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Abstract: An important trend in recent ships and offshore structures is that they require high strength
as well as light weight. Due to this trend, various materials are being used to replace existing carbon
steel, with aluminum alloys being used frequently. In particular, this trend is conspicuous in outfitting
rather than in traditional structural strength members. As a typical example, the use of aluminum
alloys is increasing in helideck structures and handrails, which are tertiary components. In order
to make the example structures above, welding is absolutely necessary. There are various welding
methods used for aluminum alloy, with gas metal arc welding (GMAW) the most widely used. It
is very important to be able to simulate welding and to predict various physical quantities of this
welding technique in the production of aluminum alloy structures. In particular, welding-induced
residual stresses are always generated in a structure that has been welded, and can greatly influence
structural stability. Therefore, this paper proposes a method to simulate the welding phenomenon
using a precise welding heat source for various aluminum alloys. Additionally, the validity of the
proposed finite element (FE) analysis method is verified by measuring the residual stress of the
representative aluminum alloy.

Keywords: aluminum alloy; GMAW (gas metal arc welding); residual stress; FEA (finite element
analysis); hole drilling method

1. Introduction

Recently, many studies have been conducted on various issues in the field of structural
strength, and one of the representative topics is the problem of reducing the weight of
structures. Structures made of heavy materials consume a lot of energy when moving,
which reduces fuel efficiency. For this reason, high-strength and lightweight materials
are in the spotlight, and in particular, aluminum alloys could be seen as a representative
material that meets this principle.

Particularly in the shipbuilding and offshore industries, weight reduction is directly
related to the environmental problem because materials using aluminum alloys can con-
tribute to reducing the carbon emission by reducing the overall structural weight and
increasing fuel efficiency. As a typical example, the use of aluminum alloy is increasing in
helideck structures and handrails, which are tertiary components. In order to make such
structures using an aluminum alloy, welding (generally gas metal arc welding (GMAW),
see Figure 1) is absolutely necessary. However, as is widely known, when welding is
performed to fabricate a structure there is local expansion and shrinkage of the structure
due to the welding heat source, resulting in various deformations and residual stresses due
to this local contraction/expansion and the constraint of the structure itself. [1] In relation
to this issue, it is widely known to use direct experiments or numerical analysis using the
finite element method (FEM).
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Figure 1. Configuration of gas metal arc welding (GWAM). 

Many previous studies have already been conducted on this topic. A number of re-
lated studies are available in the literature in association with the direct measurement of 
welding-induced initial imperfections in steel- or aluminum-stiffened plate structures. For 
example, Masubuchi [1], Smith et al. [2], Ueda [3], Paik et al. [4], Paik [5,6], Paik et al. [7,8], 
Vhanmane et al. [9], Luís et al. [10], Bruno et al. [11], Khedmati et al. [12] and Teresa et al. 
[13] obtained measurement databases of initial distortions on aluminum-plated struc-
tures; Cheng et al. [14], Kenno et al. [15,16] and Yi et al. [17–19] obtained measurement 
databases of residual stress on steel-plated structures; and Paik et al. [4], Paik [6] and Paik 
et al. [7,8] obtained measurement databases of residual stresses and softening on alumi-
num-plated structures. Further, many previous studies (Rosenthal [20], Pavelic et al. [21], 
Eager et al. [22], Wahab et al. [23], Marugan et al. [24], Choo et al. [25], Nguyen et al. [26], 
Fan et al. [27] and Sharma et al. [28]) have determined heat transfer by heat source mod-
eling. 

Recently [29], many papers related to the thermal cycle of welding dissimilar alumi-
num materials have been published; however, the study of heat source models for various 
structural aluminum alloys does not seem to have received much attention. In addition, it 
seems that there are not many experiments on the characteristics of temperature-gradient 
distribution around the heat source for verification of the heat source model. This basic 
research should be applied via a simple experiment using a unit specimen, but we found 
this was lacking in existing studies. Lastly, in relation to the verification of the precision 
heat source model of gas metal arc welding (GMAW) used for aluminum alloy welding, 
the comparative study between the numerical analysis results and the residual stress 
measurement experiment was also relatively insufficient. 

In this study, welding experiments were conducted with basic unit specimens for 
three types of alloys (Al 5083, Al 6061 and Al 6082) that are currently used as structural 
aluminum alloys. Then, a tensile test was performed to check the mechanical properties 
by extracting the base material and welding part of the aluminum alloy from this speci-
men. Further, thermocouples were installed near the welding part during the welding 
experiment to extract the thermal history. This result was comparatively verified through 
precise FE thermal analysis and used to propose a heat source model suitable for GMAW. 
Finally, after welding, the welding-induced residual stresses were measured through the 
hole drilling technique in a specific specimen. The purpose of this is to propose the most-
suitable heat source model for GMAW of aluminum alloys by comparing and verifying 
FE analysis results of a precision heat source model. The results suggest it is reasonable to 
use the heat source model proposed in this study for GMAW simulation of aluminum 
alloys. 
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Figure 1. Configuration of gas metal arc welding (GWAM).

Many previous studies have already been conducted on this topic. A number of
related studies are available in the literature in association with the direct measurement of
welding-induced initial imperfections in steel- or aluminum-stiffened plate structures. For
example, Masubuchi [1], Smith et al. [2], Ueda [3], Paik et al. [4], Paik [5,6], Paik et al. [7,8],
Vhanmane et al. [9], Luís et al. [10], Bruno et al. [11], Khedmati et al. [12] and Teresa et al. [13]
obtained measurement databases of initial distortions on aluminum-plated structures;
Cheng et al. [14], Kenno et al. [15,16] and Yi et al. [17–19] obtained measurement databases
of residual stress on steel-plated structures; and Paik et al. [4], Paik [6] and Paik et al. [7,8] ob-
tained measurement databases of residual stresses and softening on aluminum-plated struc-
tures. Further, many previous studies (Rosenthal [20], Pavelic et al. [21], Eager et al. [22],
Wahab et al. [23], Marugan et al. [24], Choo et al. [25], Nguyen et al. [26], Fan et al. [27] and
Sharma et al. [28]) have determined heat transfer by heat source modeling.

Recently [29], many papers related to the thermal cycle of welding dissimilar alu-
minum materials have been published; however, the study of heat source models for
various structural aluminum alloys does not seem to have received much attention. In
addition, it seems that there are not many experiments on the characteristics of temperature-
gradient distribution around the heat source for verification of the heat source model. This
basic research should be applied via a simple experiment using a unit specimen, but we
found this was lacking in existing studies. Lastly, in relation to the verification of the
precision heat source model of gas metal arc welding (GMAW) used for aluminum alloy
welding, the comparative study between the numerical analysis results and the residual
stress measurement experiment was also relatively insufficient.

In this study, welding experiments were conducted with basic unit specimens for three
types of alloys (Al 5083, Al 6061 and Al 6082) that are currently used as structural aluminum
alloys. Then, a tensile test was performed to check the mechanical properties by extracting
the base material and welding part of the aluminum alloy from this specimen. Further,
thermocouples were installed near the welding part during the welding experiment to
extract the thermal history. This result was comparatively verified through precise FE
thermal analysis and used to propose a heat source model suitable for GMAW. Finally, after
welding, the welding-induced residual stresses were measured through the hole drilling
technique in a specific specimen. The purpose of this is to propose the most-suitable heat
source model for GMAW of aluminum alloys by comparing and verifying FE analysis
results of a precision heat source model. The results suggest it is reasonable to use the heat
source model proposed in this study for GMAW simulation of aluminum alloys.
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2. Materials and Experiments
2.1. Characteristics of Each Type of Aluminum Alloy

Aluminum alloys are generally divided into heat-treatable and non-heat-treatable
alloys (Table 1).

Table 1. Heat-treated and non-heat-treated aluminum and its alloys.

Type Series Note

Non-heat-treatable

1xxx pure metal Al(>99.0%)
3xxx Al-Mn series alloys
4xxx Al-Si series alloys
5xxx Al-Mg series alloys

Heat-treatable
2xxx Al-Cu series alloys
6xxx Al-Mg-Si series alloys
7xxx Al-Si-Mg series alloys

Among the Al alloys introduced in Table 1, there are three types used in this study: Al
5083 H321, Al 6061 T6 and Al 6082 T6. The general characteristics of each of these alloys
are summarized as follows.

In 5000-based Al alloys (Al-Mg series alloys), tensile strength and strength against
deformation are increased with the addition of Mg, which makes machining difficult. They
are mainly used for structural equipment such as buildings, vehicles, ships and bridges. Al
5083 (containing 4.5% Mg) has a tensile strength of 200–300 MPa and is widely used for
welded structures. This Al alloy is mainly used in the form of a plate, created by rolling
process. As a non-heat-treated alloy, it has the best strength and good weldability, corrosion
resistance and workability. In alloy naming, the last letter ‘H’ means work-hardened, with
H3 indicating an alloy that has been work-hardened and then stabilized.

The 6000-based Al alloys (Al-Mg-Si series alloys) are heat-treated and have decent
weldability due to their excellent formability, strength and corrosion resistance. However,
there is a disadvantage in that the weld is softened by the heat of welding. Therefore, Al
6061 and 6082 alloys are used to make section steels through extrusion. The alloy treatment
symbol ‘T’ indicates heat treatment, with T6 corresponding to artificial aging after solid
solution treatment.

2.2. Specimen Testing Using GMAW

Specimen tests were performed exponentially to verify the simulation for precision
GMAW and the developed heat source model. Specimen testing (Samsung Heavy Indus-
tries Co., Ltd., Geoje 53261, Korea) was conducted in fillet and butt welding of three Al
alloys (Al 5083 H321, Al 6061 T6, Al 6082 T6). The detailed size of the specimen is shown
in Figure 2, and the number of each specimen according to Al alloy and welding types is
shown in Table 2.

Metals 2022, 12, x FOR PEER REVIEW 3 of 18 
 

 

2.1. Characteristics of Each Type of Aluminum Alloy 
Aluminum alloys are generally divided into heat-treatable and non-heat-treatable al-

loys (Table 1). 

Table 1. Heat-treated and non-heat-treated aluminum and its alloys. 

Type Series Note 

Non-heat-treatable 

1xxx pure metal Al(>99.0%) 
3xxx Al-Mn series alloys 
4xxx Al-Si series alloys 
5xxx Al-Mg series alloys 

Heat-treatable 
2xxx Al-Cu series alloys 
6xxx Al-Mg-Si series alloys 
7xxx Al-Si-Mg series alloys 

Among the Al alloys introduced in Table 1, there are three types used in this study: 
Al 5083 H321, Al 6061 T6 and Al 6082 T6. The general characteristics of each of these alloys 
are summarized as follows.  

In 5000-based Al alloys (Al-Mg series alloys), tensile strength and strength against 
deformation are increased with the addition of Mg, which makes machining difficult. 
They are mainly used for structural equipment such as buildings, vehicles, ships and 
bridges. Al 5083 (containing 4.5% Mg) has a tensile strength of 200–300 MPa and is widely 
used for welded structures. This Al alloy is mainly used in the form of a plate, created by 
rolling process. As a non-heat-treated alloy, it has the best strength and good weldability, 
corrosion resistance and workability. In alloy naming, the last letter ‘H’ means work-hard-
ened, with H3 indicating an alloy that has been work-hardened and then stabilized. 

The 6000-based Al alloys (Al-Mg-Si series alloys) are heat-treated and have decent 
weldability due to their excellent formability, strength and corrosion resistance. However, 
there is a disadvantage in that the weld is softened by the heat of welding. Therefore, Al 
6061 and 6082 alloys are used to make section steels through extrusion. The alloy treat-
ment symbol ‘T’ indicates heat treatment, with T6 corresponding to artificial aging after 
solid solution treatment. 

2.2. Specimen Testing Using GMAW 
Specimen tests were performed exponentially to verify the simulation for precision 

GMAW and the developed heat source model. Specimen testing (Samsung Heavy Indus-
tries Co., Ltd., Geoje 53261, Korea) was conducted in fillet and butt welding of three Al 
alloys (Al 5083 H321, Al 6061 T6, Al 6082 T6). The detailed size of the specimen is shown 
in Figure 2, and the number of each specimen according to Al alloy and welding types is 
shown in Table 2. 

 
(a) 

100 mm

350 mm

t = 10 mm

10t

Root gap = 1 mm

Root face = 1 mm

Groove angle = 60˚

①
②

③

Back gouging

Figure 2. Cont.



Metals 2022, 12, 891 4 of 18Metals 2022, 12, x FOR PEER REVIEW 4 of 18

(b) 

Figure 2. Design of specimen (dimension and welding detail): (a) Dimension and joint detail of butt
welding; (b) Dimension and joint detail of fillet welding.

Table 2. Specimen specifications. 

Type 
Dimension 
(L × W × t) Al 5083 H321 Al 6061 T6 Al 6082 T6

Butt  
specimen 350 × 100 × 10 2 2 2 

Fillet
specimen 

(plate) 
350 × 200 × 10 1 1 1 

(web) 
350 × 100 × 10 1 1 1 

Total 4 4 4 
(unit: mm). 

As shown in Figure 3, the work was carried out based on the actual welding proce-
dure specification (WPS). Table 3 and 4 shows the welding heat input based on WPS.

(a) (b) 

Figure 3. (a) Fillet welding; (b) Butt welding. 

100 mm

350 mm

t = 10 mm

200 mm

350 mm

t = 10 mm

▶ Web plate

▶ Deck plate

Leg length = 7~8 mm

Figure 2. Design of specimen (dimension and welding detail): (a) Dimension and joint detail of butt
welding; (b) Dimension and joint detail of fillet welding.

Table 2. Specimen specifications.

Type Dimension
(L ×W × t) Al 5083 H321 Al 6061 T6 Al 6082 T6

Butt
specimen 350 × 100 × 10 2 2 2

Fillet
specimen

(plate)
350 × 200 × 10 1 1 1

(web)
350 × 100 × 10 1 1 1

Total 4 4 4
(unit: mm).

As shown in Figure 3, the work was carried out based on the actual welding procedure
specification (WPS). Tables 3 and 4 shows the welding heat input based on WPS.
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Table 3. Heat input parameter for making the fillet weld length.

Welding
Parameter

Current
(A)

Voltage
(V)

Speed
(cm/min)

Heat Input
(kJ/cm)

Leg Length
(mm)

WPS
Condition 145.6–218.4 23.5–31.7 30.1–45.1 6–8 4.2–8.4

Real
Condition 210 25 39.6 7.8 7.5

Table 4. Heat input parameter for butt welding.

Welding
Parameter

Number
of Pass

Current
(A)

Voltage
(V)

Speed
(cm/min)

Heat Input
(kJ/cm)

WPS
Condition

#1 132.2–184.8 19–25.8 22.4–33.6 5.6–9.3
#2 128–192 19–25.8 28.9–43.32 5.9–8.8

Back gouging
#3 124–186 19–25.8 22.1–33.1 5.6–9.4

Real
Condition

#1 150 23 28 9
#2 160 22 30 7.04

Back gouging
#3 155 23 25 8.57

As shown in Figure 4, fillet welding was performed at about 7–8 mm for both the
upper and bottom leg lengths. In the case of butt welding, after welding on the front side,
gouging was performed on the backside to remove the welding defects of the first layer.
After gouging, the last welding of the backside was performed.
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2.3. Mechanical Property Testing for Al Alloys

First, Tables 5–7 provides information on the chemical composition of each alloy as
provided by the steel mill of manufacture.
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Table 5. Chemical composition of Al 5083 H321.

Si
(%)

Fe
(%)

Cu
(%)

Mn
(%)

Mg
(%)

Cr
(%)

Ni
(%)

Zn
(%)

Ti
(%)

Others

Each Total

Actual 0.19 0.36 0.029 0.66 4.79 0.083 0.0081 0.11 0.016 - -

Limit
Min. - - - 0.40 4.00 0.050 - - - - -

Max. 0.40 0.40 0.10 1.00 4.90 0.25 - 0.25 0.15 0.050 0.15

Table 6. Chemical composition of Al 6061 T6.

Si
(%)

Fe
(%)

Cu
(%)

Mn
(%)

Mg
(%)

Cr
(%)

Ni
(%)

Zn
(%)

Ti
(%)

Others

Each Total

Actual 0.69 0.43 0.22 0.15 1.00 0.17 0.0098 0.048 0.017 - -

Limit
Min. 0.40 - 0.15 - 0.80 0.040 - - - - -

Max. 0.80 0.70 0.40 0.15 1.20 0.35 - 0.25 0.15 0.050 0.15

Table 7. Chemical composition of Al 6082 T6.

Si
(%)

Fe
(%)

Cu
(%)

Mn
(%)

Mg
(%)

Cr
(%)

Ni
(%)

Zn
(%)

Ti
(%)

Others

Each Total

Actual 1.01 0.10 0.01 0.53 0.72 0.01 - 0.01 0.02 - -

Limit
Min. 0.7 - - 0.4 0.6 - - - - - -

Max. 1.3 0.50 0.1 1.0 1.2 0.25 - 0.2 0.1 0.05 0.15

Further, in order to perform precise numerical analysis of Al GMAW, it is necessary to
obtain accurate mechanical property information. Therefore, tensile tests (Samsung Heavy
Industries Co., Ltd., Geoje 53261, Korea) were performed on the base and welded parts of
the three Al alloys used in this study. These experiments were performed in accordance
with ASTM E8/E8M-16a, and two repetitions were performed for the base material and
welded part. In addition, in order to accurately check the bead and heat affect zone (HAZ)
shape, macro sections were extracted for butt and fillet welds. The extraction location for
each test is shown in Figure 5.
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Figure 5. Extraction zone of tensile test and macro section: (a) Test specimen for butt welding; (b) Test
specimen for fillet welding.

A tensile test was conducted using the tensile test specimen extracted in this way
(Figure 6), with 50 mm gauge length and 25 mm width in accordance with ASTM code.
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The final fractured specimens after tensile testing are shown in Figure 7. Figure 8
shows the tensile test results for each Al alloy. This is the result of each tensile test on the
base metal and the welded part as described above. What is conspicuously confirmed is
that the strength of the weld is lower than that of the base material, particularly for the
6000 series, because the weld is softened by the heat of the weld.
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Figure 7. Fracture state of test specimens: (a) Base metal; (b) Welded metal.
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Figure 8. Engineering stress versus engineering strain curves for Al alloys: (a) Base metal of Al 5083
H321; (b) Welded metal of Al 5083 H321; (c) Base metal of Al 6061 T6; (d) Welded metal of Al 6061 T6;
(e) Base metal of Al 6082 T6; (f) Welded metal of Al 6082 T6.

Table 8 shows the tensile test results, summarizing yield strength, tensile strength and
strain at break.

Table 8. Tensile test results (nominal stress and strain).

Yield Stress
(MPa)

Tensile Strength
(MPa)

Fracture Strain
(mm/mm)

Al 5083 H321
(Base metal)

#1 207.4 326.7 0.316

#2 209.8 328.6 0.327

Al 5083 H321
(Weld metal)

#1 179.8 292.5 0.240

#2 178.1 287.9 0.044

Al 6061 T6
(Base metal)

#1 297.4 325.5 0.289

#2 280.4 327.2 0.301

Al 6061 T6
(Weld metal)

#1 187.3 227.4 0.087

#2 180.4 233.4 0.112

Al 6082 T6
(Base metal)

#1 307.1 328.8 0.205

#2 302.7 326.3 0.207

Al 6082 T6
(Weld metal)

#1 180.9 236.2 0.103

#2 192.1 234.1 0.093
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The macro section of the butt and fillet welds is shown in Figure 9. In both butt and
fillet welds on the test specimens, no penetration defects or cracks were found, and uniform
weld quality was observed.
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Figure 9. Macro section of Al alloys as: (a) Al 5083 H321 for butt welding; (b) Al 6061 T6 for butt
welding; (c) Al6082 T6 for butt welding; (d) Al 5083 H321 for fillet welding; (e) Al 6061 T6 for fillet
welding; (f) Al 6082 T6 for fillet welding.

3. FE Analysis and Verification of Weld-Induced Residual Stresses
3.1. Definition of GMAW Heat Source Model of Al Alloy

A precise heat source model must be defined to accurately predict the temperature
distribution, HAZ and residual stress distribution occurring during welding of Al alloys.
In this study, Goldak’s double ellipsoidal heat source model, which is a typical arc welding
heat source model, was applied. In order to confirm the accuracy and precision of the finite
element (FE) analysis applied in this study, a thermocouple (K-type for high temperature)
was attached around the welding part during specimen testing and compared and verified
with FE analysis. In addition, in order to determine the accuracy of the applied heat source
distribution, the HAZ area through the macro section was compared and verified with FE
analysis. Figure 10 shows the schematic diagram for attaching the thermocouple and the
actual attachment.
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Figure 10. Attachment location of thermocouple (K-type): (a) Schematic figure; (b) Attached thermo-
couple of real specimen.

FE analysis was used to predict the temperature distribution and residual stress of
the specimen by welding. The FE analysis method used in this study is a 3-dimensional
thermo–elastic–plastic mechanical analysis. The method was used to verify the temperature
distribution, and in particular, to confirm whether the proposed heat source model was
valid through the thermal history at the location of the thermocouple.

Since mathematical modeling of the welding heat input parameters is a key factor
in defining the heat source model, the setting of these parameters is an important factor
influencing FE analysis accuracy. As mentioned above, the heat source model used in this
study is Goldak’s double ellipsoidal model, which has been widely verified. Figure 11
below is an overall view of the heat source model used.
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Figure 11 presents the configuration of the heat source distribution with a double
ellipsoidal shape. The heat flux for the first half-ellipsoidal internal area located at the front
of the welding arc can then be defined as follows:

q f (x, y, z) =
6
√

3 f f Q
abc f π

√
π

exp
(
−3x2

a2

)
exp

(
−3y2

b2

)
exp

(
−3z2

c2
f

)
at z ≥ 0

(1)

where
q f (x, y, z): the heat flux for the first half-ellipsoidal internal area located at the front of

the welding arc
f f : the heat input proportion in the front part
Q: the heat flux of the arc, which is taken as Q = ηIU, a, b and c f are geometric

parameters, η is the arc efficiency, I is the current and U is the voltage. x, y and z are the
coordinate where the origin is located on the weld surface below the heat source, as shown
in Figure 11.

The heat flux at any point (x, y, z) in the second semi-ellipsoid covering the rear part
of the arc can be defined as follows:

qr(x, y, z) = 6
√

3 frQ
abcrπ

√
π

exp
(
−3x2

a2

)
exp

(
−3y2

b2

)
exp

(
−3z2

c2
r

)
at z < 0

(2)

where
qr(x, y, z): the heat flux at any point (x, y, z) in the second semi-ellipsoid covering the

rear part of the arc
cr: the geometric parameter
fr: the heat input proportion in the rear part
It is realized that f f + fr = 2 can be approximated as long as the following conditions

are satisfied:
f f =

2
(1 + cr/c f )

, fr =
2

(1 + c f /cr)
(3)

In this study, the main parameters of Goldak’s double ellipsoidal model, a welding heat
input model, were performed using the values in Table 9. Here, the important parameters
of the welding heat source model were determined by the results of previous papers [30]
and empirical methods (comparison between welding backside temperature history and
HAZ shape, detailed description is explained in the next paragraph).

Table 9. Values of the double ellipsoidal heat source model.

a
(mm)

b
(mm)

cf
(mm)

cr
(mm)

ff
(-)

fr
(-)

5 5 2 4 0.4 1.6

Figure 12 shows the temperature history during welding of the representative Al
6061 T6 fillet. It shows the actual experimental result shown in Figure 10, and the short
circuit of the third thermocouple can be conspicuously identified (this is a state in which
normal data cannot be obtained because the thermocouple is short-circuited due to high
heat during welding, and it is a common experimental error). The experimental result
guarantees the accuracy, as the temperature history deviation according to the welding
distance is clearly found.
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Figure 12. A Temperature history during GMAW (Al 6061 T6).
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arcing, and heat conduction is shown. Further, Figure 14 shows the results of comparison
and verification of the experiment based on the analysis results.
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Figure 14. Comparison of temperature history of Ch#1 and #2 of Al 6061 T6 based on experiment
versus FE analysis: (a) Ch#1 position; (b) Ch#2 position.

From these results, the proposed heat source model is confirmed to be valid due to
the consistency between the maximum temperature by welding and the similarity of the
cooling rate after welding.

In addition to verifying the accuracy of the heat source model through the temperature
history, comparison and verification through the HAZ area during Al alloy welding were
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also performed. According to the related literature [31], the HAZ temperature range of the
Al alloy is known to be about 460 ◦C.

Figure 15 shows the comparison between the thermal analysis model and the actual
HAZ through the macro section. As can be seen, the validity of the proposed GMAW of Al
alloy welding-heat-source model was confirmed through HAZ region comparison.
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3.2. FE Analysis of Welding-Induced Residual Stress

Residual stress is inevitably generated during structural welding due to periphery
restraint, thermal expansion and contraction, elastic/plastic deformation and material
phase transformation. Several methods are used to measure welding-induced residual
stresses. In this study, the hole drilling method, which is a destructive residual stress
measurement method, was used. The measured residual stress values were compared and
verified with the precise thermo–elastic–plastic FE analysis proposed in this study.

As mentioned above, the FE analysis method used in this study is a 3D thermo–
elastic–plastic mechanical analysis. Welding is a very complex physical phenomenon,
and knowledge of materials, heat transfer and solid mechanics must be combined and
analyzed. In particular, all material properties should use a temperature-dependent value.
This is because welding occurs from room temperature to the melting point of the metal,
and the physical properties change for each temperature, and expansion/shrinkage of
the metal occurs, thereby generating residual stress (see Figure 16 for details). Therefore,
in the analysis of this study, the temperature-dependent values for both the thermal and
mechanical properties of the Al alloys were used. Table 10 summarizes the temperature-
dependent thermal and mechanical properties [32]. Further, the FE analysis program used
was MSC/MARC, a commercial tool for nonlinear finite element analysis.
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Table 10. Material properties of Al 6061 T6.

Temperature
(◦C)

Thermal
Conductivity
(W m−1 K−1)

Heat
Capacity

(J kg−1 K−1)

Density
(kg m−3)

Thermal
Expansion

(×10−6 K−1)

Young’s
Modulus

(GPa)

Yield
Stress
(MPa)

Poisson’s
Ratio

(-)

0 162 917 2703 22.4 69.7 277.7

0.33

98 177 978 2685 24.6 66.2 264.6
201 192 1028 2657 26.6 59.2 218.6
316 207 1078 2630 27.6 47.8 66.2
428 223 1133 2602 29.6 31.7 17.9
571 253 1230 2574 34.2 0 0

Figure 17 is the equivalent von Mises stress distribution of Al 6061 T6 in the final state
after the proposed FE analysis.
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In this study, the hole drilling method was used to measure the welding-induced
residual stress. This is a method of measuring the residual stress with the strain value that
is relaxed when a strain gauge is attached to the point to be measured and a hole is drilled.

The measurement position is the opposite side of the fillet weld (the reason for mea-
suring the opposite side is to avoid interference between instrumentation and the weld,
and the welding residual stress pattern is known to be almost identical if the material is
thin). This experiment was conducted based on ASTM E837 and E251. Figure 18 shows the
details of the specimen (Al 6061 T6) measured for welding-induced residual stress, with
the measurement location and the strain gauge attached.
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Figure 19 compares the residual stress in the direction of the weld line derived through
analysis with the value measured through the hole drilling method in Al 5083, Al 6061 and
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Al 6082. This confirms that the heat source model proposed in this study is valid in terms
of residual stress distribution and quantitatively.
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Table 11 shows the welding-induced residual stress measurements of each Al alloy as
determined by the hole drilling method.
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Table 11. Measured data of welding-induced residual stresses.

Kinds of Material
Distance

from Weld Center
Line (mm)

σrx (MPa) ±Error (MPa)

Al 5083 H321

10 96 4.8
20 13 10.5
30 4 12.1
50 3 4.5
80 5 8.2

Al 6061 T6

10 106 6.5
20 21 10.2
30 5 5.5
50 1 6.2
80 −5 7.2

Al 6082 T6

10 232 12.8
20 36 8.6
30 8 14.9
50 6 5.1
80 7 15.8

4. Conclusions

When manufacturing structures through welding of Al alloys, various predictions and
experimental verifications are performed through precise numerical analysis to improve
productivity and rationally change future Class Rule Specifications.

(1) In particular, the GMAW welding heat source used for Al alloy welding, which is a
prerequisite for precise prediction, was defined. To verify the defined heat source model,
comparison of temperature history through temperature measurement on the back side
and HAZ area comparison through the macro section were performed. In addition, it was
verified with the proposed analysis method by measuring residual stress through the hole
drilling method.

(2) As a result, the accuracy of the proposed Goldak’s double ellipsoidal model was
confirmed, and it is expected that the proposed model can be used in various ways for
welding each Al alloy in the future.

(3) As a result of the hole drilling residual stress measurement and FE analysis results,
the tensile stress at the weld was found to be high for Al 6082, Al 6061 and Al 5083, on the
same order as the actual yield stress of the base material, and the residual stress due to Al
welding also shows that the residual stress near the weld is close to the yield stress of the
base material.

(4) In particular, it is expected that the residual stress generated during the welding of
stiffened structural Al alloys plates, as determined by this study, could be used as basic
data for initial imperfections in the future in terms of structural integrity. Further research
is necessary to predict and measure the residual stress of Al-stiffened plates in actual sizes
rather than in the units of specimens.
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