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Abstract
Simulations of thewelding process for butt joints using finite element analysis (FEA) of the effect of
porosity are presented. Themetal usedwas aluminium alloy (grade 2024), and thefillermaterial was
alloy ER5356. The simulations were performed using the commercial software ANSYS, considering a
double ellipsoid heat source, temperature-dependentmaterial properties,material deposits, mechan-
ical analysis, transient heat transfer, and defects (porosity). In this study, the FEA simulations were
constructed for two types of heat source (single- and double-ellipsoid)used in gas tungsten arc
welding (GTAW), and the calculated residual stress results were comparedwith the experimental
values. Two double ellipsoidmodels were constructed for cases with andwithout porosity. The
porosity wasmeasured by three-dimensional (3D) computed tomography (CT), and the size and
location of pores weremapped onto theweld bead created by the birth-and-death technique.

1. Introductions

Aluminium alloys (2xxx and 7xxx series) aremostly used to produce aerospace components with high specific
strength [1, 2] and high-strength precipitation hardening. The 2024 aluminium alloy is typically employed in
automobile, aerospace, and radar fields because of its high strength, low density, and excellent heat resistance
[3, 4]. For instance, itmay be used tomake the skin, frames, panels, piston, blades, cylinder head, and screws
during the production of aircraft and liquid-fuel tanks of rockets.

Gas tungsten arcwelding (GTAW), which is distinguished by high controllability and low cost of equipment,
is widely used for sheet precisionwelding. It is also known as tungsten inert gas (TIG) and is awell-known
welding technique for awide range ofmaterials [5]. Gas tungsten arcwelding uses a non-consumed tungsten
electrodewith inert gas, such as argon, as a shielding gas [6]. Thus, the arc welding of aluminium alloy is of great
importance in producing high-strength alloy, which leads to lighter and cheaper structures [7].

One of themajor problems associatedwith thewelding of aluminium alloys is the formation of gas porosity
[8]. Porosity is an important factor responsible for the degradation ofmechanical properties. Large porosity
affects themechanical properties of welded joints. It is essential to identify the cause of porosity formation to
prevent its occurrence. Themajor reason for the formation of pores is hydrogen.Hydrogen present in theweld
metal or arc atmosphere is often the root cause of the formation of a variety of defects, but also an important
reason for the reduction in themechanical properties of theweldmetal. Hydrogen is the only gas inmolten
aluminumwhich has significant solubility. Thewelded pool will absorb and dissolve hydrogen during the
welding of aluminumalloy in proportion to its partial pressure in the arc atmosphere. The solubility of hydrogen
in themolten aluminum is about 20 times higher than that in the solid aluminum. Thus, once hydrogen has
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been introduced into theweld pool inwelding, weld porosities would formwhile theweld pool containing
dissolved gases above the solubility limit in solid aluminium [8].

After welding, the current detection of internal porosity is often achieved using an x-ray process, which is
also used offline. The high cost of welding quality inspection has become a bottleneck restricting the
development of high-efficiencywelding technology. In this research, porosities were analyzed by preliminary
radiographic test (RT) and three-dimensional (3D) computed tomography (CT). In the simulation of pores
characteristics, the size and position of the pores were obtained fromRT andCT and then used to create a CAD
model that is closest to reality as possible. There are 8 actual workpieces of welded. Theworkpiece has themost
size and pores distribution characteristics (sample number 7), whichwill be simulated in this step by using the
SOLIDWORKS program. FEAwas implemented by creating a simulation ofGTAWand pores characteristics
occurring by usingANSYS Software. In the analysis of the distribution of residual stress in thewelds, the
porosities effect that affects the residual stress in thewelds from theGTAW, an element type of SOLID90, which
is a single degree of independence, as the heat-based element is used for this analysis. By determining the thermal
andmechanical properties of aluminumalloy grade 2024 as shown in table 1. Since each temperature is not
stable, the properties of each temperature are not equal. The simulation, therefore, requires different thermal
andmechanical properties at different temperatures.

Residual stresses occur throughout the area of solidifiedweldmetal, and the heat-affected zone (HAZ) in a
welded joint [9] and distortion inwelding are primarily caused by the transient thermal cycles in the vicinity of
theweld [7]. Due to the high intensity of the localised heat source, a non-uniform transient temperature field
occurs.Many techniques have been used tomeasure residual stress in aluminiumalloy, including the hole-
drillingmethod [10], the x-ray diffraction (XRD)method [11, 12], and the holographic interferometrymethod
[13], just to name themost popular. In this research, XRD,which is typically used tomeasure residual stress [14],
was used tomeasure residual stress in longitudinal and transverse directions.

Many researchers have studied the prediction of welding residual stresses. Finite element analysis (FEA) has
been utilised by several authors to performwelding simulation and to forecast welded residual stress in different
types of joints andmaterials [15–17]. Afinite element simulation is an essential tool for accurately predicting
welding distortion and residual stresses inwelded structures [9]. Fricke et al [18] used the full 3Dpipewelding
model and presented residual stress on twodifferent diameters of the pipe. Oddy et al [19] reported that the
prediction of the temperaturefield requires a nonlinear transient 3D analysis. The consequences of some
welding parameters on residual stresses [15]have been studied by Ribycki et al [20], who investigated the effect of
wall thickness and pipe diameter using the axisymmetric FEAmodel with lateral symmetry formulti-pass
welding of stainless steel pipes. Inweld simulation, computational software on an FEAprogram such as ANSYS,
ABAQUS,MSC/MARC, and SYSWELD are popular [21, 22]. The FEApackage ANSYS is used in this research.
It is one of themost efficient pieces offinite element (FE) calculation software and is used to evaluate residual
stress, the effect of porosity, and the analysis of basic structural and heat-transfer problems. Zubairuddin et al
[21] used SYSWELD software for the thermo-mechanical analysis and created a 3Dmeshedmodel for the
simulation and used a double ellipsoidal heat source distribution for the thermal analysis. Klobčar et al [23] used
ABAQUS computer forfinite elementmodeling of theGTAweld-surfacing process. Themodel developedwas
applied to predict deformation and residual stresses, and to detect areas critical to crackingwhen complex-
geometry tooling was repaired.Moreover, Na et al [3] studiedmetals heat-treated under high pressure on 2024
aluminiumalloywhile restricting expansion-deformation heat-treatment by using the ABAQUS finite element
software, and the effects of themouldmaterial properties.

From the foregoing, it was found that the creation of a three-dimensional finite elementmodel on the
analysis of pore sizes and distributions did not producemuch research. Besides,Wei [24] used a linear
discriminant analysis (LDA) prediction rule for weld surface porosity in gasmetal arc welding (GMAW) based

Table 1.Thewelding experimental conditions of 8welding
specimens.

Arc current Welding speed Wire feed rate

No. (A) (mm min−1) (mm min−1)

1 180 240 700

2 180 240 400

3 180 210 700

4 180 210 400

5 130 240 700

6 130 240 400

7 130 210 700

8 130 210 400

2
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on a statistical analysis of arc current. Therefore, recent work has led to the development of such amodel, for the
prediction of residual stress, size, and distribution of pores in the bead on plate welds in 2024 aluminium alloy.
Processmodeling and experimentation are both used to address the key problems in the retention of good post-
weldmicrostructures and properties and the control of residual stress and distortion forwelding of 2024
aluminiumalloy or othermaterials.

The objective of this researchwas to investigate the possibility of ‘pores’ in a corresponding 3Dfinite element
model with the XRDmethod for the purpose of calculating themagnitude and distribution of thewelding
residual stresses. In this work,first, a comparison between the single heat sourcemodel and the double-ellipsoid
heat sourcemodel by FEA andXRDwas conducted. Then, a comparison of the results of the FEAwith porosity,
FEAwithout porosity, and actual XRD results was carried out. To create a finite elementmodel, the porosity in
GTAW, pore shape, and pore distributionwere entered into the FEAprogram from3Dwith computed
tomography and SolidWorks programs [25]. To this end, 3D FEAbased on statistical analysis and a prediction
model for porosity defects was developed and verified underwelding conditions. Therefore, themodels
mimicked a real welding situationwhere porosity occurs in theweld bead.

2.Material andwelding procedure

To achievemaximum efficiency from the test, the experimental design or researchmethod design is needed by
using scientific processes. Thewelding conditions are defined by the full factorial designmethod. From the
literature review that studied thewelding of aluminumalloy byGTAW, it’s found that the factorsmay affect the
size, the characteristics of the porous distribution and the residual stress values occur, all 3 factors including (1)
arc current, (2)welding speed and (3)wire feed rate. In this research, each factor has 2 levels which are high level
and low level. Thewelding experimental conditions of 8welding specimens as shown in table 1. It is reliable to
predict the residual of other welding conditions based on the givenwelding conditions. In the simulation of
pores characteristics, the size and position of the pores were obtained fromRT andCT. TheRT found that
sample number 7 had in themost pores.With budget constraints, themeasurement of thework is quite high and
expensive, therefore wewill choose only themost pores workpiece tomeasure inCT (3D).

As for FEA, the purpose of predicting residual stress in the present welds, FE analysis is essential to capture
sufficient detail in the thermalfield. It is, however, important to optimise the complexity of the FE
implementation to achieve acceptable accuracy efficiently, particularly for transient thermal problems such as
the present case which are far from steady-state conditions. Validation against experimental results is conducted
on the basis of residual elastic strain, rather than stress, since it is strain that is actuallymeasured. Difficulties,
however, include the avoidance of hot cracking duringwelding, the development of good post-weld
microstructures and properties, and the control of residual stress and distortion.

Gas tungsten arcwelding is widely used for welding aluminium, and it produces welds of good appearance
and quality [1]. The square butt joint configuration shown infigures 1 and 2was prepared to fabricate
GTAW joints. The plates of 2024 aluminium alloywere cut into the required size: 150×100×3.2mm
(width×length×thickness). Awelding arc was initiated between the tungsten electrode and the aluminium
alloy specimen. An alternating current and high frequency (ACHF)method [26]was used because it generally
helps reduce the chance of oxide film formation on the surface of welded areas.

TheGTAWwas performed on aweldingmachine ofmodel 275 Precision TIG fromLincoln Electric
Company. Further, ER5356 (1.2mmdiameter)wire was used during thewelding process as afillermaterial. The
aluminiumalloy grade 2024 had the followingwelding conditions: gasflow rate 8 l min−1, arc gap 3mm,
welding angle 90 degrees, andwelding frequency 20Hz. Theweldwasmade in a straight direction andwith full

Figure 1.Butt-joint welded specimen.

3
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penetration. Theweld pass is a single-pass GTAW.The temperatures of the aluminium alloy are shown in
table 2. The butt-joint welded specimen and the joint prepared prior towelding are shown infigures 1 and 2.

3.Governing equations

Based on the above assumptions, the conservation equations can bewritten. The heat transfer equation in a
stationary orthogonal curvilinear coordinate system (x, y, z) [17] that depends on the time of the formation of
solids in 3D is expressed as follows:
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where ρ represents themass density, c represents the specific heat capacity, kxi
represents the tensor of the

coefficient of thermal conductivity,Q represents the heat input,T constitutes the temperature variation as a
function of distance in the axis xi, and time t, and xi represents themain axial distance [17]. The stress equation is
written as
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where sij is the stress tensor,T0 is the reference temperature at zero stress,α is the expansion coefficient, eij is the
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where v is the Poisson’s ratio, andE is themodulus of elasticity.
According to the double-ellipsoid heat sourcemodel, the heat sourcewas divided into front and rear

sections, each of which had a separate distribution of heatflux. A volumetric heatfluxmodel proposed by
Goldak is implemented in themodel [27]. The volumetric heatflux in the front and rear regions is defined as
follows in equations (4) and (5) [27–30]

For the front heat source,

h

p p
= - - -q x y z

f VI

abc
e e e, ,

6 3
4

f

f

x a y b z c3 3 3f
2 2 2 2 2 2( ) ( )/ / /

Figure 2.The joint prepared prior towelding.

Table 2.Properties of 2024 aluminium alloy [3].

Temp

Thermal

conductivity

Specific heat

capacity

Elastic

modulus

Poisson’s

ration

Yield

strength Density

Thermal expansion

coefficient

(C) (W.m−1 K−1) (KJ/kg.C) (GPa) (MPa) (kgm−3) (10–6)

20 164 881 72.4 0.33 473.0 2780 14.000

100 182 927 66.5 0.33 416.5 2780 23.018

200 194 1047 63.5 0.33 293.5 2780 24.509

300 202 1130 60.4 0.33 239.8 2780 25.119

400 210 1210 56.1 0.33 150.0 2780 25.594

500 220 1300 50.0 0.33 100.0 2780 26.637
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and for the rear heat source,

h
p p

= - - -q x y z
f VI
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where v is the voltage duringwelding, I is the arc current, and h is the arc efficiencywith =b a,f =b b4 ,r f and
+ =f f 2;f r bf is the distance of the front heatflux, br is the distance of the rear heat flux [27]. The geometric

parameter a b b, ,f r and c are schematically shown infigure 3. The relationship between these heat-deposited
fractions and geometric parameters is as below [31]:
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The front half of the source is the quadrant of one ellipsoidal source and the rear half is the quadrant of another
ellipsoid, and this figure also shows the distribution of power density along the y-axis [27, 32, 33].

In themodel, the samplematerial is 2024 aluminiumalloy, and the square butt-joint welded specimens. The
properties and chemical composition are shown in tables 2 and 3, [3] respectively. The analysis of the chemical
compositionwas performed by using energy dispersive x-rayfluorescence (EDXRF).

4. X-ray computed tomography (CT)

During thewelding process, pores (also known as cavity pockets) frequently occur and are the characteristic
feature of aluminium alloywelding. This is usually done offline. Nevertheless, the x-ray technique cannot
separate the overlapping porosities in the thickness direction [8]. After welding, the pores are frequently
inspected by x-ray.Monitoring technology based on the use of radiographic tests [31], ultrasound [34], infrared
thermography [35], and image processing [36] have been proposed.

The inspection of the porosity and its size of all 8welding specimensweremeasured. In this research, the RT
was an x-ray YXLONmachine series YSMART583 [26]. An example of RTfilm from sample number 7 is shown
infigure 3, where all the black dots are pores. The results showed that the number of pores×average size of the
pore at the arc current of 130A, welding speed of 210 mmmin−1, andwire feed rate of 700 mmmin−1 (sample
number 7) resulted in themost pores.

After that, the porosity was detected, and its size wasmeasured by 3D x-ray CT to lower the cost of inspecting
defective welds in 3D,which are quite expensive. Therefore, researchers will select only themost porous
specimens to detect defects in three dimensions. Sample number 7was chosen tomeasure the three-
dimensional pores to achievemore precision using 3D x-ray CT.X-ray CTwith cone-beam geometry has been
used for non-destructive characterization and evaluation ofmaterials [37]. X-ray transmission investigated the
specimen using the same type of x-ray tube as in themicro-focused x-ray transmission imaging system [8].
Computed tomography has become an essential and effectivemethod in the analysis of the internal structure of

Figure 3.Example of a radiographic test (RT)film. (Whenpassing through thefilmwashing process, it appears as dark spots or dark-
round [porosities]).

Table 3.Chemical composition (wt%) of 2024 aluminium
alloy [14, 33].

Cr Cu Fe Mg Mn

�0.10 3.80–4.90 �0.50 1.20–1.80 0.30–0.90

Si Ti Zn Other Al

�0.50 �0.15 �0.25 �0.15 Bal.

5
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materials, allowing pores, cracks, or defects to be visualised and evaluated in thematerials [38, 39]. Therefore, 3D
x-rayCTwas used. The shape, size, porosity, and quantity of pores formed during aluminiumalloyweldingwere
determined by 3D x-ray computerised axial tomography. The longitudinal section and cross-section of weld
beadswere polished and etched. In addition, the shapes of poreswere observed. The size and characteristics of
themeasured specimen are shown infigure 4.

TheCT system could not separate a defect smaller than 70μm in the analyzed specimens [38]. The scanning
parameters are shown in table 4.

TheCT images (figures 5, 6) show that the porosity is dense near the center of thewelding line. Computed
tomography can clearly specify the location of the pores. In addition, it canmeasure pores with overlapping
characteristics along theweld aswell as the size of pores in 2024 aluminium alloy. The summary of the porosity
analysis of the samples using theCTmethod is shown in table 5. Preliminary observation frombothCT image
and residual stress results suggested that the area with high porosity was likely to create tensile residual stress on
the surface [8], which could decrease the surface integrity and strength of thematerial. Top and side view cross-
section of 2024 aluminium alloy as shown infigures 7, 8.

Figure 4. Size and characteristic of themeasured specimen by 3D x-ray CT.

Table 4. Scanning parameters.

Parameters Details

System GEPhoenix VV|tome|x S 240KV
ACQ/REC. software Datos|x 2.2
Tube voltage 175 kV

Tube current/Target power 600μA/105W

No. of images 1500

Voxel size 100

Total scan time 33 min

Filter 1 min Sn

Reconstruction time <2 min

Analysis software VG StudioMax 3.0

Figure 5.Welding line.

6
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From themeasurement of the pore quantity of 2024 aluminium alloy by RTmethod, it was found that the
pore volume can bemeasured in 2D form,which cannot directly determine the pore volume. In here, it assumes
the appearance of pore characteristic of all sphere, but in fact, the pores perhaps not spherical, itmay be a

Figure 6.Top 10-point biggest diameter.

Table 5.The number of pores (defects)detected with 3D computed
tomography (CT).

Diameter (mm)
Number of

pores (N)
Average pore

size (mm)

<0.15 158

0.15–0.30 55

0.30–0.45 110

0.45–0.60 84

0.60–0.75 42 0.4549

0.75–0.90 47

0.90–1.05 38

>1.05 26

Total 560

Figure 7.Top view cross-section of 2024 aluminiumalloy.

Figure 8. Side view cross-section of 2024 aluminium alloy.

7
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distorted shape from the sphere resulting in various values including the residual stress value that occursmaybe
slightly distort. At the same time, the porosity of 2024 aluminumalloywasmeasured by theCTmethod, it can be
measured in 3Dwhich can indicate the volume of all pores along theweld (the characteristics of overlapping
pores). This is consistent with the appearance of actual pores, resulting in the residual stress values that occur
match reality.

5. FEAmodel (simulation)

Afinite elementmodel for predicting the evolution of stress and distortion for a bead on the plate of GTAW in
the 2024 aluminium alloy plate has been described [7]. The FEAmodel consisted of sequential uncoupled
thermal andmechanical analysis. According toMousavi andMiresmaeili [40], Ueda andYamakawa in 1971
used 2D finite element analysis to calculate thewelding residual stresses for the first time, andMcDill et al in
1990were the first to perform3D analyses to predict residual stresses in the largewelds [5, 40]. The effect of
geometry configuration on residual stress was analyzed and comparedwithfindings from the x-ray diffraction
method.Many other FEAmodels have also been suggested to estimate residual stresses. Deng andMurakawa
[41] developed a 3DFEAmodel that simulates residual stresses during a pipe’smultipass weld. Owen et al [42]
provided comparisonswith residual stress developed duringwelding of aluminium alloyAA2024 among
neutron diffraction, x-ray diffraction, synchrotron x-ray diffraction, and finite elementmodel results.

In this research, the FEAmethodwas used tomodel gas tungsten arc weldingwith porosity. Thefinite
elementmodel was constructed usingANSYS simulation software. Further-more, the ANSYS programpredicts
residual stress frombutt-joint welding by gas tungsten arc welding of 2024 aluminium alloy. The aerospace
industry uses 2024 aluminium alloy inmany aircraft parts and spacecraft components. The specimen dimension
was 150×100mmwith a thickness of 3.2mm. Thisfinite element analysismodel used a SOLID 90 element for
welding analysis [43] andwas constructed from a double-ellipsoid heat source on the same surface. Then, heat
fluxwasmoved from the surface of one element onto the next element until thewelding process was complete
using the birth and death technique [44]. Porous simulation inwelding can only assume that the reduction in a
cross-sectional area associatedwith porosity is what affects residual stress. Finite elementmethods are essential
in order to capture the coupling between thermal histories, elastic properties at high temperatures, and residual
stress of the consequent development [14]. In this article, themodel is adapted to themore practical situation of
a square butt weld. Detailed validation is a key aspect of the construction of any reliable processmodel. The
cross-section of thewelding specimen’s internal porosity andmesh sizing is shown in figure 9.

The comparison of the finite elementmodel is presented below.

1. XRD measurement of 304 stainless steel, 304 stainless steel (single heat source) and 304 stainless steel
(double-ellipsoid heat source)models:
We compared the differences in the residual stress values between all threemethods. The longitudinal
residual stress results of references [22, 44] andGTAWof 304 stainless steel (size of 150×100mmand
thickness of 0.3mm)with a single heat source and residual stress from theXRDmeasurements of the actual
welding are shown in table 7. A comparison of longitudinal residual stress results between theXRD
measurement, single heat source, and double-ellipsoid heat source of 304 stainless steel is shown in table 5.

2.Model of 2024 aluminium alloywith porosity andwithout porosity (double-ellipsoid heat source):

Figure 9.Cross-section of thewelding specimen internal porosity andmesh sizing.

8
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Themodel used 3,391,078 nodes and 773,500 elements.Moreover, the 2024 aluminium alloymodel has a
mesh size of 0.4×0.4mm, and the porositymesh size is 0.05mm.Results of the FEAmodel of 304 stainless steel
(double-ellipsoid heat source), FEAmodel of 2024 aluminium alloywithout porosity and porosity (double-
ellipsoid heat source) are shown infigures 10–12.

After simulatingwelding and cool downuntil the temperature of the specimenwas equal to room
temperaturewith transient thermal analysis, the program analysis was changed from transient thermal analysis
to static structural analysis to investigate residual stresses. A comparison of longitudinal residual stress results
between theXRDmeasurement, welding simulationwithout porosity, andwelding simulationwith porosity of
the double-ellipsoid heat source of 304 stainless steel is shown in table 6.

Figure 10.Welding simulationwith birth–death technique of 304 stainless steel (double-ellipsoid heat source).

Figure 11.Welding simulationwith birth–death technique of 2024 aluminium alloywithout porosity (double-ellipsoid heat source).

Figure 12.Welding simulationwith the birth–death technique of 2024 aluminiumalloywith porosity (double-ellipsoid heat source).
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6. Residual stressmeasurement

Residual stresses in a body are those that are not required tomaintain equilibriumbetween the body and its
environment [11]. Residual stresses have beenmeasured in theGTAWbutt-joint welded 2024 aluminium alloy
plate using synchrotronXRD.

In this research, welding conditionswere generated by the use of a full factorial experimental design
technique. The variables usedwere arc current, welding speed, andwire feeding rate [44]. The residual stress
measurement of sample number 7, which produces themost porosity, was performedwith a Stresstech x-ray
diffractionmachine (X-STRESS 3000) [26, 44], which uses a copper-containing x-ray tube. Themachine is
equippedwith aCr x-ray tube source radiation of wavelengthλ= 2.084 87Å. Baisukhan et al [22] usedXRD to
measure non-destructively and predict residual stresses in the largewelds for GTAW.Theψ-angles (0,±18.4°,
±26.6°,±33.2°,±39.2°,±45°)were used. TheXRDmethod, known as the sin2ψmethod [45], was used to
measure theRS. TheX-STRESS 3000 is shown in figure 13.

Thewelding positionsweremeasuredwith x-ray diffraction and finite elementmodel in the center of the
weld zone (the liquid regionwhere the process itself takes place and is adjoined by the fusion boundary), at the
following distances from thewelding line: 0, 5, 10, 20, 30, and 40mm, as shown in figure 14. The residual stress
wasmeasured in the longitudinal direction (along the center line-Hdirection) and in the transverse direction.

7. Results

In table 6, the distance from the center of theweld at 5mm is near thewelding line, which is the area of the heat-
affected zone (HAZ). There is a very high temperature, but the temperature is not high enough tomelt into the

Table 6.Comparison of longitudinal residual stress results in 304 stainless steel fromXRD, single heat source, and double-ellipsoid heat
source.

Distance from theweld center (mm) 5 10 20 30 40

Residual stress fromXRD [22, 44] (MPa) 186.9 −299.6 −204.0 −180.1 −157.2

±20.2 ±26.1 ±37.0 ±46.1 ±55.4

Residual stress fromFEA, 304 stainless steel (single heat source) [22, 44] (MPa) 201.59 −287.24 −263.05 −238.37 −212.67

Residual stress fromFEA, 304 stainless steel (double-ellipsoid heat
source) (MPa)

165.10 −290.91 −214.50 −186.90 −172.59

Figure 13. Stresstech x-ray diffraction (XRD)machine.
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welds and rapidly cool downduringwelding.Themeasured value of FEAof 304 stainless steel (double-ellipsoid
heat source) is 165.10MPa,which the tolerance rangemeasuredbyXRD is 186.9±20.0mm (166.9–206.9MPa).
Therefore, the residual stress value is considered consistent, which a difference is 13.20%.

The distance from the center of theweld at 10mm is near theHAZ. Themeasured value of FEA of 304
stainless steel (double-ellipsoid heat source) is−290.91MPa, inwhich the tolerance rangemeasured byXRD is
−299.6±26.1mm (273.5–325.7MPa). Therefore, the residual stress value is considered consistent, which a
difference is 2.99%.

The distance from the center of theweld at 20, 30, and 40mm is the area tested. Themeasured values of FEA
of 304 stainless steel (double-ellipsoid heat source) are−214.5,−186.9, and−172.59MPa, which the tolerance
rangemeasured byXRD is−204.0±37.0mm (167–241MPa),−180.1±46.1mm (134–226.2MPa), and
−157.2±55.4mm (101.8–212.6MPa), respectively. Therefore, the residual stress values are considered
consistent, which a difference is 5.15%, 3.77%, and 9.79%, respectively.

The data obtained from table 6 is analyzed for statistical results, a paired t-test analysis of a hypothetical
experiment. The statistical analysis indicated that the acquired p-values (0.148) are greater than 0.05 and 0 inside
a 95% confidence interval. Therefore, it can be concluded that both sets of data are no significant differences. By
comparing residual stresses, we can be accepted theweldingmodel and confirmed that the value is correct by the
FEAmethod.

From the graph infigure 15, according to the abovementioned criteria, it was determined that the heat of the
double-ellipsoid heat source specimenwas accurate, and the effect of residual stress was similar to that of the
single heat source specimen determined from the actual welding. Themeasurement of residual stress byXRD
was compared to residual stress from the finite elementmodel.Moreover, residual stress in the longitudinal
directionwas tensile (positive) at a distance of 5mm from themiddle of theweld beads. Residual stress in the
longitudinal directionwasmostly tensile in the area near theweld beads. This tensile residual stress usually
affects fatigue crack initiation in thematerial.

Figure 14.The location used tomeasure (by finite element analysis (FEA) andXRD) the residual stress of welding.

Figure 15.Residual stress in 304 stainless steel determined byXRD, single heat source, and double-ellipsoid heat source.
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In table 7, The 0mm is themiddle of thewelding linewith very high temperatures duringwelding, which is
an important area. Themeasured value fromFEA is−25.044MPa. The tolerance rangemeasured byXRD is
−34.37±52.1mm (17.73–86.47mm), which has different values equal to 9.3269MPa.

The distance from the center of theweld at 5mm is near thewelding line, which is the area of the heat-
affected zone (HAZ). There is a very high temperature, but the temperature is not high enough tomelt into the
welds and rapidly cool down duringwelding. Themeasured value of FEA is 61.37MPa. The tolerance range
measured byXRD is 70.35±10.0mm (60.35–80.35mm), which has different values equal to 8.98MPa.

The distance from the center of thewelds at 10mm is the area tested. Themeasured value of FEA is
−10.44MPa. The tolerance rangemeasured byXRD is−14.62±15.4mm (0.78–30.02mm), which has
different values equal to 4.18MPa.

The distance from the center of thewelds at 20mm is the area tested. Themeasured value of FEA is
−12.504MPa. The tolerance rangemeasured byXRD is−10.00±47.3mm (−37.3–57.3mm), which has
different values equal to 2.504MPa.

Finite element analysismust account for the presence or absence of porosity within theweld zone of 2024
aluminiumalloy. The FEAmodel simulates only sample number 7 owing to cost constraints. Thus, themost
porous sample was selected.
The data obtained from table 7 is analyzed for statistical results, a paired t-test analysis of a hypothetical
experiment. The statistical analysis indicated that the acquired p-values (0.911) are greater than 0.05 and 0 inside
a 95% confidence interval. Therefore, it can be concluded that both sets of data are no significant differences. By
comparing residual stresses, we can be accepted theweldingmodel and confirmed that the value is correct by the
FEAmethod. The schematic of 3D full images was imported toANSYS software for image analysis and
visualization as shown infigure 17.

8.Discussion

8.1. Porosity analysis
Generally,most industries use advanced tools to help detect faults or other defects that occur in thewelding
process and to reduce inspection time and to obtain quality workpieces ormaterials for applications such as
Radiographic Testing (RT). RT is a radiographic test. Radiographic testing is themethod of detecting defects
inside thematerial using radioactivematerial and thefilm to record data,most of thesemethods are used in pipe
andwelding, etc. The RT [31]method provides preliminary results and shows a virtual 2Dof pores.While, the
detection of internal porosity is often performed bymeans of an x-raymethod after welding, which is often used
off-line. Actually, because of the high cost, only some critical weldments (used in aviation, aerospace, nuclear,
etc) require100% inspection by x-ray [8], whilemost commonweldments requiremerely a spot check. X-ray
sources with smaller spot sizes andCT-cone-beam systemswith better resolution are the quality of three-
dimensional CTwill increase. At the same time, our results come frommeasurements by a three-dimensional
x-ray computed tomography (CTorXCT)method. TheCTmethod canmeasure the size, volume, and volume
of all the pores that are better. The pictures of porosities are displayed into three-dimensions, which can convert
files and import into the finite element analysis programsmore conveniently and easily. Overlapping pores, CT
techniques can scan and store data. So, when usedCTmethod in themodel, the simulations aremore accurate
than other techniques.

8.2. Residual stress analysis with thefinite elementmodel
Themost significant parameters for the prediction of residual stress in themechanical analysis were the
temperature dependence [7] of the yield properties of the platematerial. The approach has been validated
successfully against directmeasurements of the residual stress fieldmade via x-ray diffraction. This is important
because there are toomany parameters for a systematic parametric experimental study (arc current, welding

Table 7.Comparison of longitudinal residual stress results fromXRDand FEAof 2024
aluminium alloy.

Distance from theweld center (mm) 0 5 10 20

FEAwithout porosity (MPa) −22.730 17.230 −32.319 −24.171

XRD (MPa) −34.37 70.35 −14.62 −10.00

±52.10 ±10.00 ±15.40 ±47.30

FEAwith porosity (MPa) −25.044 61.370 −10.44 −12.504
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speed andwire feed rate, the distance ahead of the arc, etc) to be feasible. The non-uniform cooling ratewithin
thematerials induced residual stress after 2 specimenswerewelded together [22]. From these angles, the atomic
spacing of the diffracting lattice planes is received by using Bragg’s law [44, 46]. Researches, residual stresses were
analyzed variousmethods by curvaturemeasurement [47], hole drilling [48], synchrotron x-ray [49], and
magnetic & electrical techniques [11], etc. Positions formeasurement byXRD and FEAmodel were at the
following distances from themiddle of thewelding line such as 0, 5, 10, 20, 30, 40mm (Transverse direction).
The residual stress result by XRD shown infigures 18 and 19, were found that thewelding bead zone had
compressive residual stresses. The result of residual stress obtained from anon-destructivemeasurement by the
XRDmethodwas comparedwith the results from the FEAmodel on a given condition.

Afinite element analysis using shell elements has been conducted tomodel the generation of residual stresses
caused by TIGwelding of 3.2mmaluminium alloy 2024 plate. Appropriate selection of heat sink conditionswas
important to obtain accurate thermal histories [3]. After the FEAwas verified, the design of the experiment was
firstly used for determining experimental conditions. It wasmore cost-effective for using data from a verified
FEAmodel than obtained directly frommeasurements [22]. Therefore, in research the values of residual stresses
were obtained fromvaryingmain effects conditions in the FEAmodel, the output results were then analyzed
statistically byMINITAB software. The residual stresses fromwelding simulation byfinite element analysis
methodswere comparedwithmeasurements by x-ray diffraction shown infigures 15 and 16.

From graphfigure 16, the residual stress obtained fromXRD, single heat source, and double-ellipsoid heat
sourcemethods at thickness 3mm.The research of Baisukhan et al [44] shown the residual stress results in 304
stainless steel byXRD and FEA (single heat source), inwhich the residual stress values are consistent and similar.
To confirm the correctness of the heatingmodel during the actual welding process and to be realistic as possible
for the FEAmodel, the FEAwill compare with two heat sources (single source and double-ellipsoid heat source).
After that, we simulate the FEA (double-ellipsoid heat source)model of 304 stainless steel, the residual stress data
of FEA (single heat source) of [44] are compared. The double-ellipsoid heat source is closer to the actual welding
measured byXRD than the single heat source. The double ellipsoid heat source is a volumetric heat sourcewith a
‘GaussianDistribution BasedDouble-EllipsoidMovingHeat Source’, which providesmore accurate results
than a single point or single heat source.

Application of the finite elementmethod in theGTAWprocess with porosity, there is notmuch research.
Bouafia et al [50], used 3D finite element stress in the stress concentration factor of steel welding points (joint)
and the porous effect that occurs in theweld nugget process. The porouswelding structure is under uniaxial
tensile stress using numerical analysis.Meanwhile,Weiler et al [51] used the finite elementmethod to predict the
high-pressure casting behavior of AM60Bmagnesium alloy under constant load. Effect of pore sizes and
positions by using LS-DYNA software for analysis.

Inmost cases, the simulation of finite element analysis is found to be neglected in the insertion of pores or
other abnormalities. In the case that there are notmany porosities, it will be assumed that there are no pores in
themodel. Given the relatively large number and size ofmost pores, these small pores probably have no
significant role to play in deformation. This research incorporates pores into the simulationwhich is a new
technique. Itmakes the results more consistent. From graph figure 17, the residual stresses showed fromFEA
of 2024 aluminium alloymodel without porosity (double ellipsoid heat source), XRD results of 2024
aluminium alloy with porosity, and FEA of 2024 aluminium alloymodel with porosity (double ellipsoid heat

Figure 16.Comparison of residual stress from thewithout porosity, XRD, and porosity results of 2024 aluminium alloy (3.2mm
thickness).
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source). From the FEA simulation, it is found that the porous simulation ismore than consistent with the
actual workpiece. The occurrence of porosity, including the porous distribution that occurs in the welding
line, affects the residual stress values of weldingworkpiece. The FEA simulation can predict without inferior
to othermethods, but we have additional applications tomake themodel accurate and consistent. Therefore,
it was deduced that the FEAmodel for computing temperature field and residual stress during welding are
valid, and subsequently, this validation leads to the conclusion that we can use the FEmodel with porosity for
predicting the weld.

Figure 17. Schematic of 3D full images was imported to ANSYS software for image analysis and visualization.

Figure 18.The residual stress result by XRD (304 stainless steel).

Figure 19.The residual stress result by XRDdiffraction (2024 aluminium alloy).
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9. Conclusions

1. The CT analysis showed porosity at the weld area produced at various welding speeds. It was observed that
porosity wasmost prevalent for condition 7 (sample number 7).

2. A more rigorous experiment on the effect of porosity on residual stress can be performed in the future at
different positions along theweld zone and at specific locations.

3. Thismethodwas compared to the directmeasurements of the residual stressfield obtainedwith XRD.

4. The values of residual stress from XRD, single heat source, and double-ellipsoid heat source for the
thickness of 3mmare consistent and similar. It was determined that the double-ellipsoid heat source
providedmore accurate residual stress results compared to the actual XRDmeasurement of a single heat
source. The double-ellipsoid heat source is a volumetric heat source. It has a ‘GaussianDistribution-Based
Double-EllipsoidMovingHeat Source’, which providesmore accurate results than a spot heat source,
which is also known as the single heat source.

5. The simulations of FEA models containing pores showed that porous models were more similar (residual
stress values) to the actual welding results thanmodels without pores.
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