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ABSTRACT 
In present experimental study, the mathematical model was developed for Bead height and Bead width in welding of Inconel 825 

by Gas Tungsten Arc welding process through factorial design approach. The five welding parameters namely welding voltage (V), 

welding current (I), Gas Flow Rate (GFR), Nozzle to Plate Distance (NPD) and Torch angle (θ) were considered for welding process. 

The experimental design was planned as per fractional factorial. Factorial design approach has been applied for finding the 

influencing parameters on GTAW process. It was found that the bead height is influenced significantly by welding voltage and torch 

angle. The bead width is influenced significantly by gas flow rate and nozzle to plate distance. 

 

KEYWORDS:  Gas Tungsten Arc Welding, Factorial Design Approach, Bead Height, Bead Width 
 

INTRODUCTION 
 

In this competitive world, the customers perceive the most reliable, high quality with low cost product. In 
order to satisfy the customers demand, the manufacturing industries are being forced to continuously optimize 
their process parameters. Gas Tungsten Arc Welding famously abbreviated GTAW, is one of the most 
important metal joining process in manufacturing industries. The selection of improper GTAW process 
parameters increases the power consumption, man power and cost of the product. So that optimization of 
GTAW process parameters is must, to produce effective products. Modern fabrication process the newer 
materials tailarability is one of the challenging tasks for the development of the quality oriented fabrication, 
equipments. In this way the INCONEL825 have a wide range of applications in many industries. The 
INCONEL825 have an excellent weldability through a GTAW process. However to make a quality and 
economical aspects satisfied finding the optimum parameters is much essential, then only the critical 
applications of INCONEL825 tailarability will be a successful one. This experimental aims at optimizing 
various gas tungsten arc welding parameters such as welding Voltage(V), Current(I), Nozzle To Plate 
Distance(NPD), Gas Flow Rate(G), Torch Angle(θ). Factorial design approach has been applied for finding the 
relationship between the various input process parameters and output parameters. To develop a mathematical 
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model for various output parameters with respect to the input parameters through the factorial design approach 
the development of the quality oriented fabrication equipments. Manoj Singla, Dharminder Singh, Dharmpal 
Deepak et al. [1] investigated the relationship between the input parameters such as current, voltage , speed, 
torch angle , gas flow rate, nozzle to plate distance and output parameter weld deposit volume. By using 
factorial design approach. Farhad Kolahan1, Mehdi Heidari. [2] In this research, the regression modeling is 
used in order to establish the relationships between input and output parameters for Gas Metal Arc Welding 
(GMAW) process. Ugur Esme et al. [3] investigated the multi response optimization of TIG welding process to 
yield favorable bead geometry using Taguchi method and Grey relation analysis. The significance of the factors 
on overall quality characteristics of the weldment has been evaluated quantitatively by ANOVA. The 
experimental results show that the tensile load, HAZ, area of penetration, bead width, and bead height are 
greatly improved by using grey relation analysis in combination with Taguchi method. Bandhita Plubin et al. [4] 
determined the optimal factors of FCAW for steel ST37 using response surface methodology and central 
composite design for optimizing the tensile strength of weldments. T.SenthilKumar et al. [5] studied the effect 
of pulsed TIG welding parameters and pitting corrosion potential of aluminium alloys. ANOVA method was 
used to find significant parameters and regression analysis has been used to develop the mathematical model to 
determine the pitting corrosion potential. It was found that peak current and pulse frequency have direct 
proportional relationship, while base current and pulse-on-time have inverse proportional relationship with the 
pitting corrosion resistance. V. Vel murugan and v. Gunaraj et al. [6] In this study, the statistical method of 
three-factors, five-levels factorial central composite rotatable design has been used to develop mathematical 
models to correlate angular distortion with multi-pass GMAW process parameters. Further, these mathematical 
models help to optimize the GMAW process and to make it a cost-effective one by eliminating the weld defects 
due to angular distortion. L.Suresh Kumar et al. [7] discussed the mechanical properties of austenitic stainless 
steel AISI 304 and 316 and found out the characteristics of welded metals using TIG & MIG welding process. 
Voltage was taken constant and various characteristics such as strength, hardness, ductility, grain structure, 
HAZ were observed in two processes, analyzed and finally concluded. Farhad Kolahan et al. [8] established 
input-output relationships for metal active gas welding for gas pipelines. Regression analysis was performed on 
data collected as per Taguchi design of experiments. Data adequacy was verified using ANOVA method. 
S.Kumanan et al. [9] determined submerged arc welding process parameters using Taguchi method and 
regression analysis. The % contribution of each factor is validated by analysis of variance method. The planned 
experiments were conducted in the semi-automatic submerged arc welding machine and SN ratios are computed 
to determine the optimum parameters.P.Atanda et al. [10] conducted sensitization study of normalized 316L 
stainless steel. The work was concerned with the study of the sensitization and desensitization of 316L steel at 
the normalizing temperatures of 750-950°C and soaking times of 05, 1, 2 and 8 hours. Sunniva R. Collins et al. 
[11] conducted weldability and corrosion studies of AISI 316L electro polished tubing and were orbitally and 
autogenously welded with welding parameters varied to achieve an acceptable weld. M. Aghakhani, E. Mehrdad, 
and E. Hayati et al. [12] In this research paper using Taguchi's method of design of experiments a mathematical 
model was developed using parameters such as, wire feed rate (W), welding voltage (V), nozzle-to-plate 
distance (N), welding speed (S) and gas flow rate (G) on weld dilution.Joseph I. Achebo et al.[13]This study is 
intended to investigate the inadequacies of existing GMAW welding process parameters utilized by the 
investigated industrial firm in its signature welding protocol, by suggesting alternative, uniquely crafted, and 
improved process parameters to replace its existing signature welding protocol, thereby improving the weld 
results by attaining higher UTS 

 
Factorial Design: 

In statistics, a full factorial experiment is an experiment whose design consists of two or more factors, each 
with discrete possible values or "levels", and whose experimental units take on all possible combinations of 
these levels across all such factors. A full factorial design may also be called a fully crossed design. Such an 
experiment allows the investigator to study the effect of each factor on the response variable, as well as the 
effects of interactions between factors on the response variable for the vast majority of factorial experiments; 
each factor has only two levels. For example, with two factors each taking two levels, a factorial experiment 
would have four treatment combinations in total, and is usually called a 2×2 factorial design. If the number of 
combinations in a full factorial design is too high to be logistically feasible, a fractional factorial design may be 
done, in which some of the possible combinations (usually at least half) are omitted. 

 
A. Analysis: 

A factorial experiment can be analyzed using ANOVA or regression analysis. It is relatively easy to 
estimate the main effect for a factor. To compute the main effect of a factor "A", subtract the average response 
of all experimental runs for which A was at its low (or first) level from the average response of all experimental 
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runs for which A was at its high (or second) level. Other useful exploratory analysis tools for factorial 
experiments include main effects plots, interaction plots, and a normal probability plot of the estimated effects. 

 
Research Methodology: 

For conducting trial runs values or levels of these variables were chosen randomly from an infinite potential 
level i.e. the sampling fraction for these trials runs was equal to zero, however, we got a rough range of these 
factors from the literature we surveyed. With the help of these trials runs effective, representative’s levels were 
developed for each factor (variables). The numbers of levels for to be included in the experiment were chosen 
for each factor as per the design. These numbers of levels were two for each so as per the definition it is a 2n 
(2*2*2*2*2) factorial experiment. Where n is number of factors. If full factorial approach had been practiced, 
the number treatment combination would have been 32. But without affecting the accuracy of the model and the 
objective of the test we went for half factorial approach according to which the number of treatment 
combinations becomes 2n-1 (25-1 = 24 = 16). The levels for each factor were the highest value and the lowest 
value of the factors in between and at which the outcome was acceptable. These values were outcomes of trials 
runs. Highest value has been represented by ‘+’ and the lowest value has been represented by ‘-’ as mentioned in 
Table 1. As per the design matrix the final runs were conducted and the response i.e. the weld bead height, width 
were measured and noted down against each combination. Then the values of different coefficients were 
calculated as per the modeling. These values of coefficients represent the significance of corresponding factors 
(variable) on the response. Higher the value of coefficients, higher the influence of the variable on the response. 
Negative value of coefficients indicates the inverse relationship between variable and response. In this project 
sixteen trials were conducted practically as per the fractional factorial design approach and results were 
tabulated. The mathematical model for weld bead height and bead width was developed based upon the 
experimentation and the aim of this research is to investigate the most influencing factor on weld bead height 
and bead width by plotting the results in the graph. 

 

S.NO Voltage(V) Current (I) 

Gas flow rate  

(GFR) 

Nozzle To Plate 

Distance (NPD) 

Torch angle  

(θ) 

X1 X2 X3 X4 X5 

1 + + + + + 

2 - + + + - 

3 + - + + - 

4 - - + + + 

5 + + - + - 

6 - + - + + 

7 + - - + + 

8 - - - + - 

9 + + + - - 

10 - + + - + 

11 + - + - + 

12 - - + - - 

13 + + - - + 

14 - + - - - 

15 + - - - - 

16 - - - - + 

 
A. Process parametere: 

• Voltage (V) 
• Current (I) 
• Gas flow rate(GFR) 
• Nozzle To Plate Distance (NPD) 
• Torch angle(θ) 

 
B. Mathematical Model Developed: 

Assuming the values of responses as y1, y2, y3, y4, y5, y6, y7, y8,…….y15,y16 against the treatment 
Combinations 1, 2, 3, 4, 5, 6, 7, 8,……15, 16respectively (as per the S. No. in the matrix design) Y as the 
optimized value of response (i.e. left hand side in the equation used for the showing the relationamong the 
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factors and the response). Relation between main effects interactions effects
the following equation 

 
Y=b0+b1+b2+b3+b4+b5+b1X1+b

X3)+b24(X2X4)+b25(X2X5)+b34(X3X4

 
Experimental Procedure: 
A. Experimental Details: 

The experiments were conducted according to the design 
Inconel 825Base metal for carrying out bead on 
material specification. The dimensions of weld specimen shown in figure

 
 
 
 
 
 

Fig. 1: Welding Specimen Dimensions in mm
 
The appropriate chemical compositions 

 
Table 1: Chemical Compositions Inconel825

Element  

Nickel 

Chromium 

Iron 

Molybdenum  

Copper  

Titanium  

Carbon  

Manganese  

Sulfur  

Silicon  

Aluminium  

 
MOSFET Inverter DC TIG200ET welding machine was used for conducting the welding trials. TIG

(ER-NiCr-3) solid wire of 1.6 mm diameter was used as the filler metal. The selection of solid wire was made as 
per the standard AWS/SFA - 5.14. Preliminary tes
the process variables.  Weld beads are deposited using the welding conditions stipulated by the design matrix. 
The welding gun was allowed to cool in room temperature and the spatter was clea
each run.  

 
5.2 Experimental Parameters: 

The parameters and ranges were selected for conduct the experiment shown in the table 3
 
Table 2: Parameters Range 

Parameters 

Polarity 

Voltage 

Current 

Torch angle 

NPD 

Tungsten Electrode 

Gas flow rate 
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factors and the response). Relation between main effects interactions effects and the response has been shown in 

+b2X2+b3X3+b4X4+b5X5++b12(X1X2)+b13(X1X3)+b14(X1X
4)+b35(X3X5)+b45(X4X5)                 ....Eqn

The experiments were conducted according to the design matrix the response was recorded to join 6 mm 
Inconel 825Base metal for carrying out bead on inconel825 plate of 6 mm thickness corresponding to the 

ion. The dimensions of weld specimen shown in figure-1. 

Welding Specimen Dimensions in mm 

The appropriate chemical compositions of base material are shown in the table.2 

Chemical Compositions Inconel825 

%  

38.0 – 46.0 

19.5 – 23.5 

22.0 min (~33%) 

2.5 – 3.5  

1.5 – 3.0  

0.6 – 1.2  

0.05 max  

1.0 max  

0.03 max  

0.5 max  

0.2 max  

MOSFET Inverter DC TIG200ET welding machine was used for conducting the welding trials. TIG
3) solid wire of 1.6 mm diameter was used as the filler metal. The selection of solid wire was made as 

5.14. Preliminary test trails were conducted to identify the upper and lower limit of 
the process variables.  Weld beads are deposited using the welding conditions stipulated by the design matrix. 
The welding gun was allowed to cool in room temperature and the spatter was cleaned from the nozzle after 

The parameters and ranges were selected for conduct the experiment shown in the table 3

Range 

DCSP 

14-18  volts 

90-130 Amps 

60-75 Degree 

1.7-2 mm 

EW-Th2 (2% Thoriated) 

400-1400 liter/hour 

2016, Pages: 172-179 

and the response has been shown in 

X4)+b15(X1X5)+b23(X2

....Eqn-(i) 

response was recorded to join 6 mm 
thickness corresponding to the 

MOSFET Inverter DC TIG200ET welding machine was used for conducting the welding trials. TIG-521 
3) solid wire of 1.6 mm diameter was used as the filler metal. The selection of solid wire was made as 

t trails were conducted to identify the upper and lower limit of 
the process variables.  Weld beads are deposited using the welding conditions stipulated by the design matrix. 

ned from the nozzle after 

The parameters and ranges were selected for conduct the experiment shown in the table 3 
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Experimental Results: 
Using the factorial approach following results were tabulated after experimentation were shown in Table 4. 

The bead width and bead height were found through the stereoscope with 7X Magnification .the weld specimens 
were polished as per standard polishing procedure. The specimens were etched by HCL 
+HNO3+CH3COOH+GLYCROL. The bead width and bead height of the specimens were shown in the figure.2 
 
  
  
  
  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2: Macro structure of weld zone 
 

Table 3: Experimental Results 

S.no Voltage  Current NPD Gas flow rate Torch angle BW  BH  

 (volts) (Amps) (mm) (lt/hr)          θ⁰ mm mm 

1 18 130 2 1400 75 5.8 6.4 

2 14 130 2 1400 60 5.9 6.9 

3 18 90 2 1400 60 5.8 6.3 

4 14 90 2 1400 75 5.2 6.7 

5 18 130 1.7 1400 60 5.1 6.7 

6 14 130 1.7 1400 75 5.6 6.8 

7 18 90 1.7 1400 75 5.9 6.7 

8 14 90 1.7 1400 60 5.1 6.7 

9 18 130 2 400 60 5.8 6.9 

10 14 130 2 400 75 6 6.9 

11 18 90 2 400 75 5.7 6.6 

12 14 90 2 400 60 5.9 6.8 

13 18 130 1.7 400 75 5.3 6.2 

14 14 130 1.7 400 60 5.7 6.9 

15 18 90 1.7 400 60 5.5 6.9 

16 14 90 1.7 400 75 5.6 6.5 

 
Now as per the equations mentioned earlier the values of different effects for the BEAD WIDTH (BW) 

and BEAD HEIGHT (BH) can be calculated as below 
 
The actual mathematical model for  weld BEAD WIDTH: 

BW = +5.74 -0.012A + 0.038B + 0.025C -0.19D + 0.12E - 0.038AB + 0.11AD + 0.050AE +0.07BC + 
0.100C D  - 0.21CE - 0.050 DE ....Eqn-(ii) 
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The actual mathematical model for weld BEAD HEIGHT: 
BH = + 6.57 - 0.094A + 0.031 B + 0.12C + 0.081 D - 0.19 E  - 0.18 AB + 0.056BC + 0.019 B D - 

0.056BE - 0.19C D  + 0.16CE + 0.19 DE ....Eqn-(iii) 
 

Table 4: Bead Widthanova  For Selected Factorial Model 

        ANOVA for selected factorial model 

Source Sum of Squares df Mean Square F Value p-value Prob >F 

Model 3.3125 12 0.2760417 13.38 0.0276 

A voltage 0.140625 1 0.140625 6.818 0.0796 

B-current 0.015625 1 0.015625 0.758 0.4481 

C-NPD 0.225625 1 0.225625 10.94 0.0455 

D-gfr 0.105625 1 0.105625 5.121 0.1086 

E-Ta 0.600625 1 0.600625 29.12 0.0125 

AB 0.525625 1 0.525625 25.48 0.015 

BC 0.050625 1 0.050625 2.455 0.2152 

BD 0.005625 1 0.005625 0.273 0.6376 

BE 0.050625 1 0.050625 2.455 0.2152 

CD 0.600625 1 0.600625 29.12 0.012 

CE 0.390625 1 0.390625 18.94 0.022 

DE 0.600625 1 0.600625 29.12 0.012 

Residual 0.061875 3 0.020625     

Cor Total 3.374375 15       

 
The "Pred R-Squared" of 0.4784 is not as close to the "Adj R-Squared" of 0.9083 as one might normally 

expect.  This may indicate a large block effect or a possible problem with your model and/or data.  Things to 
consider are model reduction, response tranformation, outliers, etc. "Adeq Precision" measures the signal to 
noise ratio.  A ratio greater than 4 is desirable.  Your  ratio of 13.519 indicates an adequate signal.  This 
model can be used to navigate the design space. 
 
Table 5: Bead Height Anova For Selected Factorial Model 

ANOVA for selected factorial model 

Source Sum of Squares df Mean Square F-Value p-value Prob > F 

Model 2.125 12 0.1770 42.5 0.0052 

A-voltage 0.0025 1 0.0025 0.6 0.4950 

B-current 0.0225 1 0.0225 5.4 0.1027 

C-NPD 0.01 1 0.01 2.4 0.2191 

D-gfr 0.5625 1 0.5625 135 0.0014 

E-Ta 0.25 1 0.25 60 0.0045 

AB 0.0225 1 0.0225 5.4 0.1027 

AD 0.2025 1 0.2025 48.6 0.0061 

AE 0.04 1 0.04 9.6 0.0534 

BC 0.09 1 0.09 21.6 0.0188 

CD 0.16 1 0.16 38.4 0.0085 

CE 0.7225 1 0.7225 173.4 0.0009 

DE 0.04 1 0.04 9.6 0.0534 

Residual 0.0125 3 0.004167     

Cor Total 2.1375 15       

 
The Model F-value of 42.50 implies the model is significant. There is only a 0.52% chance that a "Model 

F-Value" this large could occur due to noise. Values of "Prob > F" less than 0.0500 indicate model terms are 
significant. In this case D, E, AD, BC, CD, CE are significant model terms 
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Fig. 3: Voltage and Current vs Bead Width
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4: Voltage and Current vs. Bead Height
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5: Bead width Vs Welding parameters
 

 
 
 
 
 
 
 
 
 
 

 
 

Fig. 6: Bead height vs welding parameters

 
Results indicate that processes variables influence the weld bead height, bead width to a significant extent. 

Advances in Natural and Applied Sciences. 10(7) Special 201

Voltage and Current vs Bead Width 

Voltage and Current vs. Bead Height 

Bead width Vs Welding parameters 

Bead height vs welding parameters 

RESULTS AND DISCUSSION 

Results indicate that processes variables influence the weld bead height, bead width to a significant extent. 
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Results indicate that processes variables influence the weld bead height, bead width to a significant extent. 
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The welding variables which influence bead height and bead width  is identified and their quantitative 
influence on the same is investiagated and reported. The Figure 3 and Figure 4 shows the interaction effects of 
voltage and current on Bead Width and Bead Height respectively. The interaction effect decreasing voltage 
increase the Bead Width and the current increases the Bead width also increases. The interaction effect of 
voltage and current on bead height has same effect like bead width. The Welding Voltage Torch angle is found to 
be most influencing variable to Bead Height. The bead height increases as the voltage and gas flow rate 
increases. The nozzle to plate distance is not having any significant effect on bead height. Nozzle to plate 
distance and gas flow rate is found to be most influencing variable to increase the Bead Width (Fig.6). The bead 
width increases as the current, torch angle and nozzle to plate distance increases. The welding voltage is not 
having any significant effect on bead width. 

Conclusions: 
1. Fractional factorial design method is very effective tool for the parametric optimization of welding 
parameters.  

2. Experimental results in our investigation suggested the voltage and  gas flow rate increases the bead 
height and bead width increases  in current,nozzle to plate distance and Torch angle increases 
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