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Abstract

An important goal in a number of optimization studies is a high-quality weld joint.
Thermal analysis of AISI 1020 low carbon steel plate agglutinated by gas tungsten arc
welding technique was carried out using S 2021 version. With SOLIDWORKS Premium,
the simulation was run. The simulation was performed using the Thermal Simulation
programme with 20 weld runs. With the findings of the initial study serving as a sensor,
a design study was conducted. A total of 15 runs were completed, and the weld dilu-
tion and thermal conductivity responses were available. A range of welding tempera-
tures including 3397 to 3688 °C were experimentally applied in the joining process

of AISI 1020 low carbon steel plate of 10 mm thickness, and a strain gauge indicator
was used to measure the thermal stresses induced in the steel plate. However, mini-
mum and maximum weld dilution values of 73.1 and 46.8% were obtained with FEM
atan input of arc heat of 66.4 and 37.2 J/mm, while the minimum and maximum

weld dilution values of 71.55 and 45.5% were computed using experimental approach
at the same heat input. On the other hand, maximum and minimum weld dilution

of 71.55 and 44.5% were computed from experimental process at minimum and maxi-
mum welding current of 199.77 and 250.23 A, while 73.1 and 46.8% were obtained

for the maximum and minimum weld dilution through FEM procedure at the same
welding input variables. Hence, gas tungsten arc welding input parameters should

be properly selected and controlled during welding operation, in order to minimize
thermal effects and welding flaws such as high dilution rate.

Keywords: TIG welding, Finite element analysis, Weld dilution, Mild steel, Welding
current

Introduction

Gas tungsten arc welding (GTAW) otherwise known as tungsten inert gas (TIG) is a
process that involves fusion of two or more materials together through the localized
application of heat, which results in melting and dilution of the weld (fusion zone). This
results in alteration of the chemical and mechanical properties, which upon cooling
is characterized by the chemical composition of the bead and filler material. The area
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surrounding the fusion line is known as heat-affected zone (HAZ), an area that is par-
tially heated completely but not withstanding which has been affected by the welding
thermal and thermo-elasto-plastic cycle [1, 2].

The direct consequence of dilution is the difference in chemical composition of the
final weld metal from both the base and filler materials, producing a new deposit alloy
intermediate between the two. The change in chemical composition resulting from dilu-
tion will affect the phase transformation kinetics during weld-induced thermal cycles, as
well as the resultant microstructures [3]. The effects of weld dilution on the microstruc-
tural and mechanical properties of a steel weld can be significant even when the chemi-
cal mismatch is marginal [4, 5].

Hunt et al. [6] considered bead-on-plate submerged arc (SA) welding in micro-alloyed
steel and observed that low-dilution welds had inclusions of a larger mean size in com-
parison with high-dilution welds. It was observed that the weld exhibited higher frac-
tions of finer acicular ferrite and superior toughness. However, for multi-pass welding,
dilution effects were exacerbated by thermal cycling.

Sehrawat [7] developed a mathematical model to predict weld dilution in gas metal arc
welding (GMAW) of stainless steel 301 using response surface methodology (RSM). A
total of 28.24% was obtained as the minimum value of dilution (from weld run no. 27),
while a maximum value of 70.27% was obtained as weld dilution (from weld run no. 30).
Nozzle-to-plate distance (NPD), welding torch angle, and welding voltage had a negative
effect on weld dilution, whereas wire feed rate (WFR) had a positive effect and welding
speed having negligible effect on weld dilution. However, Lu et al. [8] reported that by
increasing the wire feeding speed under the condition of pulse peak current and reduc-
ing the welding speed, a high deposition efficiency, low dilution rate, and low heat input
may be obtained.

Aghakhani et al. [9] employed the fuzzy logic technique to investigate the effects of
wire feed rate, arc voltage, nozzle-to-plate distance, welding speed, and gas flow rate on
weld dilution using gas metal arc welding (GMAW ) process. Weld dilution was observed
to increase with an increase in wire feed rate and arc voltage as a result of an increase
in welding heat input. Moreover, weld dilution was also observed to decrease with an
increase in nozzle-to-plate distance and welding speed as a result of a decrease in weld-
ing heat input. In addition, an increase in gas flow rate initially increased weld dilution,
but eventually, further increase in gas flow rate led to a decrease in weld dilution.

Sun et al. [10] determined weld dilution for each bead in a three-pass gas tungsten
arc (GTA) weld and a corresponding submerged arc (SA) weld. Different filler materials
were used with each process, but both cases involved the deposition of filler wires into
grooves in low-alloy (SA508) ferritic steel plates. The modelling revealed that increases
in weld dilution favour the formation of martensite but suppress bainite/ferrite trans-
formations, due to the melting of greater quantities of the base material, which had a
relatively high hardenability.

Sun et al. [11] investigated the effects of dilution on the hardness and residual stresses
in multi-pass steel welds. For the base and filler materials used, increased dilution led to
greater weld-metal hardness and reduced the magnitude of tensile stress or promoted
compressive stress in the as-deposited and reheated weld metals. This mechanical
behaviour is associated with the tendency for diluted weld metal to experience delayed
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austenite decomposition, due to the high hardenability of the SA508 steel relative to the
filler materials used.

Zhang et al. [12] proposed a new method for weld dilution calculation using chemical
composition analysis. It was observed that whether a certain composition is diluted or
concentrated, an increase in the welding heat input causes the compositions’ concentra-
tion to be at the same level as the original substrate. However, the dilution becomes sta-
ble once the heat input exceeds a transition point of 0.18 kJ/mm which may result from
adequate convection of the molten pool due to high-level heat input. In other words, the
weld dilution value changes rapidly before the heat input attains a transition point of
0.18 kJ/mm, while the weld dilution stabilizes once the heat input is beyond the transi-
tion point. This paper involved the computational study of weld dilution using the finite
element method to validate thermal analysis of AISI 1020 low carbon steel plate aggluti-
nated experimentally via gas tungsten arc welding technique. In this study, experimental
and FEM weld dilution at different heat input, experimental and FEM weld dilution at
different melting rates, experimental and FEM weld dilution at multiple weld parame-
ters, and experimental and FEM weld dilution at different welding currents were deter-
mined. Weld dilution simulation profiles at different welding intervals and maximum

welding temperatures were also determined.

Methods

Low carbon steel plate AISI 1020 with a 10 mm thickness was cut into dimensions of
60 x 40 x 10 mm (long x breadth x width). Before welding the samples, rough particles
and rust were removed from the surface of the specimen using emery paper (coarse: P24
grit size with 715 m and fine: P80 grit size with 201 m).

The surface of the samples to be welded was then cleaned with acetone to remove
any surface contaminants. The welding sample (plate) was clamped to a G-clamp and
chamfered (2 mm depth) with 45° at the edge to create a V-groove angle using a vertical
milling machine. A vertical milling machine was used to provide the milling angle. To
prevent misalignment during the welding process, the plates were securely secured dur-
ing welding. The plate’s chamfered area was subjected to TIG welding, with a 2% thori-
ated tungsten electrode used to fill the chamfered area.

This was accomplished by using a Dynasty 210 DX welding machine and 100% argon
torch gas to keep the welding area clean. A recent work on the use of SEM/EDS in a frac-
tographic investigation of TIG-welded AISI 1020 fusion zones at different welding cur-
rent steps by Owunna et al. [13] used a similar methodology. Table 1 presents the TIG
welding requirements that were used during the welding procedure, and Fig. 1 displays
samples of the steel plates that were welded.

The welding temperature was measured at several spots along the workpiece’s surface
using K-type thermocouples as the arc travelled through it. Additionally, the welding
torch moved over the plate at a constant speed of 1.72 m/s while being 2.5 mm away
from the workpiece. To prevent any systematic inaccuracy in the experiment, the weld-
ing trials were conducted in accordance with the central composite design matrix (CCD)
in Table 2 and in a random order. Figure 1 displays the welded samples.

To create test specimens, the welded plates were cross-examined at their axial mid-
points after being evaluated for any apparent flaws and homogeneity. Following the
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Table 1 Materials and specifications used for the welding experimentation

S/no

Material specification

Welding specification

o NN =

11
12
13
14
15
16
17
18
19
20
21
22
23
24
25

Welding type
Material

Material thickness
Filler material
Joint type

Joint preparation
Joint gap
Welding current
Pulse width

Filler rod angle
Welding torch angle
Fixed frequency
Torch type
Tungsten type
Tungsten size
Torch gas

Heat input ratio
Weight of filler rod
Welding machine
Clamp type

Vertical milling machine

Tungsten inert gas (TIG)

AlSI 1020 low carbon steel plate

10 mm

ER705-6

Butt joint (V-groove)

Abrasive clean (sandpaper)/acetone wipe
2mm

DCEN (direct current electrode negative)
08s

15°

45°

60 Hz

Pro-torch (TIG torch)

2% thoriated

3/1326” diameter x 254 mm

Argon (100%)

10.75 kJ/min

78.5 kg/m?

Dynasty 210 DX

G-clamp for clamping the workpiece
For milling the V-groove angle

Batch A
Fig. 1 Mild steel welded samples

Batch B

completion of all trials, samples were prepared for the measurement of weld dilution

by cutting, polishing, and etching these 60 x 40 x 10 mm dimensioned test pieces. As

illustrated in Fig. 2, the samples were scanned using an optical microscope at 1:1 scale

on a scanner to determine the dilution. Utilizing the same Foxit reader software that

was used to calculate the weld dilution by measuring penetration, the bead geometry of

these samples was determined.

Finite element method

The following procedure outlines a systematic approach that was adopted for modelling

weld dilution in this study using finite element (FE) method.

i

Material characterization: Accurate material characterization is essential for reli-
able FE simulations. This step involved obtaining material properties, such as ther-
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Table 2 Central composite design matrix (CCD)

Std Weld runs Block Current Voltage Gas flow rate
12 1 Block 1 250.23 235 135
16 2 Block 1 225 26 14.5
10 3 Block 1 250.23 24.5 14.5
19 4 Block 1 240 25 16

6 5 Block 1 225 25 16

13 6 Block 1 240 20.98 135
9 7 Block 1 199.77 24.5 135
18 8 Block 1 210 25 16

15 9 Block 1 199.77 26 11.98
14 10 Block 1 250.23 20.98 135
3 11 Block 1 240 22 11.98
11 12 Block 1 225 24.5 11.98
5 13 Block 1 210 22 16

7 14 Block 1 199.77 235 145
20 15 Block 1 210 20.98 14.5
8 16 Block 1 225 22 135
2 17 Block 1 199.77 26 11.98
17 18 Block 1 240 20.98 13

4 19 Block 1 210 22 16

1 20 Block 1 250.23 22 11.98

Fig. 2 Optical microscope

ii.

mal conductivity, specific heat, and mechanical properties, through experimental

testing. The material properties were then incorporated into the FE model.

Geometry and mesh generation: The geometry of the welded joint was created
using computer-aided design (CAD) software known as SOLIDWORKS. The

Page 5 of 22
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iii.

iv.

Vi.

model was divided into finite elements, and a suitable mesh was generated. The
mesh density was determined based on the complexity of the geometry and the
desired level of accuracy.

Boundary conditions and welding parameters: Boundary conditions, including
temperature and displacement constraints, were defined to simulate the welding
process accurately. Welding parameters, such as heat input, welding speed, and
electrode diameter, were also specified. These parameters significantly influenced
the extent of weld dilution.

Heat transfer and fluid flow analysis: The FE model was subjected to heat trans-
fer and fluid flow analysis to simulate the welding process. The heat source model,
which represents the welding arc, was incorporated into the simulation. The tem-
perature distribution and fluid flow patterns were obtained, allowing for the pre-
diction of weld dilution.

Material mixing and dilution calculation: Based on the temperature distribution
and fluid flow patterns, the mixing of base metal and filler material was simulated.
The dilution ratio, defined as the percentage of filler material in the weld, was cal-
culated.

Validation and sensitivity analysis: The FE model was validated by comparing the
predicted dilution ratio with experimental data. Sensitivity analysis was performed
to assess the influence of different welding parameters on weld dilution. This step
helped identify critical factors affecting dilution and provided insights for process

optimization.

By accurately simulating the welding process and predicting the dilution ratio,

welding parameters such as weld dilution at different heat input, weld dilution at dif-

ferent melting rates, weld dilution at multiple weld parameters, and weld dilution at

different welding currents were determined. The following highlights were also con-

sidered while implementing the systematic approaches adopted for the finite element

modelling.

ii.

iii.

iv.

vi.

vii.

Dividing the continuum into a finite number of elements made up of line seg-
ments, triangles, quadrilaterals, squares, rectangles, etc.

Choosing important locations on the elements to act as nodes for the application
of equilibrium and compatibility requirements

Making the assumption that each individual element’s displacement functions
depend on the nodal values in order to determine the displacements at each
generic point.

Determine the stiffness and equivalent nodal loads for a particular element using
the flexibility method or energy principles

Creating equilibrium equations in terms of the idealized element for each set of
nodes of the discretized continuum

Resolve the nodal displacement equilibrium.

Evaluate the support reactions occurring at the constrained nodes in the event of
displacement.

Page 6 of 22
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viil. The measurement of strains and stresses at various places within the elements.

FEM is generally guided by the principle that says that depending on the input and
output parameters, applying boundary conditions (such as force, density, displacement)
beyond the capability of a given body can lead to numerous circumstances with various
configurations. It is well known that the heat produced by the arc on the workpiece sur-
face and the transfer of heat energy into the workpiece are both necessary for success-
ful TIG welding operations. An arc is created when the electrode is pointed toward the
workpiece (leaving a small air gap), and this arc is utilized to melt and fuse the workpiece
at a high temperature [14].

Using SOLIDWORKS 2021 version, 10-mm CAD model of the mild steel plate exam-
ined in this study was modelled in accordance with the dimensions presented in Fig. 3.
With SOLIDWORKS Premium, the simulation was run. The simulation was performed
using the Thermal simulation programme. With the findings of the initial study serving
as a sensor, a design study was conducted. The results of a total of 15 runs, including
responses for thermal conductivity and weld dilution, are given. Eight bodies make up
the model. The parent metal is represented by two bodies, and the shape of the weld
bead is represented by the other smaller bodies. As seen here, the original metal was a
60 x 40 x 10 mm plate. Summary of model information is presented in Table 3.

Due to the specimen’s temperature-dependent characteristics, the standard AISI 1020
was amended. The study properties for the thermal analysis are shown in Table 4.

After that, the model was subjected to a number of starting circumstances before a
welding experiment was conducted on a sheet of 10-mm mild steel. At the start of the
FEM welding experiment, the following circumstances were established:

i. The beginning temperature was set at 600 °C, providing an initial temperature gra-
dient of 30 °C.
ii. About 60 W/m? K convection coefficient
iii. About 25 °C for the bulk ambient temperature

On the heat source, a trapezoidal time-dependent heat function was used. At several
runs, the input heat power was altered. Voltage, current, and gas flow rate all influence
the heat power. Equation 1 gives the heat power:

60mm X 40mm X
10mm Plate (Parent

Weld Beads

Thermocouple
positions

Fig. 3 SOLIDWORKS geometric model
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Table 3 Summary of model information

Name and Reference of Resolv Volumetric Path/Date(Document)
Document -ed as  Characteristics
Split Line2 Solid  Mass:0.0938483 kg C:\Users\NW Green
Body  Volume:1.18795¢-05 m®> Solutions\Documents\Wel
Density:7900 kg/m® ding model\Base
Weight:0.919713 N Metal. SLDPRT
Aug 28 05:46:32 2022
Split Line2 Solid  Mass:0.0938483 kg C:\Users\NW Green
-~ Body  Volume:1.18795¢-05 m* Solutions\Documents\Wel
Density:7900 kg/m? ding model\Base
Weight:0.919713 N Metal. SLDPRT
Aug 28 05:46:32 2022
Boss-Extrude2 Solid  Mass:0.000812372 kg C:\Users\NW Green
Body  Volume:1.02832¢-07 m*® Solutions\Documents\Wel
Density:7900 kg/m? ding model\Weld
Weight:0.00796124 N bead.SLDPRT
Aug 28 05:46:32 2022
Boss-Extrude2 Solid  Mass:0.000812372 kg C:\Users\NW Green
Body  Volume:1.02832¢-07 m*  Solutions\Documents\Wel
Density:7900 kg/m? ding model\Weld
Weight:0.00796124 N bead.SLDPRT
Aug 28 05:46:32 2022
Boss-Extrude2 Solid  Mass:0.000812372 kg C:\Users\NW Green
Body  Volume:1.02832¢-07 m* Solutions\Documents\Wel
Density:7900 kg/m?3 ding model\Weld
Weight:0.00796124 N bead.SLDPRT
Aug 28 05:46:32 2022
Boss-Extrude2 Solid  Mass:0.000812372 kg C:\Users\NW Green
Body  Volume:1.02832¢-07 m*® Solutions\Documents\Wel
Density:7900 kg/m? ding model\Weld
Weight:0.00796124 N bead.SLDPRT
Aug 28 05:46:32 2022
Boss-Extrude2 Solid  Mass:0.000812372 kg C:\Users\NW Green
Body  Volume:1.02832¢-07 m®  Solutions\Documents\Wel
Density:7900 kg/m? ding model\Weld
Weight:0.00796124 N bead. SLDPRT
Aug 28 05:46:32 2022
Boss-Extrude2 Solid  Mass:0.000812372 kg C:\Users\NW Green
: Body  Volume:1.02832¢-07 m®  Solutions\Documents\Wel
Density:7900 kg/m? ding model\Weld
Weight:0.00796124 N bead. SLDPRT

Aug 28 05:46:32 2022
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Table 4 Study of the properties of thermal analysis

Study name Welding parameters
Analysis type Thermal (transient)
Mesh type Solid mesh
Solver type FFEPIUs
Solution type Transient
Total time 20s
Time increment 25s
Contact resistance defined No
P=nVI
(1)

where V'is the arc voltage, I is the welding current, and # is scaled as a factor by the gas
flow rate to reflect the arc efficiency. Using the input variables obtained from the design
experiment (centre composite design method), the simulation was run 20 times.

Analysis type

The test run sheet, as depicted above, lists the voltage, current, gas flow rate, and accom-
panying weld dilution and thermal conductivity findings for each run to create an envi-
ronment that is thermally stable. Implemented was a transient thermal analysis with 100
steps and a 0.1-s step time. In order to prevent heat transmission from the weld beads to
the plates at starting time zero, a temperature of 298 K was applied to the plate and weld
beads.

Environmental conditions

The environmental factors revealed that at air velocities less than 4 m/s% the average
convection coefficient of air over a metal surface is 25 W/m? K. According to experi-
ments, the average ambient temperature is 24.5 °C. All exposed faces in SOLIDWORKS
have the convection option turned on, with the exception of the bottom face. Convec-
tion across the weld bead shape was thought to have little impact on the thermal data.
For all bodies, including weld beads, an initial temperature of 25 °C was applied at the
body level. The model environmental thermal loads are shown in Table 5.

Material properties

For the sake of simplicity, AISI 1020 was considered to be the standard for all parent and
filler materials. To meet the demands of this research, the steel’s thermal characteristics
have been altered. The properties that were given to the model in SOLIDWORKS 2018
are as follows. Table 6 lists the reference model’s material characteristics. Ten-millimetre
(10 mm) plate was obtained from Universal Steel Rolling Mill, Ogba-Ikeja, Lagos, Nige-
ria, and analysis for mechanical properties and chemical composition, which revealed
that the material is AISI 1020 low carbon steel was determined in the same company
using the mass spectrometer. The mechanical properties and composition of AISI 1018
mild steel plate are presented in Table 6.
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Table 5 Table showing environment thermal loads

Load name Load image Load details

Initial temperature " Entities 16 face(s)

Initial temperature 298 Kelvin

Convection " ~_Entities: 15 face(s)
: Conyection coefficient: 25 W/(m?.K)

Table 6 Properties and composition of AISI 1020 mild steel plate

S/no Metal elements percentage Properties Values

1 C 0.09440.043 Yield strength 351571 N/mm?

2 Si 0.21040.043 Tensile strength 420507 N/mm?

3 Mn 0310+£0.73 Elastic modulus 200,000 N/mm?

4 p 0.056£0.40 Poisson’s ratio 0.29

5 Cu 0.09440.109 Mass density 7900 g/cm?

6 Al 0.002£0.004 Shear modulus 77,000 N/mm?

7 S 0.022+0.114 Thermal expansion coef- 1.5e-005 K
ficient

8 Cr 0.214£0.073 Yield strength 351.571 N/mm?

9 Ni 0.3154+0.120 Tensile strength 420.507 N/mm?

10 Fe 98.32+52 Specific heat 420 J/(kg.K)

Mesh details

In order to establish several important characteristics, including element shape, midside
node placement, and element size, mesh control was applied to the heat source. Since
the ellipsoidal shape of the heat source makes it more likely for stress to build in areas
of higher curvature, a curvature-based mesh was also used to refine all of these areas.
These details mostly pertain to the model-development process and may have an impact
on the model’s correctness and subsequent analysis. The meshed model is displayed in
Fig. 4, and the mesh details are reported in Table 7.

FEM optimization of weld dilution

The temperature charts show that the thermal distribution per weld bead section
is comparable; the heat zone was thought to be completely circular. Cut plots were
utilized to probe the edges on the plate’s horizontal and vertical edges close to the
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Model name:Weld Assembly
Study name:Thermal Analysis(-Default-)
Mesh type: Solid Mesh

Fig. 4 Meshed model using SOLIDWORKS mesher

Table 7 Mesh details for the FEM model

(2024) 71:33
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Mesh properties

Mesh details

Mesh type
Mesher used

Jacobian points

Maximum element size

Minimum element size

Mesh quality

Remesh failed parts with incompatible mesh
Total nodes

Total elements

Maximum aspect ratio

% of elements with aspect ratio < 3
% of elements with aspect ratio> 10
% of distorted elements (Jacobian)
Time to complete mesh (hh; mm; ss)

Solid mesh

Blended
curvature-
based mesh

4 points
3.19061 mm
0.588517 mm
High

Off

49,100
32,388
10.105

97.7

0.0124

0

00:00:03
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groove in order to confirm this supposition. As demonstrated in Fig. 5, the weld dilu-
tion is determined by looking at the distance on both the horizontal and vertical axes.

The parent and filler metals were melted together and mixed in the weld pool dur-
ing the welding process. Dilution rate was a result of the parent metal and filler wire
being mixed together after fusion to form the weld deposit, which caused a change
in the metal chemistry of the weld. In addition, a piece of the parent metal was also
melted by the molten electrode metal. The results of this were as follows:

i. The molten weld metal was diluted to create a weld bead chemistry that is made up
of the parent metal diluted with the deposited metal (typically 10 to 30%).
ii. The weld pool’s” surrounding material that is removed from above the upper.

Results and discussion

The welding parameters, which in this case included welding current, voltage, and
gas flow rate, were seen to influence the rate or percentage of weld dilation after each
weld run in one way or another, as shown in Table 8. Combining the aforementioned
welding settings on each weld cycle resulted in the welding temperatures, heat rates,
melting rates, and percentage of weld dilution shown in Table 8. Despite not being
determined experimentally, the welding heat rate and the metals’ melting rates were
compiled and extracted from FEM calculations pertaining to each of the weld runs.

Table 8 Percentage of weld dilution obtained through experiments and FEM approach

Weld runs Current Voltage Gasflow Maxwelding Heatrate Melting FEM % Ex

rate temperature rate dilution  percentage
dilution

1 240 2098 135 3419 516 40.6 60.1 59.03
2 210 22 16 3415 49.7 394 582 57.0

3 25023 235 135 3688 66.4 526 73.1 71.55
4 210 25 16 3411 472 37.2 56 55.02
5 25023 2098 135 3458 63.5 49.5 70.8 68.7

6 210 20.98 145 3407 453 357 54.6 53.22
7 225 24.5 11.98 3438 583 472 67.3 66.54
8 210 22 16 3425 54.1 435 63.2 61.03
9 225 26 145 3461 64.1 503 716 68.94
10 225 25 16 3427 557 443 64.7 63.12
1M 199.77 235 14.5 3427 55.2 44.6 64.7 63.04
12 210 22 16 3409 484 36.3 552 5423
13 25023 245 14.5 3458 63.1 49.0 70.1 69.02
14 199.77 26 11.98 3397 404 29 49.8 472

15 25023 22 11.98 3462 65.3 514 724 70.46
16 225 22 135 3401 427 324 517 4836
17 199.77 26 11.98 3390 37.2 26 46.8 445

18 240 25 16 3442 59.6 48.7 68.8 65.55
19 240 20.98 13 3430 56.2 483 65.7 63.94
20 199.77 245 13.5 3403 435 333 52.7 49.54
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A comparison between the percentage of weld dilution predicted using FEM and
weld dilution determined using an experimental technique is shown in Fig. 6. Twenty
weld runs produced using both an experimental and FEM technique show correlation
between the measured and anticipated weld dilution histories on the fusion zone of the
parent metal. Figure 6’s weld dilution curve, which can be seen for both the FEM and
experimental approaches, provides evidence of this. For instance, maximum and mini-
mum weld dilution values of 71.55 and 44.5% were measured using an experimental
technique at the same weld runs, while maximum and minimum weld dilution values of
73.1 and 46.8% were computed with FEM for weld runs 3 and 17.

For arc welding procedures, heat input is a crucial element that needs to be carefully
managed in order to produce reliable welds. It is a property that has to do with how
much electrical energy is provided to a weld during the welding process or how much
arc energy. Due to the admixture of the base metal or the previously deposited weld
metal, it has an impact on a welded material by changing the chemical composition of
the weld metal.

A plot of experimental and FEM weld dilution at various heat inputs is shown in Fig. 7.
The plot shows that maximum and minimum weld dilution values of 71.55 and 44.5%
were measured experimentally at the same rate of arc heat input, while maximum and
minimum weld dilution values of 73.1 and 46.8% were computed with FEM at arc heat
input of 66.4 and 37.2 J/mm.

A relationship between high heat input and a high percentage of weld dilution and vice
versa can be inferred from the plot’s curvature. The 20 weld runs produced for both the
FEM and experimental approaches show correlation between the measured and antici-
pated weld dilution at every step of fusion that requires heat input. This is demonstrated
in Fig. 7.

Despite the fact that the microstructural properties were not taken into account in this
study, it is important to note that heat input has a significant impact on the rate at which
welds cool because it can change the microstructure of the weld metal and the heat-
affected zone (HAZ) during or after welding [15-18]. For instance, since they produce
embrittlement in the heat-affected zone, quicker cooling rates may be bad for a weld-
ment. The mechanical characteristics of weld metal and the heat-affected zone (HAZ)

75
70
65
60

55

Weld Dilution (%)

50

45

40

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
Weld Runs

«=Q==FEM Weld Dilution «=Q@==Experimental Weld Dilution
Fig. 6 Plot of experimental and FEM weld dilution at different weld runs
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are directly impacted by changes in microstructure [19-21]. Therefore, it is crucial to
manage the heat input in order to produce a solid microstructure and a weld of high
quality.

The heat transfer during the entire cycle from arc heating to solidification and cooling
to room temperature is a crucial factor in the welding process. The complex phenomena
of heat flow around the fusion zone depends on a number of variables, such as tem-
perature and welding amperage. According to studies conducted by Ikpe et al. [22] and
Hasan et al. [23], a larger welding current causes a higher welding temperature, which
increases the melting rate of the welded metal. High temperatures can have the effect
of accelerating the melting rate of metals subjected to welding processes. The melting
rate, which is a function of welding temperature, may have a significant impact on the
percentage of weld dilution. By changing the chemical makeup of the weld, this in turn
affects the proportion of weld dilution.

Figure 8, which depicts the plot of experimental and FEM weld dilution at various
melting rates, demonstrates this. From the plot, it can be seen that maximum and mini-
mum weld dilution values of 71.55 and 44.5% were measured experimentally at the same
melting rate, while maximum and minimum weld dilution values of 73.1 and 46.8% were
estimated with FEM at melting rates of 52.6 and 26 g/m. The plot’s curvature reveals a
relationship between the melting rate of the metal during welding and a high percentage
of weld dilution and vice versa.

The 20 weld runs produced for both the FEM and experimental approaches in this
work show correlation between the measured and anticipated weld dilution at every step
of fusion that involves heat input, heat transfer, and melting rate. Heterogeneous fillings
are invariably diluted by the base metal because fusion welding necessitates or demands
that a portion of each base metal or substrate involved in the junction melt along with

the filler. Dilution varies according to the following:

i. The joint type and joint edge preparation
ii. The welding procedure, its variables (such as the operating current mode), and the

technique employed
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ili. The incompatibility of the base metal and filler and, typically, the proportion of
dilution (D)

The welded metals undergo arc heating throughout a temperature range for efficient
fusion during the TIG welding process and are then allowed to cool. In this instance,
the arc heating or welding temperature of the fused metals started when the mate-
rial’s temperature was 28 °C, and it increased significantly until it reached its peak
temperature of roughly 36 °C when fusion was effectively established.

The metal being welded underwent metallurgical and mechanical modifications as
a result of the heating and cooling process. Other welding factors, such as weld dilu-
tion, heat rate, melting rate, and so on, are also impacted by these changes. Here, the
high welding temperature generates a lot of heat around the fusion zone. This is the
heat input that is applied evenly throughout the welded area, and when it reaches
or approaches the metal’s melting point, it induces melting everywhere around the
fusion zone. At this point, fusion has already begun to take place, and the melting rate
is at its highest, allowing for successful fusion.

These stages complete the thermal cycle of the welded material, during which phase
transformation takes place and the chemical composition of the welding filler mate-
rial is changed as a result of the base material’s admixture with the deposited weld
bead or previously deposited weld metal, and this results in weld dilution. The plot of
experimental and FEM weld dilution at various welding temperatures, heating rates,
and melting rates is shown in Fig. 9. The plot shows that maximum and minimum
weld dilution values of 71.55 and 44.5% were measured experimentally at the same
welding temperatures, whereas maximum and minimum values of 73.1 and 46.8%
were computed with FEM at maximum welding temperatures of 3688 and 3390 °C.

The weld dilution curves’ trend showed a connection between the experimental
and FEM approaches. Additionally, at maximum welding temperatures of 3688 and
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3390 °C, maximum and lowest heating and melting rates of 66.4 and 37.2 J/mm and
52.6 and 26 g/min, respectively, were estimated using FEM. Figure 9 shows that, in
both directions, a rise in welding temperature increased weld dilution percentage,
heat distribution rate, and melting rate.

A welding parameter called welding current describes the flow of electricity through
the arc gap between the electrode’s tip and the metal being welded. The movement of
electrons (electricity) is known as an electric current. Heat is produced when there is a
resistance to the passage of electrons, which go from negative (—) to positive (+). The
amount of heat and temperature that the arc produces increases with electrical resist-
ance, which has some effects on the pace of weld dilution. For instance, low weld cor-
rosion resistance may result from significant weld dilution, which is a result of high
welding temperature gradient on the welded metal.

This is so because a weld with a high carbon concentration is more prone to corrosion
due to high dilution. In other words, increase in dilution enhances the carbon content
and reduces the chromium content of the claddings resulting in high DOS [24, 25]. High
dilution can also result in a decline in the weld’s mechanical qualities, including its hard-
ness and strength. The link between welding current and weld dilution as determined by

FEM and experimental procedure is shown in Fig. 10. According to the plot, maximum
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and minimum weld dilution were calculated using FEM at the same maximum and min-
imum welding currents as maximum and minimum weld dilution obtained from the
experimental process were 71.55 and 44.5% and 73.1 and 46.8%, respectively.

This correlates to the findings of Ohwoekevwo et al. [26] in a similar study, where
the maximum and minimum wilding currents and weld dilution fell in the same range
obtained in this paper. The FE results were validated with the experimental results. A
significant correlation was observed in each of the 20 weld runs obtained from experi-
mental and FEM weld dilution output response.

Weld dilution and welding current are plotted in Fig. 10, and it can be seen that as
welding current increased, weld dilution % also increased and vice versa. This correlates
with the findings of Ohwoekevwo et al. [27] who also stated in a study on prediction of
percentage dilution in AISI 1020 low carbon steel welds produced from tungsten inert
gas welding that percentage of weld dilution for artificial neural network (ANN), and
experimental results at each weld run increased as the welding current also increased
and vice versa.

Figure 11a—f depicts sectional views of the weld dilution profile. The simulation of the
1-mm low carbon steel plate model using the finite element method produced these pro-
files. It can be seen that red colours appear at the top of the colour band on the simulated
models, while royal blue colours appear at the bottom. Red, royal blue, and all other col-
ours on the colour band have percentages of weld dilution values linked to them. The
proportion of maximum weld dilution caused by the highest welding temperature is
indicated by weld dilution values in red, while those in royal blue are indicated by weld
dilution values.

The parent material next to the weld was heated up during the welding operation.
The material’s temperature is promptly raised to a level that is just below but close to
its melting point and then rapidly cooled. The melting process is due to heat conduc-
tion and convection, resulting in weld dilution across the weld pole. Weld dilution is the
change in chemical composition of the weld metal as a result of the base metal compo-
nent that melts and begins to form the fusion zone [28]. The mass, specific heat, begin-
ning temperature, and heat input of the welding process all affect how quickly the parent
material cools.

The fusion zone, which is a section of the welded low carbon steel plate that has under-
gone melting, and the heat-affected zone (HAZ), which is a section of the material that
is partially melted by the welding heat, are the features that define the weld dilution pro-
files. The following zones can be found within the HAZ in steels, according to the high-
est welding temperature that the arc welding process achieves: grain growth zone is that
portion of the heat-affected zone (HAZ) that is heated beyond the temperature necessary
for grain growth and extends up to the fusion border zone, beyond 1150 °C to peritectic

(See figure on next page.)

Fig. 11 a Sectional view of weld dilution after 1 s at the maximum welding temperature (3430 °C). b
Sectional view of weld dilution after 2.5 s at the maximum welding temperature (3442 °C). ¢ Sectional view
of weld dilution after 4 s at the maximum welding temperature (3458 °C). d Sectional view of weld dilution
after 5.5 s at the maximum welding temperature (3461 °C). e Sectional view of weld dilution after 7 s at
the maximum welding temperature (3462 °C). f Sectional view of weld dilution after 8.5 s at the maximum
welding temperature (3688 °C)
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temperature. Grain Refined Zone, 950 to 1150 °C, i.e., beyond A3 up to the grain refined
temperature range, Partially Transformed Zone, 750 to 950 °C, or below A3 [29, 30].

Weld dilution is a phenomenon brought on by the heat of welding. This is a change in
the weld metal brought on by mixing the weld metal or the weld metal that had already
been deposited. In other words, due to absorption in the parent metal, the alloy composi-
tion of the weld metal decreases or undergoes dilution when two pieces of metal are joined

by welding. The following factors influence the amount of weld dilution:

i. Joint edge preparation and the type of weld joint
ii. The welding procedure, the characteristics of the procedure, and the techniques
used
ili. Incompatibility between the base metal and the filler

However, improper welding process control might lead to several welding flaws that
could ultimately result in the failure of the weld joint. Weld porosity, lack of fusion, inad-
equate penetration, weld undercut, etc. are some typical weld problems linked to improp-
erly regulated weld dilution. Sectional views of weld dilution simulation profiles at different
seconds (1, 2.5, 4.5, 5.5, 7, and 8.5 s) at maximum welding temperatures (3430, 3442, 3458,
3461, 3462, and 3688 °C) are shown in Fig. 11a—f respectively.

This agrees with the findings obtained by Ohwoekevwo et al. [26] which revealed that
increase in welding time steps of 1, 2.5, 4, 5.5, 7, and 8.5 s corresponded with increase in
welding temperature with maximum values of 3430, 3442, 3458, 3461, 3462, and 3688 °C.
The aforementioned welding temperature effect led some variations with maximum weld
dilution in the order of 65.70, 68.80, 70.80, 71.60, 72.40, and 73.10%, respectively. A signifi-
cant correlation was observed in each of the 20 weld runs obtained from experimental and
FEM weld dilution output response.

The welding input parameters in Table 8 are responsible for the maximum welding tem-
perature and weld dilution obtained in this paper. It is observed that welding input param-
eters of 250.23 A current, 23.5 V voltage, and 13.5 m/L gas flow rate produced maximum
welding temperature of 3688 °C which lead to maximum FEM predicted weld dilution of
73.1% and experimentally determined maximum weld dilution of 71.55%. Similarly, welding
input parameters of 199.77 A current, 26 V voltage, and 11.98 m/L gas flow rate produced
maximum temperature of 3390 °C which lead to minimum FEM predicted weld dilution of
46.8% and experimentally determined minimum weld dilution of 44.5%. Dinesh and Sunil
[31] reported weld dilution of 47.61%, Kumari et al. [32] reported weld dilution of 46.05%,
while Kingsley-omoyibo [33] reported weld dilution of 45.73% for TIG welding operation.
Studies have shown that lower weld dilution which is obtained from lower welding tem-
perature is ideal for steel materials [34—36]. Therefore, it is important to adequately control

welding input parameters in order to obtain quality welds.

Conclusions

Thermal investigation of AISI 1020 low carbon steel plate that has undergone an experi-
mental gas tungsten arc welding technique was done in this work. Later, the dynamics
of the welded material were studied using a finite element computational approach. The

following conclusions from the study were arrived at during the course of the study.
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ii.

iii.

iv.

It is discovered that a high heat input and a high percentage of weld dilution are
related. To put it another way, increasing the heat input will result in more thermal
energy and, thus, more dilution.

It has been found that a high percentage of weld dilution and a high melting rate of
the metal when welding are related.

Weld dilution and welding current were plotted, and it was discovered that an
increase in welding current also caused an increase in the percentage of weld dilu-
tion and vice versa.

In this instance, the heat flux and welding temperature increased and dropped in
pari passu, showing that the opposite is true in that the greater the welding tem-
perature, the higher the heat flux.

The weld profiles clearly showed that the fusion zone was where the welding heat
input and temperature reached their greatest levels. Beyond this zone, the heat
transfer decreases as it passes through the HAZs. This is as a result of the welding
heat traveling from a region of higher temperature (fusion zone) to the region of
lower temperature (grain growth zone, recrystallized zone, partially transformed
zone, tempered zone, and unaffected base metal). The size of HAZ is influenced
by the level of thermal diffusivity, which is dependent on the thermal conductivity,
density, and specific heat of a substance as well as the amount of heat going in to
the material.

Therefore, the welding process should be carefully monitored while also choosing the

best welding input variable to reduce the likelihood of weld flaws that could ultimately

result in the failure of the weld joint.
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