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The volume of weld bead deposit on a welded joint, has a lot to say about the integrity of the
weldment during its service life.Residual stresses, cracks etc can be greatly initiated with large
weld bead. In this study, central composite design matrix was employed using Design Expert 7.01
software. A total of 20 sets of experiments were produced, the weld specimen was mild steel plate
measuring 60mm x 40mm x 10mm. TIG welding machine with 100% Argon Shielding Gas was
used for this experiment and at the end of the experiment, an optimum weld bead volume
of1105.75mm’/s was obtained with a coefficient of determination (R?) value of 0.9744
usingresponse surface methodology (RSM) as the predictivemodeling tool. This quantity of bead
volume is expected to contain the adequate molten metal that is required to make the desired bead
penetration at a minimum cost with appropriate weld quality and productivity.
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INTRODUCTION

Tungsten Inert Gas (TIG) welding technique is a metal joining
process that uses an arc with a non-consumable tungsten
electrode on a work piece to create a permanent joint (Hussain
et al, 2010, Achebo, 2012). An inert gas (argon, helium or a
mixture of both) sustains the arc and protects the molten metal
from atmospheric contamination. Filler materials might
sometimes be used (Balasubramanian et al, 2010, Aghakhani
et al, 2011). Huang et al, (2007) andFarhad and Heidari,
(2010), described the TIG welding process as one of the most
popular technologies for welding thin materials in
manufacturing industries because it produces high quality
welds. However, these authors compared TIG welding with the
metal inert gas (MIG) welding process and stick weld and
came to a conclusion that TIG welding has poor joint
penetration when thick materials are welded in a single pass.
In a research carried out by Vasudevan, (2007) and Marya and
Edward, (2004), were of the opinion that activated TIG
welding process was observed to typically increase the
penetration capability by 200-300% and thereby reducing weld
time and costs for manufacturers. Leconte et al, (2006) also
applied activated TIG welding process and noted that it
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improves upon conventional GTAW, by increasing the single
pass joining thickness from 6 to 10mm for stainless steel
which was another breakthrough in time and cost reduction
during weld operation, but ignoring the volume content of
bead deposited might affect the quality of the welded joint.
Venkatesan, (2014) andEsme et al, (2009) analyzed the
sectional geometry of single-pass bead and the overlap of the
adjacent beads to have critical effects on the dimensional
accuracy and quality of metal parts. Therefore In order to find
the parameter for optimization, weld bead profile study is
needed

MATERIALS AND METHODS

Materials: 100 pieces of mild steel coupons, measuring 60mm
x 40mm x10mm were used for the experiments, the
experiment was performed 20 times using, 5 specimen for each
run. Figure 1. Shows the weld torch, figure 2. Shows the tig
machine, figure 3. Shows the argon gas cylinder and regulator
for varying the gas flow rate while figure 4. Shows the mild
steel weld sample.The range of values of the process
parameters was obtained from the open literature accessed and
each parameter has two levels which comprise the high and
low as expressed in Table 1 below.
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Table 1. Welding Parameters and Their Levels

Parameters Unit Symbol  Coded value

Low (-1)  High (+1)
Current Amp A 120 190
Gas flow rate Litmin G 10 17
Voltage Volt \Y 20 27

Figure 2. TIG Equipment

Figure 3. Shielding Gas Cylinder and Regulator

Figure 4. Weld Samples
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Methods: The Central Composite Design matrix with 6 central
points, 6 axial points and 8 factorial points was developed
using the Design Expert 7.01 software, which produced 20

experimental runs.

Figure S. Central Composite Design Matrix (CCD)

Composite Design matrix.

The input parameters and output parameters made-up the
experimental matrix and the responses recorded from the weld
samples were used as the data.Table 4 shows the Central
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RESULTS AND DISCUSSION

The optimization objective was to reduce the volume of weld
metal deposit, the randomized design matrix comprising of
three input variables (current, voltage and gas flow rate) and
their ranges in real values is presented in Figure 5, the

response variable of interest is circled in orange colour.

presented in Figure 9. Leverage of a point varies from 0 to 1
and indicates how much an individual design point influences
the model's predicted values. Leverages of 0.6698 and 0.6073
calculated for the factorial and axial points coupled with
0.1663 for the center point as observed in Table 9 shows that
the predicted values are very close to the experimental values.
Hence lower residual value which shows the adequacy of the
model.
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Figure 7. RSM Design Summary for Optimizing Weld Parameters

Analysis of the model standard error was employed to assess
the suitability of response surface methodology using the
quadratic model to maximize the electrode heat transfer
coefficient, minimize the aspect ratio, minimize the volume of
weld metal deposit and also minimize the rate of heat transfer
from the heat source to the work piece. The computed standard
errors for the selected responses are presented in Figure 7. To
understand the influence of the individual design points on the
model’s predicted value, the model leveages were computed as

In assessing the strength of the quadratic model towards
minimizing the volume of weld metal deposit one way analysis
of variance (ANOVA) was done for each response variable
and result is presented in Figure 10; From the result of Figure
10 the Model F-value of 42.24 implies the model is significant.
There is only a 0.01% 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 A,
AB, AC, A%, B, C? are significant model terms.



25881 Odoemelam et al. Expert optimization and prediction of bead volume of mild steel butt welded joint

File- Edit View Display Options Design Tools Help
D|@|d| :|%[e| 829

D Notes for WIDTH TO DEPTH

- 177 Design (Actual)

flx) Madel Reallts D Graphs

. 5 Summary ‘ I ‘ ‘
= L| Graph Columns
E‘-l £ yaliaany - Power at 5 % alpha level for effect of
.| it
H] Brelyss Term StdErr VIF Ri-Squared 0.55td.Dev. 1Std.Dev. 2 S5td.Dev.
|| Aspect Ratio (Analy [ |
o A 0.27 1.00 0.0000 133 % 386 % 91.4%
1 Volume of Wald Met [
i B 0.27 1.00 0.0000 133 % 386 % 91.4%
. U Electrode Heat Tran |—
| Rate of Heat Transf |—| C 0.27 1.00 0.0000 133 % 386 % 91.4%
&5 optinization | s 0.35 1.00 0.0000 28% 249% T22%
¥ Numerical - AC 0.35 1.00 0.0000 52 % 2459% T22%
_),:‘j Graphical - BC 0.35 1.00 0.0000 98% 249% T22%
Point Prediction - AR 0.26 1.02 0.0179 40.4% 2.7 % 59.9 %
. B2 0.28 1.02 0.0179 404 % 927 % 59.9 %
. 2 0.25 1.02 0.0179 404 % 927 % 99.9 %
| |"Basis Std. Dev.= 1.0

Figure 8. Result of Computed Standard Errors

File Edit View Display Options Design Tools Help
D] 2|22 &7 %
(=] Nnt;se:lugrnT(}j:;::‘\}L COND Ex} Modal Results
- %] Summary ‘ | |
3] (2 EL LB | Measures Derived From the (xX)-1 Matrix
%] Evaluation
s - std Leverage  Point Type
Heat Input (Analyze 3 s s
Thermal Conductivit [~
Coting Tame (e |— = 05598 Fact
Calculated Cooling F |—| 3 0.6638 Fact
ptimization - 4 06658 Fact
] Mumerical 1 5 0.6693 Fact
Graphical - [ 0.8698 Fact
5] Point Prediction 7 05598 —
| a 0.6688 Fact
] 9 0.8073 Aoial
| 10 0.6073 Axial
] 11 0.6073 Axial
] 12 0.6073 Axial
] 13 0.8073 Axial
| 14 0.6073 Axial
- 15 0.1663 Center
- 18 0.1663 Center
- 14 0.1663 Center
- e 0.1663 Center
- 19 0.1663 Center
20 0.1663 Center

Figure 9. Computed model leverages

File Edit View Display Options Design Tools Help

NECIEEE R

I___i Notes for WIDTH TO DEFTH A s
y Transform Fit Sumimary f(x) Model JFl AMONA, |o=+ Dimgnostics DMDdEI Graphs
- 17 Design (Actual) 2 =
-] Summary | | | | | |
1] Graph Columns to right click on individual cells for definitions
=] Evaluation __|Response 2 Volume of Weld Metal Deposit
- Hl .Analysrs ANOVA for Response Surface Quadratic Model
-} Aspect Ratio (Anaty [
Analysis of variance table [Partial sum of squares - Type Hl]
.[]1 volume of weld n |—]
e Sum of Mean F p-value
’_LI Electrode Heat Tran |—
_1_1 Rate of Heat Transf }—I Source Squares df Square Value Prob>F
43 Ostimization _ [model 1.350E+005 ] 149841 4224 <0.0001  significant |
- 1*] Numerical _|A-Gurrent 61809.53 1 61809 53 174.07 =00001
| Graphical __|B-Voltage 54.35 1 54.35 015 0.7038
'vint Prediction C-Gas Flow Rat 77517 1 77517 218 01703
__|AB 12588.88 1 12588.88 3545 0.0001
AC 1622971 i 1622971 4571 < 00001
__|BC 160.29 L} 160.29 043 0.5163
Al 19385 41 1 19385 41 5458 < 00007
| 82 2442.38 1 2442.38 6.88 0.0255
2 27674 55 i 27674 55 7794 < 00001
__|Residual 3550.79 10 355.08

Figure 10. ANOVA table for validating the model significance towards minimizing the Volume of Weld Metal Deposit
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Figure 12. Coefficient Estimates Statistics for Minimizing the Weld Bead Volume
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Figure 13. Optimal Equation in terms of Actual Factors for Minimizing the Weld Bead Volume

Values greater than 0.1000 indicate the model terms are not
significant. To validate the adequacy of the model based on its
ability optimize the volume of weld metal deposit. the
goodness of fit statistics presented in Figure 11 were
employed; Coefficient of determination (R-Squared) value of
0.9744 was obtained whichshows the strength of response
surface methodology and its ability to minimize the volume of
weld metal deposit. Adjusted (R-Squared) value of 0.9513 was
also observed in figure 11 which indicates a model with
95.13% reliability.

Adeq Precision measures the signal to noise ratio. A ratio
greater than 4 is desirable. To obtain the optimal solution, we
first consider the coefficient statistics and the corresponding
standard errors. The computed standard error measures the
difference between the experimental terms and the
corresponding predicted terms. Coefficient statistics for bead
volume is presented in Figure 12. The optimal equation which
shows the individual effects and combine interactions of the
selected input variables (Current, Voltage and Gas flow rate)
against the mesured responses (Volume of weld metal
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deposit), is presented based the actual factors as shown in
Figure 13. The diagnostics case statistics which shows the
observed values of each respones variable (Volume of weld
metal deposit,) against their predicted values is presented in

To asses the accuracy of prediction and established the
suitability of response surface methodology using the
quadratic model, a reliability plot of the observed and
predicted values of bead volume is presented in Figures 15.

Figure 14.
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Figure 14. Diagnostics Case Statistics Report of Observed and Predicted Volume of Weld Metal Deposit
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To study the effects of combine variables on each response
(Volume of weld metal deposit, 3D surface plots presented in
Figure 17. Finally, numerical optimization was performed to
ascertain the desirability of the overall model. In the numerical
optimization phase, we ask Design Expert to minimize the
weld bead, also determining the optimum value of current,
voltage and gas flow rate. The interphase of the numerical
optimization is presented as shown in Figure 18.

The numerical optimization produces about twenty two (22)
optimal solutions which are presented as shown in Figure 19.
From the results of figure 20 it was observed that a current of
140.00 Amp, voltage of 25.00 volt and a gas flow rate of 15.00
L/min will produce a weld material with volume of weld metal
deposit (1105.57mm’/s. This solution was selected by Design
Expert as the optimal solution with a desirability value of
96.70%.
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Figure 19. Optimal Solutions of Numerical Optimization
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Figure 20. Predicting the Weld Bead Volume using Contour Plot

The contour plots showing weld bead volume response
variable against the optimized value of the input variable is
presented in Figure 20.

Conclusion

In this study, the response surface methodology was used to
optimize the weld bead volume of tungsten inert gas mild steel
welds. To validate the adequacy of the model based on its
ability to optimize the weld bead volume, the goodness of fit
statistics presented in Figure 11 was employed.Coefficient of
determination (R?) values of 0.9744 as observed in Figure 11
for weld bead volume indicated the adequacy of the models.
To asses the accuracy of the prediction and established the
suitability of response surface methodology using the
quadratic model, a reliability plot of the observed and
predicted values of each response was obtained as presented in
Figures 16. The 3D surface plot as observed in Figures 18
shows the relationship between the input variables (voltage,
current and gas flow rate) and the response variable (weld
beadvolume).

Similarly, based on the optimal solution the expert system
generated contour plots as observed in figures 21 showing
several predicted responses and their respective input
variables, all within the boundaries of experimental design.
The quality of a weld is determined by the quality of the weld
bead geometry and rate of heat transfer. The bead volume isa
very important factor toconsider in assessing the quality of
weldment. Weld bead geometry is described by the bead
width, bead depth and bead volume. This study has shown that
current has very strong influence on the on bead volume and
rate of heat transfer. The models developed possess a variance
inflation factor of 1.0 and P- values < 0.05 indicating that the
models are significant, the models also possessed a high
goodness of fit with R? (Coefficient of determination) values
of 94% for aspect ratio, 97% for bead volume. Adequate
precision value of 22.813 was observed for the Bead volume.
The model produced numerical optimal solution of Current
140.0Amp, Voltage of 25Volt and a Gas flow rate of 15L/min

will produce a welded material having a bead volume
1105.57mm’ at a desirability value of 96.7%.
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