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A B S T R A C T

The present paper experimentally investigated the mechanical behaviour of butt-welded joints and evaluated
suitable numerical approaches for modelling them in thin-walled structures with large shell-based models.
Welded connections of both similar and dissimilar materials were first experimentally investigated. Two
extruded plates in 6060 and 7003 in temper T6 were used as parent materials for Metal Inert Gas (MIG)
welding. Three welded joints were made by combining the two parent materials. Extensive testing was carried
out to investigate microstructure, hardness and mechanical stress–strain behaviour of the base materials, heat-
affected zones (HAZ) and weld metals. Cross-weld tensile tests with two weld orientations (with respect to the
loading direction) were performed to study the load–displacement and fracture behaviour of the welded joints.
The experimental results were also used to provide inputs to calibrate and validate shell element-based models
simulating the response of welded aluminium structures. Two modelling approaches were investigated. The first
approach, which is a conventional ‘‘mechanical analysis’’, used material model inputs from the experimental
testing, assuming uniform HAZ strength. The second modelling approach, which is proposed in this study for
engineering applications, relies on inverse modelling of the load–displacement behaviour of similar material
cross-weld tension tests to optimize the HAZ and weld properties. The newly proposed modelling approach was
further verified based on a set of verification tests of cross-weld tension, using shell-based models with different
mesh sizes. A good agreement between numerical and experimental results both in terms of load–displacement
and fracture behaviour was obtained, suggesting that the novel modelling approach could be a reliable and
efficient method for designing butt-welded aluminium structures.
1. Introduction

Aluminium alloys are today used extensively as structural materials
in a wide variety of industries from oil and gas, physical security, au-
tomotive, aerospace, and energy due to its light weight, high strength,
and high energy absorption capacity. For light-weight structure design
in which dissimilar materials are involved, it is nearly impossible to
have connection-free structures. Welding methods are conventionally
used to join aluminium, and metals in generals, due to their low costs,
speed, geometrical flexibility and desirable mechanical properties.

However, design of aluminium welded structural components is a
rather challenging and time-consuming task. This is especially true
when the manufacturing of welded components from aluminium alloys
involves a series of thermal and mechanical operations. With age-
hardenable aluminium alloys, the thermo-mechanical process due to
welding results in the formation of narrow Heat-Affected Zones (HAZ)
with a large variation of material properties. These potential weak
zones may localize deformations when these components are subjected
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to mechanical loads and cause significant problems with respect to
structural integrity.

Even if design codes Eurocode 9 [1] give provisions for the design
of welded aluminium connections, a robust, efficient and reliable mod-
elling method to predict the load–displacement and fracture behaviour
of these components in welded structure is still required.

Currently there is no unified approach to the problem of mate-
rial failure in thin-walled aluminium structures, which considers the
mechanical properties of the welds and HAZ, as well as the stress
concentrations caused by the inhomogeneity of material properties
in HAZ. However, modelling approaches of welded structures may
generally be classified into two classes. The first approach, namely
‘‘thermal-microstructure-mechanical analysis’’, calls for the use of a
rather sophisticated through-process simulation technique to reduce the
need for extensive experimental testing for material model calibration
and to enable realistic prediction of the mechanical performance of
welded components and structures. In this approach, microstructure
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and mechanical properties evolution within HAZ are calculated, ac-
counting for large temperature gradients due to the welding process.
A corresponding variation in the resulting microstructure and yield
strength after welding can be simulated using microstructure based
constitutive model, developed by e.g. Myhr et al. [2,3,4] for Al–Mg–
Si alloys. The result from microstructure-based models is then further
integrated into structural analyses to predict the load–displacement and
failure response of welded structures as demonstrated by, e.g. Zhang
et al. [5], Pickett et al. [6], Puydt et al. [7] and Nazemi [8]. In
these authors’ works, solid element based models were used, and the
resulting numerical results were rather encouraging. However, this
approach relies both on the capability of microstructure-based models
to predict the properties of HAZ and a fine mesh resolution to be
able to represent the gradient of material properties in HAZ. This may
pose impracticality in industrial uses, especially for large structure
modelling. Recently, Dørum et al. [9] have used a similar approach
as Zhang et al. [5] to through-process simulate the structure and plastic
failure behaviour of welded aluminium samples, using both solid and
shell element-based models. Their work has shown that very small
elements (much less than the plate thickness), together with non-local
approach, are needed to resolve the large strain gradients within the
HAZ in order to capture localization and predict failure properly. The
proposed approach was further verified by Alisibramulisi [10] through
an extensive testing programme of welded joints of Al–Mg–Si and Al–
Zn–Mg alloys, covering various heat-treatment routes. The work has
confirmed the need of having a reliable microstructure-based model
for predicting the mechanical properties of HAZ undergoing different
heat-treatment routes in the present approach.

The second modelling approach, namely ‘‘mechanical analysis’’,
requires experimental testing to characterize the material properties of
HAZ and to provide inputs for structural analyses of welded structure.
This approach either assumes uniform HAZ strength for simplicity
reason in design models [11,12] or considers the gradient of HAZ
strength by discretizing the HAZ into multi-parts with different material
properties as proposed, for instance by Wang et al. [13,14]. In these
authors’ work, the properties of the HAZ and weld were established
based on tensile test data from the literature [15]. The strain local-
ization and fracture in various welded aluminium connections were
studied in their works using shell elements combined with an elastic–
plastic constitutive model accounting for the anisotropy and damage of
the aluminium alloy. Satisfactory agreement with experimental results
was obtained. However, the proposed methodology requires extensive
calibration test programme to provide inputs to the model. Tensile
tests are conventionally used to characterize HAZ properties. However,
more advanced characterization methods as proposed by Markiewicz
and his co-authors [16,17] and may be needed when the size of joints
and HAZ is not sufficient for direct specimen machining. In addition,
modelling the HAZ with different small parts to account for the gradient
of HAZ strength is time-consuming with respect to both the meshing
and computation. This aspect may not be neglected when considering
industrial large-scale structure analyses in which shell-based models
with mesh size preferably greater than the plate thickness are used.
Recently, Arif et al. [18] has proposed an efficient method in which
multiple HAZ properties could be included in a single (large) shell finite
element. This approach was successfully demonstrated for modelling
laser welded joints in these authors’ work. Alternatively, cohesive
elements could be used to capture the plastic failure in the HAZ as
investigated by Dørum et al. [9] and more recently by Woelke et al.
[19].

In this paper, the main objectives are (1) to investigate the me-
chanical behaviour of welded aluminium alloys and (2) to propose and
evaluate a modelling approach suitable for large shell element-based
models of welded structures. To this end, welded connections of both
similar and dissimilar materials were first experimentally investigated
in Section 2. Two extruded aluminium alloys, 6060 and 7003 in temper
T6, which are widely used in the automotive industry, were used as
2

parent materials. Three welded joints were made by combining the
two parent materials. Extensive testing was carried out to characterize
microstructure, hardness and mechanical stress–strain behaviour of the
base materials, HAZ and weld metals. Cross-weld tensile tests with
two weld orientations (with respect to the loading direction) were
performed to study the load–displacement and fracture behaviour of
the welded joints. The experimental results were used to provide inputs
for calibrating and validating shell element-based models established
in Section 3. Two modelling approaches were investigated. The first
approach, which is a conventional ‘‘mechanical analysis’’, used material
model inputs from the experimental testing, assuming uniform HAZ
strength. The predictive capability of the conventional ‘‘mechanical
analysis’’ was first studied and discussed. The second approach, which
is proposed in the present work, relies on inverse modelling of cross-
weld tension behaviour of similar materials joints to optimize the HAZ
and weld properties. The performance of the proposed approach was
further verified using a set of verification tests of cross-weld tension,
using shell element based models with different mesh sizes. Finally,
concluding remarks are summarized and discussed in Section 4.

2. Experimental study

2.1. Materials and welding

The parent materials used in this study were two extruded alu-
minium alloys, namely 6060 and 7003 in T6 temper. Both alloys
were heat-treatable, with 6060 being a typical Al–Mg–Si alloy, while
7003 belonging the Al–Zn–Mg based alloy family. The 3 mm-nominal
thick extruded plates made of these aluminium alloys were welded
together using Metal Inert Gas (MIG) welding, making three joining
configurations in total, i.e. Joint C1 (6060–6060 welded joint), Joint
C2 (7003–7003 welded joint) and dissimilar material Joint C3 (6060–
7003 welded joint). The welding process was performed by Fronius
Robot using the advanced Cold Metal Transfer (CMT) Pulse technique,
i.e. a combination of CMT and pulsed arc, to increase the process
window (i.e. the power range) during the welding. An 1.2 mm diameter
wire in 5183 alloy was used as filler material with a feeding speed
of 10.2 mm/min. The investigated aluminium plates were welded at
16 mm/second speed. All the welding process was done along the
extrusion direction (ED) of the plates to be joined, see Fig. 1a for
illustration. No post-weld heat-treatment (PWHT) was applied, and the
welded samples were naturally aged in air prior to any further testing.

2.2. Materials investigation

2.2.1. Microstructure
Light optical microscope was used to investigate the grain structure

of as-received alloys. Through-thickness samples along the extrusion
direction (ED) of the extruded plates were mechanically grounded,
polished and subsequent anodized prior to the examination in the mi-
croscope. Fig. 2 shows the grain structure of the two investigated alloys.
As seen, the 6060 alloy has a typical recrystallized grain structure,
while the 7003 alloy possessing a fibrous microstructure. Small cortical
layers, which exhibit a recrystallized grain structure, are present close
to the surface of the extruded 7003 alloy. This is a result from the
high shear rate close to the surface in interaction with the extrusion
die during the extrusion process.

2.2.2. Mechanical properties
The mechanical behaviour of the as-received alloys was investigated

using tensile test specimens machined both in the extrusion and trans-
verse directions. The samples geometries are shown in Fig. 1b and c.
The flat dog-bone sample, Fig. 1b, was used to investigate material
properties in the transverse direction. On the contrary, the smooth
cylindrical specimen, Fig. 1c, was used for tests in the extrusion di-
rection for the sake of comparison with HAZ properties as investigated
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Fig. 1. (a) Illustration of dissimilar welded plates, (b) Flat tensile test specimen, (c) cylindrical tensile specimen and (d) cross-weld tension specimen. TTD, TD and ED respectively
denote through-thickness, transverse and extrusion directions.
Fig. 2. Microstructure of: (a) 6060 alloy and (b) 7003 alloy. The microstructure was investigated in the transverse direction of extruded plates. TTD and ED denote respectively
the through-thickness and extrusion directions.
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further in Section 2.3.2 using the same sample geometry. All the tensile
tests were performed under displacement control with a nominal quasi-
static strain rate (i.e. 0.5E−3/s) using a Zwick Z030 universal testing

achine with a 30 kN load cell. Three repetitions were carried out for
ach test. The test setups are shown in Fig. 3a and b, for the testing of
he flat and cylindrical specimens respectively.

For the flat samples (in the transverse direction, see Fig. 1a), an
xtensometer of 15 mm gauge length was used to monitor the strain
f the tested samples. Fig. 4 shows representative engineering stress–
train curves up to fracture for the two investigated alloys in the
ransverse direction (TD). The obtained test results are very repetitive.
s can be seen, 7003 is a high-strength alloy with proof and tensile
trengths twice as large as those of 6060 alloys. The investigated alloys
re ductile, with a pronounced neck as illustrated in Fig. 4.

For the smooth cylindrical samples (along the extrusion direction
D, see Fig. 1a), diameter reductions in the transverse and through-
hickness directions (denoted 𝑑𝑇𝐷 and 𝑑𝑇𝑇𝐷, respectively) were contin-

uously measured at the minimum cross-section all the way to fracture
by a laser-scan micrometer, see Fig. 3b [20]. Assuming plastic incom-
pressibility, the true stress 𝜎 and logarithmic strain in longitudinal
 f

3

direction 𝜀 are calculated from the measured force 𝐹 and the diameters
𝑑𝑇𝐷 and 𝑑𝑇𝑇𝐷 as:

𝜎 = 𝐹
𝐴
, 𝜀 = 𝑙𝑛

(

𝐴0
𝐴

)

= 𝑙𝑛

(

𝑑20
𝑑𝑇𝐷𝑑𝑇𝑇𝐷

)

(1)

here 𝐴0 and 𝐴 are respectively the initial cross-section area and the
ctual area of the specimen, while 𝑑0 is its initial diameter.

The true stress versus longitudinal true strain curves are plotted in
ig. 5 for the two investigated alloys in both ED and TD. Using the flat
pecimens (Fig. 1b), the true stress–strain curves in TD are plotted up
o necking, since the local deformation in the necked area could not be
onitored with the used extensometer after the incipient necking. On

he contrary, the possibility to monitor the diameter reduction in the
ecked area with the laser-scan micrometer enabled the interpretation
f true stress–strain results in ED all the way to fracture, see Fig. 5. As
een, the two alloys exhibited to some extent anisotropy both in yield
tress and work hardening, with a higher strength in ED. The 6060 alloy
s more ductile in comparison with the investigated 7003 alloy, as seen
rom the strain at fracture in ED.
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Fig. 3. Material test setups: (a) flat sample, (b) cylindrical sample and (c) Cross-weld tension test setup.
Fig. 4. Engineering stress–strain curves in transverse direction (TD) from flat sample tensile tests of 6060 and 7003 alloy. Three repetitive test results are plotted together with
the numerical simulation result (dashed red curve).
Fig. 5. True stress–strain curves in ED and TD, (a) 6060 alloy and (b) 7003 alloy.
2.3. Welded connections testing

2.3.1. Microstructure and hardness investigation
The microstructure and hardness of the three welded joints, namely

Joint C1 (6060–6060 welded joint), Joint C2 (7003–7003 welded joint)
and dissimilar material Joint C3 (6060–7003 welded joint), were in-
vestigated using the samples shown in Fig. 6a. The samples were
mechanically ground, polished and subsequently anodized prior to
the examination in the light optical microscope for grain structure
investigations, as for the material study. The hardness measure was
then performed along the welds (in TD) by micro indentation using
LEICA VMHT MOT test machine and 1 kg load.

Fig. 6b shows the hardness result in Vickers hardness (HV) along
the cross weld, i.e. as function of the distance from the weld centre. As
4

expected for the two similar material joints C1 and C2, the measured
hardness is symmetric with respect the weld centre. The HAZ widths
of Joint C1 and Joint C2 are about 8.5 mm and 12.5 mm, respectively.
The transition area (from HAZ to the base material) of the two joints
are comparable and close to 4 mm. It can be seen that the softest zone
of Joint C1 is the HAZ, while for Joint C2 it is located in the butt-weld
area. The hardness values of HAZ of the two joints C1 and C2 are about
37% and 14% lower than that of the corresponding parent materials.
The dissimilar material Joint C3 represented a good mix of the two
joints C1 and C2, as indicated by the hardness results. It is of interest
to see that the butt-weld’s hardness of Joint C3 is about the average of
those of Joint C1 and C2.

The optical microscope images of the three joints are shown in
Fig. 7. The HAZ of Joint C1 has a recrystallized grain structure, with a
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Fig. 6. (a) Samples for microstructure and hardness investigation, (b) Hardness test results of three joints. TTD and TD respectively denote the through-thickness and transverse
directions.
Fig. 7. Microstructures of the three investigated welded joints. TTD and TD respectively denote the through-thickness and transverse directions.
significant grain size variation. Some very large grains were observed
close to the weld fusion area. The large grains were also observed on the
welded 6060 side of Joint C3, but somewhat smaller. The reason for the
resulted large grain in HAZ of the welded 6060 alloy is unknown and
considered out of scope of the current study. Due to the fibre direction
of the 7003 base material aligned in the extrusion direction (ED), see
Fig. 2b, the fibrous grains of this alloy are seen as a cloud of ‘‘points’’ in
Fig. 7 of the cross-weld sections perpendicular to ED. With this in mind,
the HAZ of the welded 7003 alloy seems to also possess a fibrous grain
structure as it can be seen from Fig. 7.

The butt-welds of the three joints have a recrystallized microstruc-
ture with coarser grains (about 200 μm) in comparison with the 6060
alloy grain size. It is interesting to see that on the side of the welded
7003 alloy, there is a grain size gradient towards the weld fusion line,
which is not seen on the side of the welded 6060 alloy. Fig. 8 shows
a zoom of the microstructure at different locations (namely a-Weld
fusion with 6060 alloy, b-Weld material and c-Weld fusion with 7003
alloy) from Joint C3. As can be seen, the weld fusion on the side of the
welded 7003 alloy serves as a transition area from the recrystallized
grain structure of weld materials to fibrous grain structures of the HAZ.

2.3.2. Weld and HAZ material investigation
To get an insight into the mechanical properties of the HAZ and

weld materials for the three joints, tensile tests were conducted using
smooth cylindrical tensile specimens machined from the welded plates
along the extrusion direction. Samples from two locations in HAZ of
the welded 6060 alloy, three in HAZ of the welded 7003 alloy and one
5

sample in the centre of their weld materials were machined, see Fig. 9
for illustration. Three repetitions were performed for each test, leading
to 24 mechanical tests. The geometry of the used smooth cylindrical
tensile specimens was the same as for the base material testing, see in
Fig. 1b. The same testing procedure for cylindrical tensile specimens
as described in Section 2.2.2 was applied, using the setup with the
laser-scan micrometer, see Fig. 3b.

Fig. 9 shows the true stress–longitudinal true strain results for all
the tests, plotted all the way to fracture using Eq. (1). As for the
base material testing, no significant scatter in results was observed
in between the replicates. Thus, only one representative curve was
shown in Fig. 9 for each test for sake of clarity. The comparison of
the tensile behaviour between HAZ, weld metal and base materials is
shown in Fig. 9a and b, respectively for the similar material welded
joints C1 (6060–6060 joint) and C2 (7003–7003 joint). As can be
seen, the yield stress of Joint C1’s weld materials is slightly higher
than that of the HAZ. The opposite is obtained for Joint C2. This
observation is consistent with the hardness results shown in Fig. 6b. In
Joint C1, the weld metal exhibits a stronger work-hardening behaviour
in comparison with 6060 base material and HAZ materials, while the
highest work-hardening was seen for HAZ materials in Joint C2. With
respect to ductile fracture, the HAZ materials of Joint C1 exhibit a
higher ductility than that of the weld material while the HAZ materials
of Joint C2 exhibit a lower ductility than their corresponding weld
material. A slight difference in tensile behaviour between the two HAZ
tests of welded 6060 alloy (C1) is visible (Fig. 9), while the stress–strain
curves from the three investigated locations in HAZ of Joint C2 are

almost identical.
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Fig. 8. Zoom of microstructure of Joint C3 (6060–7003 joint) at different zones illustrated in Fig. 7: (a) Weld fusion with 6060, (b) Weld material and (c) Weld fusion with 7003.
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The true stress–longitudinal true strain results of the weld materials
rom the three joints are plotted together for comparison in Fig. 9c.
s expected, the stress–strain curve of the weld material of Joint C3

i.e. 6060–7003 joint) lies between those of the two other similar
aterial joints, which is consistent with the hardness results in Fig. 6b.
he ductility of Joint C3’s weld material is in the same extent as
or Joint C2, which is much lower than that of Joint C1 (6060–6060
oint). The stress–strain results also depict a serrated yielding at the
irst part of the curve (prior to necking) for all weld materials, see
ig. 9d showing a zoom of welds’ stress–strain curves. The observed
erration in yielding is related to the Portevin–Le Chateliers effect
PLC), occurring with dynamic strain ageing (DSA) associated with
onditions when point defects can diffuse towards mobile dislocations
nd temporarily arrest them [21–23]. The DSA mechanism is widely
bserved for Al–Mg alloy family [22–26], including the 5182 alloy
sed as the weld filler material in this study. The observed serration
n yielding is more pronounced for Joint C1, and less pronounced for
oint C2. This is most likely due to the mixing of the filler material and
ase material during the welding process, altering the Mg content as a
unction of the chemical composition of the welded base material.

Fig. 10 shows the representative test results for all the tested HAZ
nd weld materials, in terms of the engineering stress plotted against
he engineering strains in both the trough-thickness and transverse
irections (TTD and TD). The engineering strains 𝑒𝑇𝑇𝐷 and 𝑒𝑇𝐷 are
efined as:

𝑇𝑇𝐷 =
𝑑0

𝑑𝑇𝑇𝐷
, 𝑒𝑇𝐷 =

𝑑0
𝑑𝑇𝐷

(2)

where 𝑑0, 𝑑𝑇𝑇𝐷 and 𝑑𝑇𝐷 are respectively the initial diameter and the
ctual diameters in the through-thickness and transverse directions.
sing these definitions, it can be observed that both alloys exhibit
lastic anisotropy. The HAZ materials of the welded 7003 alloy are
ess ductile than those of the welded 6060 alloy, and fracture occurred
rior to any observed necking with a typical shear fracture surface,
ee Fig. 10. On the contrary, the weld materials appear to be rather
sotropic since no significant differences in strains in TTD and TD were
bserved for the three welded connections.

.3.3. Cross-weld tensile tests
Cross-weld tensile samples were machined from the welded plates

s illustrated in Fig. 1a to investigate the mechanical properties of
he welded joints. The sample geometry is illustrated in Fig. 1d, with
he butt-weld oriented in an angle 𝛼 with respect to the transverse

direction of the samples (i.e. the direction perpendicular to the loading
direction).

The cross-weld tension behaviour of three welded joints was first
tested in 𝛼 = 0◦ (i.e. the weld direction perpendicular to the tensile
loading direction). These tests were used for the numerical models cal-
ibration/verification in Section 3. Additional tests of Joint C1 (welded
6060–6060) and Joint C3 (welded 6060–7003) using samples in 𝛼 = 20◦

with respect to the weld direction were also performed for a more reli-

able verification/validation of the modelling approaches investigated in R

6

Section 3. Due to lack of materials, testing of Joint C2 (welded 7003–
7003) in 𝛼 = 20◦ was not possible. In the following, all the tests are
labelled as 𝐶𝑥−𝑊 𝛼, with 𝐶𝑥 denoting the joint configuration (i.e. C1,
C2 and C3), and 𝑊 𝛼 denoting the orientation of the butt-weld (i.e. W00
and W20).

The cross-weld tension testing was performed at quasi-static strain
rate (i.e. 1e-3/s) under displacement control, using an Instron testing
machine with a 250kN load cell, see Fig. 3c for the test setup. During
testing, an extensometer of 40 mm gauge length was used to monitor
the strain of the tested samples. At least three repetitions were carried
out for each test.

Fig. 11 shows the cross-welds tensions behaviours for all successful
tests in terms of engineering stress and engineering strain in the loading
direction. For Joints 𝐶𝑥 − 𝑊 00 (i.e. weld angle 𝛼 = 0), the tests were
performed with both full butt-weld and polished flat butt-weld, while
for Joints 𝐶𝑥 − 𝑊 20 (i.e. weld angle 𝛼 = 20) only tests with flat
butt-weld were investigated, see Fig. 11 for illustration.

As seen from the test results of Joints 𝐶𝑥 − 𝑊 00, the butt-weld
geometry affected slightly the cross-tension behaviour (full lines for
tests with full butt-welds, and dashed lines for tests with polished flat
ones). Joint C1 of welded 6060–6060 alloys exhibits higher ductility
in comparison with Joint C2 of welded 7003–7003 alloys. A localized
thinning followed by softening was observed for Joint C1 tests, while
Joint C2’s samples failed prior to any necking with a typical through-
thickness shear fracture mode. The fracture of C1 samples was located
in the transition area (from HAZ to BM, about 8 mm from the weld
fusion line), while the Joint C2’s samples fractured in the weld area,
see Fig. 11. The dissimilar material 6060–7003 joints (Joint C3) ex-
perienced similar mechanical and fracture behaviours as for Joint C1
(6060–6060), with a major deformation occurring on the 6060 side.
Ductile fracture was also observed for the 6060–7003 joints at the
transition area (from HAZ to BM, about 8 mm from the weld fusion
line) on the 6060 side.

The joints with 20◦ oriented weld (i.e. Joints 𝐶𝑥 − 𝑊 20) exhibit
imilar behaviour in terms of engineering stress–strain curves as for
oints 𝐶𝑥−𝑊 00. Ductile fracture was obtained for all the investigated
oints, 𝐶1 − 𝑊 20 and 𝐶3 − 𝑊 20, at the transition area (from HAZ to
M) on the 6060 side.

. Numerical modelling of welded joints

This section aims to establish and investigate modelling approaches
sing large shell-element based models for simulating the load–
isplacement and fracture behaviour of welded connections in thin
luminium plate structures. Two modelling approaches were inves-
igated. In the first approach, which is a conventional ‘‘mechanical
nalysis’’, the material model parameters for HAZ, weld and base
aterials were obtained from the calibration based on the experimental

est results in Section 2. The second approach, which is novel, relied
n inverse modelling of the cross-weld tension behaviour of similar
aterials joints to obtain the HAZ and weld material model parameters.

equired inputs data for each approaches were calibrated, by using the



N.-H. Hoang, D. Morin and M. Langseth Thin-Walled Structures 171 (2022) 108681

t

a
a
o

3

l
L
a
m
t
t
o
m
w
s
p
w
7
n
a
a

t
c
f

𝑓

Fig. 9. Tensile behaviour of HAZ and weld materials of (a) Joint C1 (6060–6060 joint) and (b) Joint C2 (6060–7003 joint), (c) comparison of weld materials behaviour of the
hree joints, and (d) a zoom of weld materials’ stress–strain curves.
vailable experimental results. The predictive performance of the two
pproaches were then investigated and discussed with respect to a set
f verification tests of cross-weld tension.

.1. Numerical models of cross-weld tension tests

Numerical models of all the cross-welds tension tests were estab-
ished using the commercial non-linear explicit finite elements code,
S-DYNA, see Fig. 12a. A typical industrial mesh size of 4 mm was
pplied to all the models. The clamped parts of the test samples were
odelled as rigid bodies, with the lower part constrained in all direc-

ional movements while a controlled upward displacement was applied
o the top clamped part. All the other parts representing the geometries
f the weld, HAZ and base material (BM) were modelled as deformable
aterials. It can be seen from Fig. 12a that two and three elements
ere used to discretize HAZ parts, respectively for the welded 6060

ide and the welded 7003 side. The weld area was modelled as one
art, with two elements of 4 mm mesh size. The present discretization
as chosen in accordance to the width of HAZ of welded 6060 and
003 sides and the weld areas, as shown in Fig. 6b. Due to the explicit
ature of the finite element solver, a careful attention was paid to select
n adequate loading velocity applied to the moving clamped part to
void any dynamic related issues.

The material model used for the deformable materials is assumed
o adopt an isotropic work-hardening law, the Hershey–Hosford yield
riterion [27] for isotropic plasticity and associated flow rule. The yield
unction can be expressed as:

= 𝜎𝑒𝑞 − 𝜎𝑦 (3)
where 𝜎𝑒𝑞 is the equivalent stress and 𝜎𝑦 represents the flow stress.

7

The equivalent stress is defined in accordance to the Hershey–
Hosford yield criterion for isotropic plasticity as:

𝜎𝑒𝑞 =
[ 1
2
(

|

|

𝜎1 − 𝜎2||
𝑚 + |

|

𝜎2 − 𝜎3||
𝑚 + |

|

𝜎3 − 𝜎1||
𝑚)

]

1
𝑚 (4)

where 𝜎1, 𝜎2, and 𝜎3 are the principal stresses of Cauchy stress tensor,
while 𝑚 is the parameter governing the shape of the yield function.

The flow stress is defined as follows:

𝜎𝑦 = 𝜎0 +
2
∑

𝑖=1
𝑄𝑖

[

1 − 𝑒𝑥𝑝
(

−
𝜃𝑖
𝑄𝑖

𝜀𝑝

)]

(5)

in which 𝜀𝑝 and 𝜎0 are respectively the equivalent plastic strain and
the initial yield stress, while 𝑄𝑖 and 𝜃𝑖 are the extended Voce law’s
parameters defining the isotropic work-hardening behaviour.

Although the investigated materials exhibit plastic anisotropy as
shown in Section 2, they were modelled as isotropic within this study.
This simplification was recently shown to be acceptable in large scale
analyses of aluminium extrusions under large deformations [28]. The
exponent 𝑚 of the Hershey–Hosford yield surface was set to 𝑚 = 8 as
usually assumed for FCC alloys [29,30].

The material model parameters for the base materials were taken
from tests in the transverse direction (TD) using the flat specimens. The
yield stress and working hardening parameters for 6060 and 7003 base
materials were first calibrated using the true stress–true strain curves
up to the diffuse necking point, see Fig. 5. However, in order to describe
the work hardening behaviour of the material beyond the necking point
to the final fracture with a reasonable accuracy, the Voce parameters
were refined by inverse modelling of the tensile tests with flat samples
in TD. A 3D solid element-based model was established in LS-DYNA,
see Fig. 13a showing a half model of the flat sample tensile test owing
to symmetry. A reasonably fine mesh size of 0.25 mm × 0.25 mm and
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Fig. 10. Comparison between experimental and numerical results for HAZ and weld material tests: (a) HAZ materials of welded 6060 alloy, (b) HAZ materials of welded 7003
lloy and (c) weld materials of the three welded joints.
able 1
aterial parameters.
Materials 𝜎0 in TD (MPa) 𝜎0 in ED (MPa) 𝑄1 (MPa) 𝜃1 (MPa) 𝑄2 (MPa) 𝜃2 (MPa) Notation

BM 6060 198 210 5.95 9043.2 65.6 722.0 a

BM 7003 399 410 27.7 580.44 109.7 874.3 a

HAZ 6060 89 94 78.1 2263.8 64.4 83.2 a

85 85 439.8 642 116.5 498.5 b

HAZ 7003 304 313 139.0 3001.5 2758.5 765.5 a

318 318 38.9 2162.2 4123.5 1168.6 b

Weld C1 90 90 38.5 3717 202.7 1722 a

115 115 495.9 716.2 273.6 5088.7 b

Weld C2 156 156 40.5 7475.7 227.7 2157.0 a

215 215 134.5 861.3 4405 603 b

Weld C3 131 131 99.4 2249.7 134.2 373.0 a

165 165 632.6 885.2 153.7 2760.9 b

aParameters calibrated using tensile tests.
bYield stress derived from Eqs. (8), (9), and hardening parameters obtained by inverse modelling shown as an example for the 4 mm mesh models.
eight-node solid elements with one integration point were used for the
numerical model. As seen in Fig. 4, the numerical results in terms of
engineering stress–engineering strain were in a good agreement with
the tests up to the final fracture for both 6060 and 7003 alloys.

Due to the geometrical restrictions imposed by the HAZ and butt-
weld materials, the tensile test results were available only in the
extrusion direction (ED). Thus, the material properties of the HAZ and
welds were first calibrated using the test results this direction ED. With
8

the laser-scan micrometer, the true stress–strain data are available up
to fracture for these tests, see Fig. 9.

Prior to necking, the true stress is identical to the equivalent stress
for the uniaxial tensile testing. To estimate the equivalent stress–strain
curves after the onset of necking, the Bridgman correction is used for
the smooth samples, neglecting the anisotropy effect. The equivalent
stress 𝜎 is accordingly expressed as function of the true stress 𝜎 as
𝑒𝑞
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Fig. 11. Cross-weld tests results: (a) Joint C1, (b) Joint C2 and (c) Joint C3. Full lines are shown for test results with full butt-welds, and dashed lines for tests with polished flat
ones.
follows [31]:

𝜎𝑒𝑞 =
𝜎

(

1 + 2𝑅
𝑎

) [

𝑙𝑛
(

1 + 𝑎
2𝑅

)] (6)

n which 𝑎 is the minimum radius and 𝑅 is the radius of curvature of the
eck, see Fig. 14 for illustration. The neck geometry was approximated
y the empirical relation proposed by Le Roy et al. [32] as:
𝑎
𝑅

= 1.1
(

𝜀𝑝 − 𝜀𝑛𝑝
)

(7)

where 𝜀𝑝 is the equivalent plastic strain and 𝜀𝑛𝑝 represents its corre-
sponding value at the incipient necking. Fig. 14 shows an illustration
of the equivalent stress–plastic strain curves calculated up to fracture
using Eqs. (6) and (7) based on the tensile tests result of HAZ of welded
6060 alloy.

The equivalent stress–plastic strain data were used to calibrate the
work-hardening behaviour of HAZ and weld materials up to fracture.
To verify the calibration, a 2D axisymmetric element based model of
smooth sample tensile testing, see Fig. 13b showing a half model due
to symmetry, was established in LS-DYNA and numerical simulations
were performed with the calibrated parameters. Fig. 10 shows the
comparison between the experimental and numerical results of all the
9

tests for HAZ and weld materials in terms of engineering stress versus
engineering strain in radial directions. As can be seen, the numerical
results with the calibrated material parameters were in a reasonable
agreement with experimental curves all the way to fracture, especially
for the three weld materials with no anisotropy in plastic flow. For
the materials exhibiting anisotropy in plastic flow as for HAZ of the
welded 7003 alloy, the simulation results with isotropic material model
represented the average of the experimental stress–strain curves in the
two radial directions (TTD and TD). Assuming insignificant anisotropy
in work-hardening behaviour for HAZ and weld materials, the cali-
brated work-hardening parameters were further used for simulations
of cross-weld tension tests.

As shown in Fig. 5, anisotropy in yield strength was observed for
the based materials 6060 and 7003. Considering the microstructure of
the HAZ materials (Fig. 7) it is reasonable to assume that HAZ materials
exhibit a similar anisotropic behaviour. Assuming that the HAZ has the
same flow stress ratio between TD and ED as for the base materials,
the yield stress of HAZ materials in TD was estimated. The material
parameters were summarized in Table 1. It is to note that the material
parameters reported for HAZ materials were based on the average of

the experimental stress–strain results obtained in HAZ areas. As for the
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Fig. 12. FEM models of cross-weld tension tests. (a) Reference models with 4 mm mesh size, and (b) Illustration of Joint C3 (6060–7003 joint) test models with different mesh
size.
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Fig. 13. FEM models of material tests. (a) Flat sample, and (b) Smooth cylindrical
sample. Half-models were shown owing to symmetry.

weld metals, Fig. 10 suggests a negligible plastic anisotropy, and their
material properties in TD are assumed to be the same as in ED. All
the calibrated material parameters were provided and summarized in
Table 1.

3.2. Numerical results and discussions

At first, the conventional modelling approach, namely ‘‘mechanical
analysis’’ approach, was investigated, and numerical simulations of
 y

10
Fig. 14. Illustration of corrected equivalent stress for HAZ of welded 6060.

ross-weld tension tests were performed using material parameters of
eld metal, HAZ and base materials calibrated from the experimental

est results. Since the cross-weld tensile tests were mainly loaded in
he transverse direction (TD), the material parameters calibrated in this
irection as shown in Table 1 were used. Simulations were carried out
sing 4 mm mesh models established in the preceding section, with a
ypical von-Mises yield criterion (i.e. 𝑚 = 2) and a Hershey–Horsford
ield function for FCC alloys (i.e. 𝑚 = 8) to verify the effect of the
ield functions. The numerical results are compared with experiments
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Fig. 15. Numerical results of cross-weld tensile simulations using material parameters calibrated based on testing: (a) Joint C1, b Joint C2 and (c) Joint C3.
n Fig. 15 in terms of engineering stress–engineering strain in the
oading direction. To simplify the numerical models, a homogeneous
hell thickness was applied in the numerical models. Thus, tests with
he polished flat butt-weld were used for comparison and only one
xperimental curve was shown for the sake of clarity. It can be seen
hat numerical models with von-Mises yield criterion (i.e. 𝑚 = 2)

overestimated the cross-weld tension behaviour in all the tests, except
for Joint 𝐶2−𝑊 00 (i.e. similar material 7003–7003 welded joint). The
experimental and numerical results of the latter were very comparable.
A higher exponent 𝑚 = 8 of the yield function lowered to some extent
the predicted numerical curves in all the simulations, resulting in a
better agreement with the experimental results of joints weld angle
𝛼 = 0◦. However, numerical models with both 𝑚 = 2 and 𝑚 = 8
overshot the experimental load–displacement behaviour for the joints
with the inclined weld, i.e. 𝛼 = 20◦. It appears that for the shell
element models with a characteristic length of 4 mm, the extensive
test programme to provide material inputs to HAZ and weld metal
models could not guarantee a perfect prediction of the experimental
results. This is probably because the gradient in material properties in
the HAZ could not properly be represented by the used 4 mm mesh size.
11
Previous works of Wang et al. [13] depicted a similar observation. The
authors have performed numerical simulations of welded aluminium
structures using the properties of the HAZ established based on tensile
test data [15]. Material anisotropy of HAZ and base materials were
also included in their works, using Barlat and Lian anisotropic yield
criterion [33,34]. As complex as the modelling approach may be, the
numerical results by Wang et al. [13] were shown to be reasonable,
but still overshot the experiments by about 17%. Even though the
discrepancy between numerical and experimental results in the present
work and Wang et al. [13]’s work may lie within the tolerance range of
experimental result variation, the predictive results may not be satisfac-
tory to compensate the cost of the extensive experimental programme
and numerical computation for the current approach to be used in
an engineering application. It may also be arguable about the validity
of the uniform HAZ assumption. The recent numerical method using
multi-material elements, in which multiple HAZ properties could be
included in a single (large) shell finite element, as proposed by Arif
et al. [18] could be a solution to be evaluated in further works.

In the following, a new modelling approach, which is more suitable
for engineering application, is proposed. This approach relies on inverse



N.-H. Hoang, D. Morin and M. Langseth Thin-Walled Structures 171 (2022) 108681

m
j
I

𝑊
i
h
o
u
a
o

Fig. 16. FEM results with different mesh size of shell elements using LS-OPT: (a) Joint 𝐶1 −𝑊 00 and (b) Joint 𝐶2 −𝑊 00.
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odelling of the cross-weld tension behaviour of similar materials
oints to obtain the stress–strain behaviour of HAZ and weld materials.
n this approach, the following experimental data are required:

• Experimental stress–strain curves of base materials as shown in
Fig. 5. These data are used to calibrate the material models for
base materials 6060 and 7003 as provided in Table 1.

• Hardness along the cross-weld section as shown in Fig. 6b. Yield
stresses of HAZ materials and weld metals were estimated from
Vickers hardness (HV) using the following well-established rela-
tionship for extruded alloys Al–Mg–Si (Eq. (8)) and Al–Zn–Mg
(Eq. (9)) [35–37]:

𝜎0 = 3.0𝐻𝑉 − 48.1 (8)

𝜎0 = 3.7𝐻𝑉 − 100 (9)

• Experimental cross-weld tension test data of the joints 𝐶1 −𝑊 00
and 𝐶2 − 𝑊 00 of welded similar alloys. The load–displacement
curves of these tests were used to optimize the work-hardening
behaviour of HAZ and weld metals, using the yields stresses
estimated by Eqs. (8) and (9).

Numerical simulations of cross-weld tension tests of the joints 𝐶1−
00 and 𝐶2 − 𝑊 00 were run using the established model illustrated

n Fig. 12a with a von-Mises yield criterion (i.e. 𝑚 = 2). The work-
ardening behaviour of the involved HAZ and weld materials was
ptimized by fitting the global load–displacement behaviour of the sim-
lated joints with the corresponding test results. The optimization was
utomatically performed using LS-OPT software [38]. Fig. 16 shows the
ptimization results of the joints 𝐶1 − 𝑊 00 and 𝐶2 − 𝑊 00. As seen,

the global behaviour of cross-weld tension tests was correctly fitted
up to the maximum stress, prior to any strain localization. The work-
hardening behaviour obtained by LS-OPT optimization is illustrated in
Fig. 17 for weld metals of Joints C1 welded 6060–6060 and welded
7003–7003. However, the stress–strain behaviour obtained by LS-OPT
optimization may not necessarily be correlated to the realistic proper-
ties from the experimental tensile tests shown in Fig. 9. As the main
objective of the current approach is to model the welded aluminium
structure at the macroscopic level, the local work-hardening properties
of HAZ and weld metals obtained by inverse modelling need not to
be comparable to the realistic result. Keeping in mind that when the
material gradient could not be represented by the industrial mesh size,
using the true work-hardening properties of weld metals and HAZ
would not be necessary as shown in the first approach. The stress–strain
curve of the mixed weld 6060–7003 was then obtained by averaging
these data obtained for welded 6060–6060 and welded 7003–7003
joints, see Fig. 17. The obtained model parameters by this approach
for the HAZ and weld metals under investigation are shown in Table 1
as an example for the 4 mm mesh models.

To account for fracture, a phenomenological approach to describe

ductile fracture presented by Cockcroft and Latham [39] was included

12
Fig. 17. Weld materials properties obtained by LS-OPT fitting.

in the model. The Cockcroft–Latham (CL) criterion states that fracture
occurs when the variable 𝑊 reaches a critical value 𝑊𝑐𝑟, and reads as
follows

𝐷 = 𝑊
𝑊𝑐𝑟

=
∫ 𝜀𝑝
0 𝑚𝑎𝑥(0, 𝜎1)𝑑𝜀𝑝

𝑊𝑐𝑟
≤ 1.0 (10)

in which 𝜎1 and 𝜀𝑝 are respectively the maximum principal stress of
the Cauchy stress tensor and the equivalent plastic strain, while 𝐷
epresents the uncoupled ductile damage indicator. The critical value
𝑐𝑟 was determined by plotting the evolution of 𝑊 in the shell-

ased model together with engineering stress–strain curves as shown in
ig. 16. As seen, 𝑊𝑐𝑟 was taken out at fracture of the tested specimen.

To verify the proposed approach, numerical simulations of the re-
aining joints, i.e. 𝐶1−𝑊 20, 𝐶3−𝑊 00 and 𝐶3−𝑊 20, were performed
sing the plasticity and fracture properties of HAZ and weld materials
btained by the inverse modelling. Fig. 18 shows the simulation results
n terms of engineering stress–strain curves of these joints plotted along
he experimental ones. As observed, the numerical results were in
easonable agreement with the experiments.

The fracture behaviour was also predicted reasonably. In the sim-
lations of the dissimilar material joints 𝐶3 − 𝑊 00 and 𝐶3 − 𝑊 20,
racture occurred earlier than in the experiments, see Fig. 18. However,
racture was numerically initiated after reaching the experimental ulti-
ate stress, which is acceptable for general design purposes. In all the

erification simulations, fracture was observed in the HAZ of welded
060 side as in the experiments, see Fig. 19 showing the numerical
racture pattern in cross-weld tension tests of 𝐶1−𝑊 20, 𝐶3−𝑊 00 and
3 −𝑊 20.

The performance of the proposed approach for modelling the
elded aluminium structure using larger shell elements, namely 6 mm
nd 8 mm, was investigated. Fig. 12b illustrates a typical meshing of
he cross-weld specimens including the discretization of HAZ and weld
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Fig. 18. Comparison between experimental and numerical results using HAZ and weld metal properties calibrated using LS-OPT: (a) Joint 𝐶1 −𝑊 20, (b) Joint 𝐶3 −𝑊 00 and (c)
Joint 𝐶3 −𝑊 20.
Fig. 19. Predicted fracture in cross-weld tension tests of (a) Joint 𝐶1 −𝑊 20, (b) Joint 𝐶3 −𝑊 00 and (c) Joint 𝐶3 −𝑊 20.
metals parts for the investigated mesh sizes. The same procedure was
followed and LS-OPT fitting simulation results were reported in Fig. 16,
together with the results using 4 mm shell-based models. Verification
simulations were performed and the results were also plotted in Figs. 18
and 19, depicting the predicted stress–strain and fracture behaviours.
A good agreement between numerical and experimental results both
in terms of load–displacement and fracture behaviour was obtained,
suggesting that the novel modelling approach could be a reliable and
efficient method for designing butt-welded aluminium structures. How-
ever, the validity/applicability of the proposed modelling approach for
other kinds of MIG welded joints such as T-joint and corner joints
remains open for investigations. Further works could also be done to
evaluate the modelling of welded structures in case the HAZ width is
much smaller than the currently investigated industrial mesh sizes.

4. Concluding remarks

In the present study, the mechanical and fracture behaviour of
welded aluminium thin-walled structures were investigated, experi-
mentally and numerically. Welded connections of both similar and
dissimilar materials were first investigated experimentally, using two
extruded plates made of 6060 and 7003 in temper T6 as parent ma-
terials. The experimental results were used to provide input, calibrate
and validate shell element-based models to simulate welded aluminium
structures. Two modelling approaches were considered to predict the
load–displacement and fracture behaviour of the investigated welded
joints. First approach used material model inputs from the experimental
testing, assuming uniform HAZ strength. The second modelling ap-
proach, which is proposed in this study, relies on inverse modelling of
cross-weld tension behaviour of similar materials joints to determine
the hardening properties in the HAZ and weld metals. The following
concluding remarks could be drawn from this study:

• Experiments have shown that MIG welding process with ad-

vanced CMT Pulse technique was suitable for joining similar

13
and dissimilar aluminium alloys under investigation (6060 and
7003 in temper T6). The quality of the welded connections was
satisfactory, reflected by a consistent microstructure, hardness
and mechanical properties. The dissimilar material welded joint
represented a good mix of the two similar material welded joints.

• Alloy 6060 has a re-crystallized microstructure, while 7003 pos-
sesses a fibrous grain structure. The two alloys exhibit to some
extent anisotropic properties in strength, work hardening and
plastic flow. Anisotropy in plastic flow was also observed in
the HAZ of both 6060 welded and 7003 welded joints. On the
contrary, all the weld materials demonstrated no such significant
anisotropic property.

• The hardness measurement of cross-welded specimens has shown
that the soft areas are found in the HAZ for 6060 welded joints
and in the weld metal for 7003 welded joints. A corresponding
loss in strength of about 40% in comparison with the base ma-
terials was observed. The dissimilar material joint represented a
good mix of the two similar material joints, showing the soft area
located in the HAZ of the 6060 welded side. Tests also revealed
that the lowest yield strength of HAZ of the 6060 welded joints
are accompanied with the highest ductility in comparison with
other materials.

• Cross-weld tension testing of the investigated welded connections
depicted a good repetitiveness in test results. The geometry of the
butt-weld (i.e. full butt-weld and polished flat butt-weld) showed
to have a slight influence on the load–displacement of tested
joints, but not on the fracture behaviour. A ductile failure was
observed in the HAZ of the 6060 welded sides for the 6060–
6060 and 6060–7003 welded joints, while a through-thickness
fracture mode was obtained in the weld metal of 7003–7003
welded joint, see Fig. 11. The obtained fracture was consistent
with the hardness test results.

• The tensile test results of HAZ, weld metals, and base materials

were used to calibrate material model parameters, including the
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work-hardening properties of the investigated materials all the
way to fracture. The calibration results have confirmed that the
Bridgman–Leroy correction formulation (see Eqs. (6) and (7))
could be used as an efficient and reliable method to estimate
the work-hardening behaviour after the incipient necking of the
isotropic material tested with smooth cylindrical samples.

• Numerical models were established to simulate the cross-weld
tension behaviour. In the first modelling approach, the so-called
conventional ‘‘mechanical analysis’’, material model inputs were
obtained from the experimental testing, assuming uniform HAZ
strength. The simulation results showed a reasonable prediction
of the experimental load–displacement results. However, the gra-
dient in material properties of HAZ could not be captured with
the used large shell elements. It may also be arguable about the
validity of the uniform HAZ assumption. The recent numerical
method using multi-material elements, in which multiple HAZ
properties could be included in a single (large) shell finite ele-
ment, as proposed by Arif et al. [18] could be a solution to be
evaluated in further works.

• The second modelling approach, which was proposed in this
study, calls for a numerical inverse modelling to determine the
HAZ and weld metal model parameters for structural analyses
of welded structures. This proposed approach requires less ex-
perimental testing. A good agreement between numerical and
experimental results both in terms of load–displacement and frac-
ture behaviour was obtained using shell element-based models
with different mesh sizes. The results suggested that the novel
modelling approach could be a reliable and efficient method
for designing butt-welded aluminium structures. However, the
validity/applicability of the proposed modelling approach for
other kinds of MIG welded joints such as T-joint and corner joints
remains open for investigations. Further works could also be done
to evaluate the modelling of welded structures in case the HAZ
width is much smaller than the currently investigated industrial
mesh sizes.
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