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Abstract
Numerical simulation is widely used in all the �elds of engineering to predict the results. In welding,
various �nite element tools are used to predict the bead pro�le, temperature distribution, joint strength,
formability and metallurgical changes etc. With respect to the welding process suitable heat source
model has to be assigned for numerical simulation. The most suitable heat source for Gas Tungsten Arc
Welding (GTAW) process is the Goldack double ellipsoidal model. This model has few parameters like the
width of the weld (a), depth of penetration (b), front pro�le ellipse (Cf) and rear ellipse pro�le (Cr). In this
research article, the in�uence of these parameters and their effect on the temperature distribution is
focused. For this purpose, based on the full factorial design welding simulations are performed with
COMSOL. Later, the grey relational technique was used to �nd the contribution of these parameters. It
was concluded from the full factorial method that; temperature variation is depended on the GTAW
welding heat source parameters. At 95% con�dence level, the width of the weld showed a major role in
controlling the temperature. Moreover, the optimum combination of process variables obtained end with
minimum temperature rise at a width of 0.7 mm, depth of 5.7 mm and frontal factor of 4.

Introduction
Gas Tungsten Arc Welding (GTAW) is an arc welding process. The arc is created between tip of the
electrode and workpiece. Heat is generated from the arc and it is helped to melt the metal/�llers to make
perpetual joint. This welding process can cover a wide range of metals like ferrous and non- ferrous
(including superalloys) [1–3]. GTAW process have the ability to handle thin sheets (1 mm) to thick plates
(12 mm) [4–5]. GTAW process has controlled by a greater number of process parameters. The weld
quality can be primarily identi�ed by analysing the bead pro�le through experimentally. Yegaie et al
analysed the stress and temperature distribution produced on Monel 400 welded joints performed by
GTAW process. Experimental as well as numerical work was conducted and veri�ed. It was found that
numerical tools were very much useful to predict and analyse the bead pro�le, temperature distribution
and stress [6].

Ravi Shankar et al studied the temperature distribution and residential stresses caused by the moving
heat source model (GTAW process) on 304 stainless steel. Along with experimental work, numerical
studies also carried out to check the performance and accuracy of the numerical tools [7]. Purmohamad
et al used numerical simulation tools for predicting the bead pro�le, stress etc., caused by the welding
process [8]. But getting accurate predictions the geometrical parameters for Goldack model must be given
properly in the numerical simulation Once again it was proved that numerical studies can give perfect
predictions on the effect of the welding process.

For all the numerical simulation, the selection of a heat source model is particularly important. Initially,
this moving heat source model for GTAW process was developed by Goldack [9–10]. Fu et al studied the
in�uence of heat source geometrical parameters and their effects on temperature �eld and residual
stress. Double ellipsoidal heat source model was constructed by the geometrical parameters. It was
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concluded that better predictions were made by Levenberg–Marquardt neural network method. It was
also found that the Levenberg–Marquardt neural network method was useful to predict multi-pass
welding pro�le parameters [11]. After successfully implementing this model, numerous researchers can
utilize the �nite element analysis tool to construct the moving heat source model [12–13].

This Goldack double ellipsoidal tool was constructed by absorbing the geometric parameters from the
bead pro�le [14]. Sudhakaran et al study the GTAW process parameters through experimental work. The
major process parameter like welding current, welding speed and shielding gas �ow rate were taken for
the research work. It was found that shielding gas and welding speed were not showing any signi�cant
effect on the depth of penetration. Welding current was the parameter having the control on the death
operation. It was also highlighted that mathematical models are necessary to found out the effect of
welding process parameters on joint quality [15]. The geometric parameters depend on the input
parameters like welding current, welding speed [16]. These terms are named as the width of the weld,
depth of the weld, frontal and rear velocity pro�le of the weld. For optimizing the GTAW process
parameters, a lot of techniques were used [17].

Most of the studies were focused only on experimental work to optimize the bead pro�les. And some
studies were related to �nding the signi�cant of welding process parameters. Some researchers used the
bead pro�le data to construct the goldack model for the veri�cation of the bead pro�le made by GTAW
process. So, to save time, money, and materials it is necessary to �nd out the role of goldack parameters
and their effect on predictions in temperature distribution, residual stress formation etc. But, in simulation,
the prediction of the weld pro�le purely depends on the geometrical parameters. So, it is necessary to
study the role of these double ellipsoidal geometrical parameters for better results. In this work, GTAW
process geometrical parameters are varied in the selected range and the simulation is conducted. The
maximum temperature rise during the welding simulation is recorded. Finally, the contribution of each
parameter is identi�ed on the temperature distribution is discussed

Research Scheme
The material used for this study is titanium grade 2 (Commercially Pure Titanium) of 2 mm thickness.
The welding method utilized for this investigation is the GTAW process. The scheme of this research is
shown in the supporting Fig. 1. Figure 1(a) shows the experimental trial conducted on the 2 mm thin
sheet with a prede�ned parameter of welding current 135 amps with a welding speed of 450 mm/sec.
The cross-section of the specimen is extracted from the welded speciemn by using wire cut EDM for the
macroscopic analysis. As per the metallography standard guidelines, the specimen is processed. After
that macroscope examination is performed using an optical microscope. From the macroscope results
the details of the bead pro�le are xeatracted and it is shown in Fig. 1 (b).

The data from Fig. 1 is taken as an ideal result and the selected parameters are modi�ed in the range of
-1 to + 1 (refer Table 1). The mid-level (0) is taken as the ideal condition for result comparison.
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Table 1
The selected parameters and their range for the analysis
Parameters / range -1 (0) Ideal + 1

Weld bead width (a) mm 4.7 5.7 6.7

Weld bead depth (b) mm 0.7 1.1 1.5

Front half elliposidal (Cf), mm 3 4 5

Rear half elliposidal (Cr), mm 3 4 5

The schematic representation of the bead pro�le and the Goldack double ellipsoidal heat source model is
shown in Fig. 2 (a-b). There are two ellipsoidal are present in the Goldack double ellipsoidal model. It is
called front ellipsoidal ( ) and rear ellipsoidal ( ) ellipse. These two ellipsoidal have separate heat
transfer analysis equations and it is given in Table 2. By feeding the geometrical parameters and their
values in the equation, the heat input is calculated. Finally, these two equations are added for getting the
overall heat transfer analysis. The three-dimensional heat transfer equation for analysis is shown in
Table 2. The material properties are taken as like the previous work [14].

From Table 1, the full factorial design is constructed for studying the effect of the individual parameters
on controlling the temperature. The simulation model is created in the COMSOL space. The dimension of
the workpiece is modelled as similar to the experimental work. Before placing the heat source model, the
workpiece is separated by a partition line exactly at the middle as represented in Fig. 2-c. After the
partition, a different type of mesh is applied to the workpiece. The �ne mesh is applied in the portion
close to welding and the coarse mesh is applied to the remaining space. These mesh creations are used
to reduce computational time. As shown in Fig. 2, the moving heat source model is placed at one corner
of the specimen.

The simulation assumptions and equations (Table 2) are utilized.

The following assumptions are followed for this research [14&19]:

1. The �ow is laminar, and the area is surrounded by pure argon including the arc column.
2. The arc e�ciency is taken as 50% for the entire work.
3. The thermal conductivity and density are temperature-dependent. The other physical phenomena like

Marangoni effects, convective melt �ow, buoyancy and viscous force are neglected.
4. Conditions like heat input and speed are constant along the weld line.
5. The initial temperature of the workpiece is 25ºC. The workpiece is �xed and the heat source moves

along the weld region.
�. The melting temperature of the C.P Ti is taken as 1660 ºC. The heat of fusion as 14.15 kJ/mol and

heat of vaporization as 425 kJ/mol.

qf qr
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Table 2
Equations utilized for analysis

S.no Equations Expression

1 Three-dimensional heat transfer
equation

2 Location of the moving heat source

3 Front ellipsoidal heat transfer equation

4 Rear ellipsoidal heat transfer equation

5 Overall heat produced by ellipsoidal

6 Fractional factors

Result And Discussion
The GTAW process simulation is performed in COMSOL. Initially, the simulation for the ideal condition is
performed using the geometrical parameters extracted from the macro results (refer Table1 1 and Fig. 1).
The temperature distribution and isotherm curve are shown in Fig. 3. Figure 3-c clearly shows the weld
bead pro�le made from the COMSOL environment. The temperature distribution caused by the moving
heat source at 19.3 seconds is taken and plotted. Along with this temperature plot, the corresponding
weld bead pro�le with temperature distribution in the specimen is showed in Fig. 3. For the rest of the
combination the simulation is performed and the results are tabulated. Table 3 showing the results of the
parameters selected from the Table 1 and their impact on the temperature distribution. The last column
indicates the number of ranks and it is arranged based on the temperature deviations as compared with
the ideal trial results. Under set 2, the parameter weld bead depth “b = 0.7” has scored the �rst rank
followed by the weld bead width having “a = 4.7” scoring the second rank. The extreme ends of the rear
and front ellipse parameters “Cf = 5 and Cr = 5” are showed constant results and holding the rank as 7.
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Table 3
GTAW process simulation conditions and their results

S.no Trial
Condition

Parameter Condition Output

Temperature
°C

Difference Rank

Variable
parameter

Constant
parameters

1 Set 1 -1 a 4.7 Remaining all 1903 102 2

2 + 1 a 6.7 Remaining all 1722 -79 3

3 Set 2 -1 b 0.7 Remaining all 1947 146 1

4 + 1 b 1.5 Remaining all 1738 -63 6

5 Set 3 -1 Cf 3 Remaining all 1729 -72 4

6 + 1 Cf 5 Remaining all 1796 -5 7

7 Set 4 -1 Cr 3 Remaining all 1729 -72 4

8 + 1 Cr 5 Remaining all 1796 -5 7

Ideal trail temperature is1801 °C – Difference is calculated by concerning this temperature

The amount of heat input is applied in all the trials are constant. So, it is found that the main reason for
the changes in temperature is due to the modi�cation of the bead geometries. This modi�es the
temperature distribution in the GTAW process, and it is revealed through the simulation study. Chujutalli et
al discussed the parametric analysis on the GTAW heat source while in moving or performing the welding
operation in the simulation environment. The results were studied for 2-d and 3-d model. But in our
research the bead pro�le after the welding process the bead pro�le and their details are analysed. There
are slight con�icts are happened due to this modi�cation of result analysis. This made the impact on
�nding the in�uence of the parameter that controls the outputs [20]. So in-depth analysis is needed to �nd
out the signi�cance of all the variable involved in the Goldack model.

Next, it is necessary to identify the contribution of these parameters. For this purpose, the input and
output are arranged in Taguchi L9 orthogonal array [17]. In the previous discussion, it is concluded that Cf
and Cr showed the same result. So, input for the third column “Cf” is taken and the orthogonal array is
formed for further investigation. The trial arrangement based on these parameters with the prede�ned
level are shown in supporting Table 1.

Within the trials the temperature difference between is about 357 °C (refer supporting Table 1). This is a
huge difference and it may have a signi�cant role on the temperature distribution. These much
temperature deviations can make wrong perdition in phase predictions, microstructure analysis and grain
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size analysis related studies. The effect of variation in input parameters to the temperature distribution is
very much essential to concentrate. Hence it is necessary to optimize the response characteristics and
also the prediction of the optimal combination of process parameters. The optimization done using the
observed values and Grey Relational Analysis (GRA) had been one of the suggested techniques to predict
the optimum conditions. This also to identify the in�uence of each input parameters on the response
characteristics [21].

GRA process starts with the calculation of Signal-to-Noise ratio (S/N ratio) and it was done for the
response characteristic by considering the objective function of smaller-the-better concept. Then the
normalization process was carried out for the ratio and it was rated between 0 and 1. By assuming the
coe�cient constant value ξ = 0.5, the grey relational coe�cient was calculated and considered as a grey
relational grade [21]. Table 4 shows the S/N ratio and grey relational grades for each experimental run.

Table 4
Grey relational analysis

Ex. No Input Output

a b Cf T S/N ratio Normalized Pre-processing GRC Order

1 0.7 4.7 3 1895 -65.5522 0.866353 0.133647 0.789083 3

2 0.7 5.7 4 1947 -65.7873 1 0 1 1

3 0.7 6.7 5 1847 -65.3293 0.739691 0.260309 0.657628 4

4 1.1 4.7 4 1898 -65.5659 0.874163 0.125837 0.79893 2

5 1.1 5.7 5 1732 -64.771 0.422317 0.577683 0.463958 6

6 1.1 6.7 3 1651 -64.3549 0.185861 0.814139 0.380477 8

7 1.5 4.7 5 1825 -65.2253 0.680534 0.319466 0.610153 5

8 1.5 5.7 3 1675 -64.4803 0.25711 0.74289 0.402288 7

9 1.5 6.7 4 1590 -64.0279 0 1 0.333333 9

Weld bead width (a), Weld bead depth (b), The front half ellipsoidal (Cf), Temperature °C(T)

Table 4 and Supporting Fig. 2 shows that a higher grey relational grade (1) is observed from the
experimental trail 2. On the other hand, the better combination of input variables to end with the minimum
temperature rise in the width as 0.7 mm, depth as 5.7 mm and frontal factor as 4.



Page 8/14

Table 5
Response values obtained from the Grey relational analysis

Parameters/

Levels

L1 L2 L3 Max-Min

Width 0.8156 0.5478 0.4486 0.367

Depth 0.7327 0.6221 0.4571 0.2756

Frontal factor 0.5239 0.7108 0.5772 0.1869

Error 0.5288 0.6635 0.6196 0.1347

Average Mean: 0.604

Table 5 shows the response value of each level of individual input parameters and the mean value. This
value is also used to identify the maximum in�uence among the three levels of each parameter. The
signi�cant contribution of each parameter is also shown in Table 6.

Table 6
Results of ANOVA for the input parameters

Parameters Degrees of
Freedom

Sum of
Squares

Mean
Squares

Contribution
(%)

F value

Width 2 0.216246 0.10812324 52.03278 7.636917

Depth 2 0.115413 0.05770636 27.77037 4.075892

Frontal
factor

2 0.055621 0.02781073 13.38352 1.964316

Error 2 0.028316 0.0141580 6.813323 ----

Total 8 0.415597 ---- ---- ----

ANOVA is the statistical tool used to understand the effect and in�uence of individual variables on the
response characteristics. From Table 7, it is understood that the width contributes higher on affecting the
output temperature (Q = 52.03%) followed by the bead depth (Q = 27.77%) and frontal factor (Q = 13.38%).

Table 6 and Supporting Figure. 3 represents the bar chart for the contribution of each factor on the
temperature rise during the welding process. To ensure the statistical in�uence of parameters, F-test at
95% con�dence level was conducted. The signi�cant in�uence of width and depth was noticed and F-test
values for these factors are greater than F0.05, 2, 8 = 3.11. This represents that the parameters chosen are
having a statistical and physical in�uence on affecting the output variable simultaneously.

Conclusion
The following are the conclusions based on the parameter analysis:
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COMSOL tool was extremely helpful to �nd the role of the width of the weld (a), depth of penetration (b),
front and rear ellipse pro�le (Cf & Cr) parameters. Once again it is proved that Goldack parameters are
needed from the experimental work for getting an accurate result, particularly in temperature distribution.

Goldack parameters play a major role in the temperature distribution. In the welding simulation, a
slight change in the Goldack geometrical parameter a noticeable amount of the temperature
deviation (357 °C) is observed from the result.

From the welding simulation, it is found that front (Cf) and rear ellipse (Cr) showed similar effects on
temperature distribution in the GTAW process.

The high grey relational grade obtained from the grey relational analysis depicts the optimum
conditions. The better process variables obtained are the width of 0.7 mm, depth of 5.7 mm and
frontal factor of 4.

From the F test distribution process, it is understood that both depth and width signi�cantly in�uence
the welding process. These two parameters need careful consideration from the bead geometry to
achieve 100% results in the numerical simulation.
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Figure 1

Bead pro�le from the experimental work
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Figure 2

(a-b) Bead pro�le and Goldack double ellipsoidal heat source with notations [18] and (c) Specimen
created in the COMSOL
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Figure 3

(a-b) Temperature distribution and (c) isotherm pro�le for ideal trial


