the CCD consists of a 2kfactorial runs (or fractional factorial) augmented with a group 

of 2k axial or star runswhich allow estimation of curvature and nccenter runs. For a 

rotatable CCD, star runs are placed at a distance ± α, such that α = [2k, No. of factorial 
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runs]1/4 and |α| > 1, where k is the number of factors and generally three to five center 

runs are recommended[9, 10]. 

In the work presented here; levels, units and notations of the selected parameters is 

presented in table2. 

 

Table 1: The Components of Central Composite Second Order Rotatable Design 

Variables 

(k) 

Factorial 

Points (2k) 

Star Points 

(2k) 

Centre Points 

(n) 

Total (N) Value of α 

3 8 6 6 20 1.682 

4* 16 8 7 31 2.000 

5 16 10 6 32 2.000 

6 32 12 9 53 2.378 

* This row is used in the present work 

 

Table 2: Weld parameters with levels 

Welding Parameters Units Levels of parameters 

-2 -1 0 +1 +2 

Current, I A 200 250 300 350 400 

Voltage, V V 24 26 28 30 32 

Weld Speed, S m/hr 20 22.5 25 27.5 30 

Nozzle to Plate Distance, D mm 30 35 40 45 50 

 

2.2 Beadon plate  

Weld beads were made on 13 mm thick AISI 304 steel plates of size 150×100 mm. 

Thirty one beads were taken using 3.2 mm diameter wire electrode (EH-14) with 

direct current reverse polarity (DCRP) on submerged arc welding setup (ADOR 

Tornado SAW M-800).  

 

Table 3: Chemical Composition of AISI Steel (AISI 304) 

Element C Cr Mn Cu Ni N Si Mo S P B 

% 0.040 18.27 1.19 0.07 8.65 0.038 0.49 0.088 0.002 0.026 0.003 
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Figure 1: Location of Plate Section in Bead Geometry Profile Measurement 

 

 

(a) 

 

(b) 

Figure 2:  (a) Weld bead geometry, W-width of bead, h-height of bead, Ar-area of 

reinforcement, Ap-area of penetration (b) Actual bead for respective runs 

 

 

2.3 Measurement of responses 

The welded plates were cut transversely to make specimens of size 100 mm x 16 mm 

x 13 mm (Fig 1) to observe the bead profiles. Specimen after cutting were polished 

with emery polishing papers of grade X 1 to X 4 and then on double disc polishing 

machine. After polishing, specimens were etched with 5% Nital solution (5% Nitric 

acid and 95% Methyl alcohol). The bead geometry profiles were observed by tracing-

out with the help of reflecting type profile projector. The weld bead geometry 

parameters (Refer Fig. 2(a)); width of bead (W), height of bead (h), area of 
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reinforcement (Ar) and area of penetration (Ap) were measured using a Axio Vision 

Image Analysis Software. Fig. 2(b) shows actual bead after cutting transversely and 

polishing. 

 

3. RESULTS 

Results of width of bead (W), height of bead (h), area of reinforcement (Ar) and area 

of penetration (Ap) are presented in Table 4. 

 

Table 4: Design Matrix with response values 

Run I 

A 

V 

V 

S 

m/h 

h 

mm  

W 

mm 

Ar 

mm2 

Ap 

mm2 

1 250 26 22.5 35 4.26 10.94 19.42 

2 350 26 22.5 35 4.85 15.48 22.62 

3 250 30 22.5 35 4.58 12.45 22.49 

4 350 30 22.5 35 4.46 16.39 27.63 

5 250 26 27.5 35 4.46 12.13 22.29 

6 350 26 27.5 35 5.48 14.85 22.42 

7 250 30 27.5 35 3.31 12.49 25.74 

8 350 30 27.5 35 4.86 16.15 23.92 

9 250 26 22.5 45 4.31 12.49 20.61 

10 350 26 22.5 45 4.65 16.16 24.46 

11 250 30 22.5 45 4.92 12.54 20.42 

12 350 30 22.5 45 4.78 16.06 26.81 

13 250 26 27.5 44 4.43 12.83 21.21 

14 350 26 27.5 45 6.2 16.46 23.63 

15 250 30 27.5 45 3.5 11.65 19.52 

16 350 30 27.5 45 4.86 16.71 22.63 

17 200 28 25 40 3.58 11.87 18.12 

18 400 28 25 40 5.46 18.58 27.47 

19 300 24 25 40 5.25 12.55 19.88 

20 300 32 25 40 4.36 12.48 23.92 

21 300 28 20 40 4.24 14.53 15.46 
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22 300 28 30 40 4.58 13.73 17.55 

23 300 28 25 30 4.45 13.64 29.34 

24 300 28 25 50 4.66 13.71 25.71 

25 300 28 25 40 4.49 13.52 16.93 

26 300 28 25 40 4.41 13.73 19.25 

27 300 28 25 40 4.56 14.83 16.77 

28 300 28 25 40 4.22 13.75 17.42 

29 300 28 25 40 4.44 13.65 19.85 

30 300 28 25 40 4.33 13.45 20.47 

31 300 28 25 40 4.32 13.55 19.48 

I-welding current, V-arc voltage, S -weld speed, W-width of bead, h-height of bead, 

Ar-area of reinforcement, Ap-area of penetration 

 

3.1 Development of mathematical models: 

Using the observed values of output responses from experimentation, least square 

regression equations have been developed in terms of input weld parameters. Second 

order response surface models are formed which are expressed in terms of welding 

parameters; current I, voltage V and weld speed S as: 

 

y = b0 + b1I + b2V + b3S + b11I
2 + b22V

2 + b33S
2 + b12IV + b13IS + b23VS  (1) 

 

3.2 Analysis of regression models: 

Regression model have been analyzed using Student t-test and ANOVA (F-test). 

Individual regression coefficients (𝑏𝑖, 𝑏𝑖𝑖 and 𝑏𝑖𝑗) had been tested by comparing t0 

value with tabulated t value (at 95% significance level for dferror). The terms with 

coefficients having t0-value less than tabulated t value (at 95% significance level) 

were dropped out except the linear coefficients along with the corresponding terms. 

The regression coefficients were recalculated with drooped coefficients and final 

mathematical model formed is given below: 

Bead Height = -1.495 -0.0544 I + 0.0570 V + 0.910 S + 0.0150 D  

+0.0253 V2 + 0.00251 IS - 0.0588 VS                             (8) 

Bead width = -79.119 - 0.0556 I + 5.420 V + 0.920 D + .0001.59214I2 

- 0.073 V2 -0.031625 VD                                                                           (9) 

Area of Reinforcement = +239.200 -0.0711 I - 9.947 V + 2.229 S  
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- 5.394 D +0.000482 I2 + 0.245 V2+ 0.095 D2 – 0.00737 IS -0.0847 VD           (10) 

Area of Penetration = -2.863-0.1099 I + 11.173 S - 5.077 D - 0.223 S2   

+  0.0482 D2 + .00365 ID                                                                       (11) 

 

4. INTERACTION EFFECT OF WELDING PARAMETERS ON BEAD 

PARAMETERS: 

Based on Table 2, two interaction terms are found to be significant, Current (I) x 

Speed (m/hr), Voltage (V) x Speed (m/hr) as shown in Figs 3(a), 3(b), 4(a), 4(b), 5(a) 

and 5(b). From figure, it can be seen that when Weld speedwas set at 22.5 (m/hr) and 

Current (I) was increased from 250 to 350 (I) bead height increased.  Whereas, when 

speed (m/hr) was set to a lower value of 22.5 m/hr and current was decreased from 

350 to 250, bead height increased.At constant speed of 22.5m/hr, when Voltage was 

increased from 26 to 30, bead height was observed to decrease. Whereas by keeping 

the speed at 27.5, when Voltage was decreased from 30 to26 V, bead height was 

increased. 

 

 

(a) 
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(b) 

Fig 3: Interaction effect of (a) current and speed (b) voltage and speed on bead height 

 

 

(a) 
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(b) 

Fig 4: Interaction effect of (a) voltage and nozzle to plate distance on width (b) 

current and speed on area of reinforcement 

 

 

 

(a) 
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(b) 

Fig 5: Interaction effect of (a) voltage and nozzle to plate distance on area of 

reinforcement (b) current and nozzle to plate distance on area of penetration 

 

 

5. CONCLUSIONS 

 The mathematical model for weld bead geometry parameters; weld bead 

width, weld bead height, area of reinforcement and area of penetration have 

been developed in terms of welding parameters. These equations may be 

readily used for getting required weld properties in submerged arc welding of 

AISI 304 steels. 

 Difference between predicted values and experimental values of all the 

responses for weld metal is within significant range. 

 Among the selected parameters, welding current is the most significant 

parameter controlling all the responses. 

 Welding current has significant positive effect on all the bead parameters. 

 Arc voltage has increasing effect on all the responses except bead width. 
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