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Expert optimization and prediction of bead volume
of mild steel butt welded joint

Abstract

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
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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 of 1105.75mm’/s was obtained with a coefficient of
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determination (R?) value of 0.9744 using response surface methodology (RSM) as the

predictive modeling tool. This quantity of bead volume is expected to contain the adequate
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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." 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.* Huang et al.’ and Farhad and Heidari® 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,” Marya and Edward® 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.” also applied activated TIG
welding process and noted that it 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
and Esme et al,'® 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

cach parameter has two levels which comprise the high and low as
expressed in Table 1 below.

Figure 2 TIG equipment.
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. The
input parameters and output parameters made-up the experimental
matrix and the responses recorded from the weld samples were used
as the data.
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Figure 4 Weld samples.
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Table | Welding parameters and their levels
Parameters Unit Symbol Coded value
Low (-1) High (+1)
Current Amp 120 190
Gas flow rate Lit/min G 10 17
Voltage Volt \ 20 27

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. The model summary which shows the
factors and their lowest and highest values including the mean and
standard deviation is presented as shown in Figure 6. Result of Figure
6 revealed that the model is of the quadratic type which requires the
polynomial analysis order as depicted by a typical response surface
design. The minimum value for volume of weld metal deposit was
observed to be 1020.260mm?/s, maximum value of 1317.830mm?/s,
mean value of 1191.888 and standard deviation of 83.228. Also
indicated in circle 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.
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Figure 5 Central composite design matrix (ccd).
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Figure 6 Design matrix showing the real values and the experimental values.
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Figure 7 RSM Design summary for optimizing weld parameters.
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To understand the influence of the individual design points on
the model’s predicted value, the model leveages were computed as
presented in Figure 8. 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
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observed in Table 1 shows that the predicted values are very close
to the experimental values. Hence lower residual value which shows
the adequacy of the model. 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 9.
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Figure 9 Computed model leverages.
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From the result of Figure 9 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 0.9509 inéiicate model terms are significant. In this case A,
AB, AC, A", B, C are significant model terms. Values greater than
0.1000 indicate the model terms are not significant. To validate the
adequacy of the model based on its ability optimizes the volume of
weld metal deposit. the goodness of fit statistics presented in Figure
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10 were employed. Coefficient of determination (R-Squared) value
0f 0.9744 was obtained which shows 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 10 which indicates a model with 95.13% reliability. Adeq
Precision measures the signal to noise ratio. A ratio greater than 4 is
desirable.
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Figure 10 ANOVA table for validating the model significance towards minimizing the volume of weld metal deposit.

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 11. 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 deposit), is presented
based the actual factors as shown in Figure 12. 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 Figure 13.
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Figure |1 GOF statistics for validating 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.

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 Figure 14. The high coefficient of determination
(r’=0.9744) as observed in Figure 10 was used to established the
suitability of response surface methodology in minimizing the volume
of weld metal deposit on the work piece.To accept any model, its
satisfactoriness must be checked by an appropriate statistical analysis.
To diagnose the statistical properties of the model, the normal
probability plot of residual for bead volume is presented in Figure 15.
To study the effects of combine variables on each response (Volume
of weld metal deposit, 3D surface plots presented in Figure 16.

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 17.
The numerical optimization produces about twenty two (22) optimal
solutions which are presented as shown in Figure 18. From the results
of Figure 19 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%. The contour plots showing weld bead
volume response variable against the optimized value of the input
variable is presented in Figure 19.
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Figure 18 Interphase of numerical optimization model for optimizing the weld bead volume

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
10 was employed.Coefficient of determination (R?) values of 0.9744

as observed in Figure 10 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 Figure 15. The 3D surface
plot as observed in Figure 17 shows the relationship between the
input variables (voltage, current and gas flow rate) and the response
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variable (weld bead volume). Similarly, based on the optimal solution
the expert system generated contour plots as observed in Figure
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©2018 Odoemelam et al.

File Edit View Digplay Options  Design Tools  Help
O|e{@] *|%|8| & 2[¥
T e r——
-":9"""““1' sovsonsfl] 2 | s | s | s|e |78 ]>= |1n|11||2|13|1-|||s|m|1?||a|19|3n|::|22|ﬂ|24|25|as|27||
B | [ | | [ | [ [ [
- W] Analysis ]
| Aspect Ratis (Anaiyzsc || Solutions
| veme of weia wesi o | Humber Current Volisge Gas Flow Rate Aspect Ratio Volume of Weltlectrode HeatRate of Heat Tr  Desirability
L |1 Esecirode Heat Transte - 1 14000 25.00 15.00 DBaEZIL 110557 FLIRAFS HTETE 0567 Selecied
L |7 Rate of Heat Transter | | ) 140,00 2458 1500 0B4TZIS 1106.18 287533 306022 0.967
‘“ Optmzaton - 3 140,00 25.00 1456 0645685 1106.35 287 465 307828 0867
_E Humerical | 4 14026 2500 15.00 0850ETS 1107 &3 287 488 30Bo.ET 0.967
bi i Ll 5 14027 2453 1500 0655426 M7z 286691 306794 0.965
I5{[Pokk Precii | B 140,00 2468 15.00 066605 111804 28397 Moa2 0861
| T 140,00 2202 12.00 0586508 107543 245768 IHELES 0:560
Ll 8 140,08 2 1200 068SESS 1076.45 24561 2663.97 0.960
| ] 14061 2200 12.00 069656 10815 245.806 267455 15 ]
| 19 140,00 2205 1214 065105 108862 24LT5E IT00.38 0957
Ll " 140,00 2500 1397 073500 111,88 277501 047,29 0957
Ll 12 140,00 2200 1262 0g7S262 128.24 243308 277606 0850
| 123 140,00 2296 12.00 0800421 106561 251748 ITeT4 0:950
| 14 140,00 2487 1228 DEIGS 03777 252265 287002 046
Ll 15 140,00 257 1500 0660302 158,68 %2413 ek 42 0844
- 16 140,05 2283 1253 0765164 1135855 2529M 4124 0542
| 17 155.33 25.00 15.00 0.7BITTS 1205.28 2TE104 T 04929
Ll 1 170,00 200 1200 0814533 1220.69 267.368 671 LELE
- 15 170,00 2253 15.00 0.FeETI NnreT 584 3arse 53 []
| n 16299 22T 15.00 0792532 118154 243.083 e [ 31]
Ll 2 170,00 2284 1500 0797182 1188.23 247348 320033 086
n 170,00 2366 15.00 0.78684 120884 256336 27906 51 H
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20 showing several predicted responses and their respective input
variables, all within the boundaries of experimental design.
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Figure 20 Predicting the weld bead volume using contour plot.
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The quality of a weld is determined by the quality of the weld
bead geometry and rate of heat transfer. The bead volume is a very
important factor to consider 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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