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Abstract: In this study, the welding thermal cycle, as well as the microstructural and mechanical
properties of welded AA6061-T6 plates, were studied. The plates were prepared and bead-on-
plate welded using gas metal arc welding (GMAW). Numerical simulations using SYSWELD® were
performed to obtain the thermal distribution in the welded plates. The numerical heat source was
calibrated using the temperatures obtained from the experimental work and the geometry of the
melting pool. The mechanical properties were obtained through microhardness tests and were
correlated with the welding thermal cycle. Moreover, the mechanical behavior and local deformation
in the heat-affected zone (HAZ) were investigated using micro-flat tensile (MFT) tests with digital
image correlation (DIC). The mechanical properties of the subzones in the HAZ were then correlated
with the welding thermal cycle and with the microstructure of the HAZ. It was observed that the
welding thermal cycle produced microstructural variations across the HAZ, which significantly
affected the mechanical behavior of the HAZ subzones. The results revealed that MFT tests with the
DIC technique are an excellent tool for studying the local mechanical behavior change in AA6061-T6
welded parts due to the welding heat.

Keywords: aluminum welding; heat analysis; microstructure; mechanical behavior; finite element
analysis

1. Introduction

Aluminum alloys have many favorable properties, which have led to their widespread
use; indeed, today, they collectively rank as the second most used metal in manufacturing
after steel [1]. Aluminum alloy AA6061-T6 (Al-Si-Mg) is heavily used in industries such
as aerospace, automobile, aeronautic, and construction, just to name a few. It derives its
properties from the formation of the Mg,Si intermetallic precipitated p” phase, which is
metastable and coherent with the matrix [2,3]. In the welding process, phase transformation
may occur under the welding heat due to the instability of this phase [4-7].

Welding is one of the most efficient and practical metal joining processes. Arc welding
processes are widely used for AA6061 alloys. Despite its many advantages, fusion welding
presents several limitations. Welding thermal cycles significantly affect the mechanical
properties and microstructure of the heat-affected zone (HAZ) [8-12]. Because the mechani-
cal behavior and the final microstructure of weldments are mainly a function of the welding
thermal cycle [7,13-16], the latter must be investigated and correctly predicted. Walter
et al. [14] attributed the variation in hardness across the HAZ and in the tensile properties
in different welding processes to microstructural variations. Gémora et al. [17] reported
observing a low hardness subzone within the HAZ, with optical microscopy indicating no
apparent significant grain size changes in this subzone.

Accurately capturing the thermal profile in the HAZ during welding, particularly
fusion welding, is essential to understanding how the welding heat relates to the microstruc-
ture and mechanical properties of the material; however, this is made challenging by the
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inherently harsh welding atmosphere [18,19]. The welding arc generates high temperatures,
which is its main characteristic, but it also produces various secondary effects, such as elec-
tromagnetic fields, spatter, and radiation. Lee et al. [20] studied the microstructural change
triggered by the peak temperature and cooling rate during gas tungsten arc welding. The
thermal profile was recorded at different locations in the HAZ and base metal; additionally,
the thermal history was correlated to the material’s microstructure in order to understand
the changes introduced by specific thermal profiles.

Many authors [13,20-25] investigated the thermal profile in an AA6061-T6 welded
specimen using numerical simulations to evaluate the heat effect on the mechanical be-
havior of the weld joint. It was found that finite element analysis (FEA) could be used
to optimize the welding process parameters with a reduced number of experiments. The
following numerical analyses of aluminum welding were carried out using SYSWELD
2019%, a special finite element software for heat treatment and welding. Francis [21] op-
timized the welding process of aluminum 2519-T87 T-joint for reducing residual stresses.
Nazemi [22] numerically investigated the welding thermal cycle of an AA6061-T6 T-joint
and predicted a mechanical strength reduction in the HAZ versus the base metal. Nélias
et al. [25] analyzed the metallurgical transformation caused by the thermal cycle during the
laser welding of AA6056-T4.

Various studies have reported the effects of variations in the welding thermal cycle
on local mechanical properties across the HAZ [5,16]. In [26-28], Digital Image Correla-
tion (DIC) was used to characterize the heterogeneous subzones in the HAZ. Lockwood
et al. [29] numerically and experimentally examined the local mechanical properties of
Friction Stir Welding (FSW) on an aluminum alloy AA2024 joint. In their study, local strain
measurements were performed on flat tensile samples using the DIC method.

This present study investigated the relation between the welding heat, the mechanical
behavior, and the microstructure of AA6061-T6 arc-welded plates. Particular attention was
paid to the welding thermal cycle in the HAZs, which results in a complex microstructure.
The local mechanical behavior of the HAZ was documented using digital image correlation,
which revealed that the welding thermal cycle has a strong effect on the microstructure of
the HAZ. Different HAZ subzones were also observed in detail in order to determine the
relation between the thermal cycle and the local mechanical properties of the AA6061-T6
welded plates. The local strains in these HAZ subzones were also observed with the DIC
technique until the necking.

2. Materials and Methods
2.1. Material Used and Welding Procedure

AA6061-T6 aluminum alloy (Al-Si-Mg) plates measuring 205 mm x 50 mm x 6 mm
were prepared for the welding process. A 1.2 mm diameter filler wire ER4043 (Al-Si) was

used. The nominal chemical composition of the filler metal (FW) and base metal (BM) are
listed in Table 1.

Table 1. Chemical composition of materials (wt %).

Al Cr Cu Fe Mn Mg Si Ti Zn
BM (AA6061-T6) 98.6 0.004 0.15 0.7 0.15 0.8 0.4 0.15 0.25
FW (ER4043) 93.3 - 0.3 0.8 0.05 0.05 5.25 0.2 0.1

A DX-100 Yaskawa robot integrated with a standard Fronius Trans Plus Synergic
4000 GMAW power supply was used for this investigation. The flexibility of robotic
welding operations means that a steadier weld quality can be achieved with fewer defects.
The welding parameters used in this study are illustrated in Table 2. With the welding
current I, voltage V, and thermal efficiency 7, the heat generated during welding was
calculated as follows:

Q=nlv 1)
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Table 2. Welding parameters.
Wire Feeding Voltage  Ampere Welding Speed Angle Shield Gas
Speed ) (A) (mm/s) (Degree) (Argon)
(mm/s) (L/min)
114.2 23.2 174 15.2 15° 12

The GRAPHTECH GL220A data acquisition system and type K thermocouples fab-
ricated with Alumel and Chromel materials with a diameter of 0.5 mm were used to
measure the temperature. The data acquisition rate was 10 readings per second from
each thermocouple. The thermocouples were installed using a TW163/V Variable Energy
Thermocouple Welding Unit. Eight thermocouples were installed, with four on each side
of the welding line. Figure 1 shows the distance of each thermocouple from the welding
line. Ceramic tubes were used to separate the thermocouple wires and to protect the
thermocouples from splatter.

Thermocouple X(mm) Y(mm)
TC1 100 5
..] I"cs‘
TC2 100 7 .0
| Iy &~
= floms
TC3 100 9 e
.. )f‘r..
TC4 100 11 o 70
' g . : Cr
TC5 100 -5 7
TC6 100 -7
TC7 100 -9
TCS8 100 -11

Figure 1. Location of thermocouples installed on the plate (TC1 to TC8).

2.2. Numerical Procedure

SYSWELD 2019® is a commercial finite element software package designed by the ESI
Group specifically for welding and heat treatment process simulation [30]. It was used in
this study to predict the distribution of the temperature in the weldment.

A three-dimensional conical Gaussian heat source, presented in Figure 2, was applied
to simulate the welding thermal cycle during a bead-on-plate welding pass as indicated in
Figure 3a. The parameters of this heat source are shown in Table 3, where Q) is the heat
density, r;, and 7, are the radius of the heat source at the position z; and z,, respectively,
and Qeff is the effective power. For more details about this heat source, please refer to
reference [30]. The material’s mechanical properties at room temperature for base material
(BM) and filler wire (FW) are presented in Table 4. The dimensions in the simulation model
were the same as those of the experimental plates. The geometric model of the welded
plate was meshed. A fine mesh was used in the fusion zone and its adjacent, as shown in
Figure 3b. The irregular mesh size was chosen following a peak temperature sensitivity
analysis with an exactitude of around a 1.7% difference in the peak temperatures. The
initial temperature of the plate is 20 °C. The exterior surface of the plate is applied with
natural convection as a boundary condition with the convection heat transfer coefficient of
25 W/(m?-K). The temperature of the room is also 20 °C.
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Figure 2. Conical Gaussian volumetric heat source model.
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Figure 3. Mesh used for numerical simulations using Sysweld: (a) application of the heat source,

(b) irregular mesh.

Table 3. Three-dimensional conical heat source parameters.

Welding Speed Qo Te Ze 7 . Qe
(mm/s) (W/mm?3) (mm) (mm) (mm) ! W)
15.2 32.7 6 3 4 1 3150

Table 4. Material’s mechanical properties (nominal values).

Type of Material YS (MPa) UTS (MPa) Elongation (%)  Hardness (Vickers)
BM (AA6061-T6) 276 310 12 107
FW (ER4043) 70 145 22 47




J. Manuf. Mater. Process. 2024, 8, 110

50f 17

2.3. Samples’ Preparation for Microstructure Characterization

Specimens of a cross-section perpendicular to the welding line were prepared. The
sample was sectioned with a META-CUT water-cooled abrasive cutter (Metkon USA, Inc.,
Mauldin, SC, USA), and the first 30 mm of the weldment was discarded to avoid unsteady
state conditions. Next, the specimens were mounted and polished using a NANO 2000T
polishing machine (PACE Technologies, Tucson, AZ, USA) and using different grades of
silicon carbide paper, ranging from 400 up to 2400 grit. Finally, they were finished by using
3 um, 1 pm, and 0.05 pm size polishing pads.

To prepare the specimens for optical microscopy, samples were etched with caustic
sodium fluoride (93 mL water, 2 g NaOH, 5 g NaF). The specimens were examined with an
Olympus Lext 4100 light microscope (Olympus America) to isolate any defects present and
to identify the main microstructural characteristics of the GMAW in the base metal (BM),
the partially melted zone (PMZ), the heat-affected zone (HAZ), and the fusion zone (FZ).

2.4. Microhardness Measurement

Microhardness measurements were carried out on the mounted specimens at room
temperature on a cross-section perpendicular to the welding line to cover all zones affected
by the thermal cycle. An automatic microhardness Clemex CMT (Clemex Technologies Inc.,
Brossard, QC, Canada) was used to measure the hardness. A dwell time of 15 s and a load
of 100 g were used, in accordance with the ASTM E92 standard procedure for the Vickers
hardness test of Metallic Materials.

The parameters were kept constant for all indentations, with a 150 um maintained
distance between the indentations. The microhardness measurements were analyzed as a
function of peak temperature and distance from the welding centerline. A 2D map was
generated to cover all zones in the cross-section and to investigate the hardness distribution.

2.5. Micro-Flat-Tensile Tests with Digital Imaging Correlation

Micro-flat-tensile (MFT) specimens were extracted from welded samples and used in
this investigation. A schematic diagram of the traction samples is shown in Figure 4. First,
dog-bone sub-size traction samples were extracted from the welded sample normal to the
welding line direction using a CNC machine as presented in Figure 4a. Figure 4b shows
the cutting arrangement for the machined samples. A 24 mm gauge length was selected
to cover different zones in the sample, such as the BM, HAZ, PMZ, and FZ, as shown in
Figure 4c,d. The extracted samples were approximately 1 mm thick (£0.02), and care was
taken to avoid any deformation or sequencing errors.

Traction tests were carried out using a 5 kN micro-tensile (Kammrath and Weise
GmbH, Schwerte, Germany) machine under crosshead velocity control (2.1 x 10~%s71).
The crosshead displacement was documented frequently, with a 1 pm accuracy, and a
non-contact laser extensometer was used to measure the elongation during the tests. A
high-resolution camera was used to record images (1 image per second) during the tensile
tests. GOM 2019 correlation software was used to calculate the in-plane displacement [31].
The displacement calculated from image correlation was used to obtain the in-plane local
strain field.

Figure 4. Cont.
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Figure 4. MFT specimen: (a) machined samples, (b,c) extracted micro-tensile specimen (dimensions

in mm), and (d) regions of interest extracted from the welded sample used for DIC.

3. Results and Discussions
3.1. Thermal Profile and Melting Zone

Figure 5 shows the temperature distribution and melting zone calculated by finite
element analysis (FEA) using Sysweld (right side) and compared with the experimental
results (left side). From the experimental and FEA thermal profile distribution, zones can
be classified as base material, heat-affected zone, and fusion zone. It is clear that the melted
zone calculated by FEA matches the experimental melting zone size, with slight differences
resulting from the addition of filler.

SECTIONS
Temp
Time 158333
Comput Ref Globa

Min = 20
Max = 726.373

248889
297.778
346 667
395.556
444 444
493 .333
542 222
sgr1.1n
640

Figure 5. Melting zone experimental results compared with FEA.

Figure 6a compares the welding thermal profiles obtained by K-type thermocouples
in four different locations measured from the welding line with numerical results. These
results are generally in very good agreement; however, at peak temperatures, slight differ-
ences were observed, with the differences increasing with a decrease in the distance from
the welding line. This is probably attributable to the effect of shielding gas and molten
spattering of filler wire during fusion welding. Table 5 and Figure 6b present the compari-
son in peak temperatures transverse to the welding line. It is worth noting that the peak
temperature variation has a nonlinear relationship with distance from the welding line.

Table 5. Differences in peak temperatures.

Peak Temperature °C

Thermocouples TC1 TC2 TC3 TC4
Experimental 453 331 276 246
FEA 424 316 266 239.8

Difference 6.4% 4.5% 3.1% 2.5%
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Figure 6. Thermal profile: (a) comparison between experiments and finite element simulation at
points at different distances from the welding center line; (b) peak temperature comparison.

3.2. Microstructure

In the present study, light optical photomicrographs were taken with different magnifi-
cations to study the microstructure variation across different zones such as the FZ, subzones
of the HAZ, and the BM.

The microstructure of the base metal AA6061 in the T6 condition is shown in Figure 7.
A polished and unetched sample, presented in Figure 7a, shows a nonuniform distribution
of intermetallic particles throughout the microstructure of the base metal. However, the
etched sample in Figure 7b shows the grains of the base metal and the grain boundaries
which appear as a thick, dark, etched layer. The base metal has a mean equiaxed grain size
of around 43 pm.

(a) (b)

Figure 7. Base metal of AA6061-T6: (a) coarse second phase particles distributed randomly; (b) grain
size of base metal.

The as-welded condition of AA6061-T6 shows a well-defined grain boundary in the
fusion zone (FZ), as indicated in Figure 8a. The FZ consists of small grains of varying



J. Manuf. Mater. Process. 2024, 8, 110 8of17

shapes that range from 10 um to 20 um. The columnar grains are found in FZ at the
interface with the HAZ. Meanwhile, the center of the welded metal was solidified into
equiaxed grains. There is a clear difference in microstructure between the FZ and the HAZ,
as shown in Figure 8b.

(b)

Figure 8. Light optical micrographs of microstructure of FZ and HAZ: (a) grains in FZ; (b) interface
between the HAZ and fusion zone FZ.

Figure 9a shows grains in the HAZ adjacent to the FZ, where the average grain size is
around 318 pm. It was also observed that the grain size beneath the fusion zone decreases
gradually as a function of distance from the welding line, as depicted in Figure 9b. Grain
growth has a proportional relationship with peak temperature in terms of exposure time.
However, its effect on mechanical properties compared with the effect of precipitation
transformation is not significant [32,33], as can be observed by comparing the grain size
with the lowest hardness in HAZ, which will be discussed in more detail in the next section.

Q)

@) (b)

Figure 9. Light optical micrographs of recrystallization and grain growth: (a) zone adjacent to FZ;
(b) gradual change in grain size in the zone beneath the FZ.

3.3. Microhardness across the HAZ

Figure 10 illustrates the profile of the maximal temperatures (Tyax), with microhard-
ness results overlapping one another. By examining the relationship between the Tyax
and hardness, it can be seen that the FZ, which was exposed to Tyax over 652 °C, has a
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low average hardness value of 73 HV, which could be attributed to a lack of precipitates,
a change in chemical composition, and the porosity present in this zone. As observed in
Figure 10, three HAZs can be distinguished, namely, HAZ1, HAZ2, and HAZ3. The zone
HAZ]1 adjacent to the FZ was subjected to peak temperatures between 380 °C and 560 °C
and has an average hardness value of 80 HV. Here, the precipitates of p” dissolved or
transformed to B’ (with respect to the distance from the FZ boundary), and the material
became a combination of « + B’ phases, as explained in [34-36]. The natural aging in
this zone increased the hardness to 80 HV. The plane separating HAZ1 from HAZ2 was
subjected to a critical temperature ranging from 290 °C to 380 °C. It had the highest B’
phase fraction because the critical temperature led to the dissolution of needle-shaped
fine precipitates of B”, and the biggest one started to grow and form a rod shape B’ as
presented in [34-36]. This plane had the lowest hardness value of 70 HV. Zone HAZ3 was
exposed to a peak temperature ranging from 290 °C down to 190 °C, and its hardness value
gradually increased to match that of the base metal. At less than 190 °C, the material was
not affected by the welding thermal cycle.

oo N

500

= = = - Peak temperature

400

300

Peak Temperature “C
J

200

o

120

HAZ
HAZ,

110

100

90

80

Microhardness HY

TOA
—&— Microhardness

B0

2 4 & 8 10 12 14 16 18 20
Distance from welding center line (mm)

Figure 10. Correlation between thermal cycle and microhardness values in HAZ.

3.4. Micro-Flat-Tensile Tests Using DIC

Figure 11 and Table 6 present a comparison of our experimental results of the stress—
strain curves as the mechanical behavior of the base metal and welded specimens.
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100 1
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50 Base metal 2
Welded metal 1
Welded metal 2
0 ‘ ‘ . .
0 0.02 0.04 0.06 0.08 0.1
Strain (mm/mm)
Figure 11. Global response (stress—strain) curves for welded sample and parent metal.
Table 6. Mechanical properties of base and welded metals.
Welded Metal Base Metal
Description Test 1 Test 2 Ave. Testl Test2 Ave.
Yield Stress (MPa) 153 162 157.3 271 271 274
Ultimate strength (MPa) 220 231 226 301 308 305
Elongation (%) 6.8 6.7 6.8 9.1 9.8 94

The plastic strains of 0.2% at the yield strength (YS) and 4.4% at the ultimate tensile
strength (UTS) were found in the welded samples. The stress gradually decreased as the
strain exceeded the UTS zone, and as a result of substantial necking at approximately
6.5 mm from the welding line, the samples finally fractured at 6.8% strain.

3.4.1. Local Behavior of HAZ Subzones in Welded Plate Obtained by DIC

The sample depicted in Figure 12 represents the deformation measured with DIC in
the x (longitudinal) and y (transversal) directions. Two tests were performed. The results
of these tests are coherent and show that the local in-plane strains obtained from DIC can
be used for local strain analysis.

Strain measurements were captured at four stages (in elastic and plastic) of loading by
DIC, and the results are illustrated for both directions in Figure 12. The stages correspond
to the principal stress level in the x-direction and the mean strain values. It is noted that
the strain was initially evenly distributed across the gauge length (FZ and HAZ) until the
stress reached 126 MPa, as shown in Figure 12.

The three stages, as depicted in Figures 12 and 13, represent the mean local strain
values measured with DIC. The &y, and ¢, strain fields correspond to the x- and y-axes,
namely, the cross-welding and the welding direction, respectively. The average values of
exx and gy for the regions of interest on both sides of the weld center line are plotted as a
function of the cross-weld direction for different strain levels. The overall deformation is
not distributed evenly and shows different behaviors across the FZ, HAZ, and BM. In Stage
1, at a stress value of 180 MPa, the strain starts to concentrate at approximately 6.5 mm
from the welding line on both sides of the weld. In Stage 2, an increase in stress value up to
213 MPa leads to a strain concentration in the two planes (named PZ1 and PZ2). Finally,
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in Stage 3, when the stress value approaches the UTS value (221 MPa), necking begins to
occur at one of these two planes before fracture.

(& (€,) (Eyy %]
-0.1
=10
-0
-3.0
4.0
=50
—6.0
=10
—B.0
-85
=105

221 MPa, 4.1%

213 MPa, 3.2%

180 MPa, 1.4%

126 MPa, 0.5%

Figure 12. Illustration of the distribution of local in-plane strain acquired using DIC equivalent to
different strains (corresponding to 24 mm specimen gauge length) for two specimens.
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Figure 13. Cont.
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Figure 13. Average value of exx and eyy in transverse weld direction for three stress/strain stages:
(a) 126 MPa_0.5%; (b) 202 MPa_2.4%; and (c) 225 MPa_5.1%, illustrating local in-plane strain localization.

At the first stage of deformation (126 MPa—0.5%), the &y, strain fields exhibit an equal
strain distribution across the softened zone (FZ and HAZ, 9.5 mm from the welding center
line on both sides). At this stage, the variation in local strain is only 0.25% between the soft
zone and the BM, as presented in Figure 13a. Increasing the load value (180 MPa—1.4%)
reveals a strain concentration in the plane at 6.5 mm from the welding line on both sides of
the welding center line. The strain value reaches an average of 8.5% at the high deformation
plane (softest plane across the HAZ) compared to 2.5% in the FZ and 0.35% in the BM, as
shown in Figure 13b.

In the stage preceding necking (225 MPa—5.1%), the local deformation is mainly
located 6.5 mm from the welding center line in one of the high deformation planes (PZ1
and PZ2), until the strain reaches 16% (PZ2) compared to another plane, which reaches 7%
(PZ1). The mean strain value of the FZ and HAZ, excluding the softest plane, is around
5%, which is 30% of that found in the highly deformed plane. The local strain increases
in this plane until fracture, as shown in Figure 13c. Interestingly, the e, response remains
approximately at the same value along the soft zone, with respect to each stage, except for
the high deformation plane, which suffers a high deformation during the necking stage.

3.4.2. Local Stress—Strain Properties Obtained Using DIC test

Assuming uniform stress, every local position in the gauge length undergoes the same
stress at any applied load. The local mechanical behavior has been investigated using DIC
at eight positions (Z1 to Z8) along the gauge length from the fusion zone to the base metal.
Z1 is 0 mm from the center line, Z2 1.5 mm, Z3 3 mm, Z4 4.5 mm, Z5 6 mm, Z6 7.5 mm,
Z7 9 mm, and Z8 is in the BM zone. Figure 14 situates the local strain investigated in the
different zones: the fusion zone, HAZ, and base metal.

Figure 15 presents a plot of uniform DIC stress-local strain measurements for eight
positions (Z1 to Z8) along the gauge length. Z4 and Z5 experienced softening and have the
highest strain value and lowest yield strength, respectively. Zones Z1, Z2, and Z3 show
similar behaviors at lower strain levels compared to Z4 and Z5. Zones close to the BM
(26 and Z7) show a higher yield strength and lower deformation. It is clear that Z8 (the
base metal) is still in the elastic region. Figure 16 plots the global mechanical response of
over-aged zones in terms of the longitudinal stress—strain of the samples. The stress—strain
curves of the two softest planes in the HAZ (PZ1 and PZ2 in Figure 13), the welded metal,
and the parent metal are illustrated in the same figure. The PZ1 plane shows the highest
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local deformation, where fracturing finally occurs. At this moment, the localization of
strain up to 18% was observed in the PZ2 region, as shown in this figure.

25 (6 mm} Zr {9 mm) Zi-A (BM) Z8-C (BM)
epsY +12.024 % Bpsy +3.591 % SPEY +L.327 % epsy #0080 %

24 (4.5 mm) E6 (7.5 mm) 27-B (9 mm} 208 (BM)
# Y + 10,096 % SRy +10. 184 % EpEY +3.233%| epsY +0. T4 %

Figure 14. Different locations studied on the welded sample.
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Figure 15. Stress-local strain in different locations obtained by DIC for welded sample.
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Figure 16. Average stress—strain behavior (DIC measurements) for welded joint and fracture planes
in HAZ (PZ1 and PZ2) compared to base metal thermal cycle distribution across gauge length of DIC
test specimen.

3.4.3. Thermal Profile and Mechanical Behavior

Figure 17 shows the welding thermal cycle distribution across the gauge length of
the specimens extracted for the DIC. In the HAZ subzone adjacent to the FZ boundary, as
explained in [34-36], where the peak temperature was between approximately 400 °C and
640 °C, the precipitate dissolved, resulting in the supersaturated solid solution (SSS), and
because of the high cooling rate in this zone, which averaged —26 °C/s, the formation of
re-precipitation during the cooling process was suppressed. In this zone, the increase in
tensile properties could be attributed to the natural aging that occurs after cooling. The
width of this subzone is about 4.1 mm.

Figure 17. Historical temperature distribution (°C) of extracted samples for DIC tests.

The subzone was located approximately 5.9 mm from the welding center line, and
extending to 8.1 mm, was exposed to a peak temperature of between 290 °C and 380 °C. In
this over-aged zone, the temperature was not high enough to dissolve the precipitate to
SSS; however, the temperature and slow cooling rate (6.4 °C/s) combination was enough
to transform and coarsen the needle-shaped precipitate into a semi-coherent rod-shaped
B’ precipitate, causing the zone to undergo significant over-aging. The precipitate growth
was the main factor causing softening in this zone. The local behavior obtained by DIC
in this study is in good agreement with the microstructural analysis presented in [34-36].
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Moreover, Figure 18 presents the measured microhardness of the DIC sample together with
the historical temperature distribution and the microstructural analysis from [34-36]. This
shows a very good agreement with the local strain analysis obtained in this present study.
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Figure 18. Correlations between mechanical properties and peak temperature profile along FZ and
HAZ (Test-1 and Test-2).

4. Conclusions

The welding thermal profile, microstructure characterization, microhardness, and
high-resolution digital image correlation (DIC) during tensile tests were used to document
the local mechanical behavior of the HAZ in aluminum weldments obtained by a robotic
GMAW process. The following conclusions can be drawn:

1. A thermal finite element analysis produced reasonably accurate results compared
to the experimental thermal profile, and the most significant difference between the
experimental results and the model results was an 8.3% difference in the temperature
measured by the thermocouples nearest to the FZ.

2. The mechanical response of the welded sample was significantly influenced by the
welding thermal cycle, and thermal cycle variations created different subzones in the
HAZ. The over-aged subzone that produced the lowest hardness could be described
as a 2.2 mm width plane located 5.9 mm to 8.1 mm on both sides of the welding center
line. The symmetrical mechanical response on both sides of the weld was a result of
the steady welding speed and robotic welding heat input.

3. The HAZ subzones present different plastic properties from zone to zone, and the

local mechanical behavior of these zones varies according to the peak temperature to
which they are exposed. The mechanical response of the heterogeneous HAZ led to
the development of an extreme localization of deformed zones within which necking



J. Manuf. Mater. Process. 2024, 8, 110 16 of 17

and fracture occurred during tensile testing. These subzones were closely correlated
with the peak temperature.

4. Micro-flat tensile tests using the DIC technique together with thermal numerical
simulations provided a very interesting and powerful tool to understand the local
mechanical behavior of the welded part. It revealed that welding heat is a crucial
factor in the strength of AA6061-T6 weldment.

5. Although the microhardness technique was able to reveal the lowest hardness regions
in the weldment, this technique has limitations when it comes to predicting the failure
zone as it shows similar hardness values in the FZ and over-aged planes.
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