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This work discusses several aspects of the weldability of AAS083-H116 butt-welded joints, using ER5183
filler material, automated GMAW-P process, and 80Ar19HelO, shielding gas. The used methodology
included the characterization of base metal, the development of welded joints using two different heat
inputs, the microhardness profiles analysis on the cross section of the welded joint, and the microstructural
evolution using microscopy. The above-mentioned measurements were complemented with residual stress
evaluation using the x-ray diffraction technique, together with analysis of transversal and longitudinal
tensile tests of the welded joints. The obtained results in welded joints indicated that yield strength, ultimate
tensile strength, and ductility behavior have been influenced by heat input compared to base metal and
reported values for similar alloys. Residual stress results showed that both the weld metal and adjacent
coarse grain zone were subjected to tensile stresses, while the refined grain zone (FGZ) and base metal
adjacent to the FGZ were subjected to compressive stresses. Additionally, the magnitude of residual stresses
was smaller than maximum tensile stresses, and its behavior was related to both heat input and mechanical

properties along welding regions.

Keywords AA5083-H116 welded joints, aluminum, GMAW-P,

mechanical testing, residual stress

1. Introduction

Al-Mg alloys (5xxx series) widely used in naval applications
exhibit a high yield strength (Sy) in a range between 125 and
295 MPa. These values are similar to the Sy range of some naval
steels, such as ASTM A131 and ASTM A36, which are between
235 and 250 MPa, respectively (Ref 1). Gas metal arc welding is
a manufacturing process widely used to join aluminum alloys. In
gas metal arc welding using pulsed transfer mode (GMAW-P), a
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peak amperage is set above the spray transfer set point resulting in
higher penetration (Ref 2). Meanwhile, a base amperage is set in
the globular transfer range producing a cooling period. Combin-
ing these two currents produces a stable arc, with a controlled
metal transfer, leading to higher deposition rates and lower heat
input (Ref 3). Shielding pure gases commonly used in the
GMAW process are argon (Ar) and helium (He). Ar-He and Ar-
He-O, mixtures are used too. Frequent problems during the
GMAW welding of aluminum alloys are related to pores presence
caused by the solubility of excess free hydrogen during welding,
vaporization of low melting alloying elements, and high cooling
rates, as well as distortions and softening of the heat-affected
zone (HAZ) (Ref 4, 5).

Plastic deformation and cold strain hardening of non-heat-
treated aluminum alloys are associated with storage energy in
the form of dislocations (Ref 6). The aforementioned phe-
nomenon includes the multiplication of dislocations and the
formation of subgrains in the deformed zones, which can be
influenced by heating rates of the material during welding (Ref
7, 8). Due to strain hardening, there is an increase in the storage
energy in the material due to the increase in the density of
dislocations, which prevents the free sliding of dislocations,
thereby increasing the strength and decreasing the ductility of
the deformed alloy (Ref 8). During the welding process, the
joint’s constraints and the expansion and contraction of the
welded metal, along with phase transformations caused by the
heat input, lead to the generation of residual stresses (RSs) (Ref
9). The heat input from welding to these cold-formed alloys
results in a rearrangement of dislocations, formation of
subgrains, and new grains. This leads to a decrease in the
mechanical resistance and hardness of the alloy. Furthermore, it
causes a considerable decrease in the associated internal energy,
facilitating the relief of RSs present in the welding (Ref 7, 10).
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RSs have an important effect on the service life of naval
vessels. RSs can affect the structural strength in hull buckling
and stresses in the deck superstructure, potentially causing
cracking and brittle fractures under the intensity of the loads
and waves undergone by the ship (Ref 11). The x-ray
diffraction (XRD) method using the sin®\y technique is a non-
destructive method commonly used to measure RSs in
crystalline materials. The penetration depth of this technique
is restricted to analyzing RSs close to the material’s surface,
usually in the range of 10-30 um (Ref 12, 13). However, the
penetration depth can be influenced by the angle of inclination
0, the angle of incidence () of the x-rays with respect to the
surface of the material, the value of sin?y, the properties of the
material, the type of radiation used, and the position of the
Bragg’s peak in 2theta (Ref 12, 14). When the depths of
penetration increased (Ref 12), the RSs may differ from those
measured at the surface due to stress distribution at different
depths, material properties, and welding conditions. The
penetration depth is increased as the \-tilt angle decreases
(Ref 14, 15). Using a scanning range of + 45 degrees for -tilt
angles and sin®y values up to 0.5 provides greater sensitivity
and precision for evaluating RSs at penetration depths beyond
the sample’s surface. However, working with narrower ranges
might be convenient in cases of thin thicknesses or when
reducing the measurement time for RSs is necessary. Never-
theless, this reduction in the scanning range might lead to
sensitivity reduction and minor RSs’ detection ability due to
continuous variations of crystallographic orientation in the
welded joint (Ref 13, 14). The accuracy level of the XRD-sin*)y
residual stress measurement is associated with measurement
errors determined by the instrument configuration, incorrect
selection of the diffraction peak, nonlinear relationships in the d
- sin®y curve, the processing of data, likewise, by the
coefficient (R?) of the linear regression in the curve d — sin*y,
and this in turn with the deviation value in the RS measure-
ment, where high values of R* have low values of deviation
(Ref 16, 17).

In this study, butt welding joints of AA5083-H116 alloy
were produced using the GMAW-P process and 80Ar19He1O,
as shielding gas, and varying heat input. Tensile tests were
carried out in the transverse and longitudinal sections of the
weld beads, additionally Vickers microhardness profiles were
obtained, and the residual stress state was determined through
x-ray diffraction tests. Additionally, the study was comple-
mented with microstructure analysis of the welded joints, using
optical microscopy. The goal of this work is to establish
qualitative relationships among the tensile test results, micro-
hardness profiles, residual stress state, and heat input of
welding.

2. Materials and Methods

2.1 Determination of Alloy Identity

The identity of the AA5083-H116 alloy (Ref 18) (Table 1)
was verified through chemical composition analysis using
optical emission spectrometry, microstructural analysis by
optical microscopy (OM), HV gg/10s microhardness test, and
tension testing.

Table 1 shows the chemical composition (wt.%) and
mechanical properties of AA 5083-H116 alloy.
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2.2 Welding

The butt welding joints were carried out using automated
GMAW-P, in flat position (1G) and filler material ER5183 of
diameter J1,2 mm and shielding gas mixture 80Ar19HelO,. A
Railtrac® automatic system was used to control welding
movements and speeds. The weld beads were obtained without
gun oscillation. The following welding parameters were varied,
adjusted, and set using the Optima® control unit: Start current
I;, peak current I, base current /,, peak pulse time ¢, and pulse
frequency f,,. Since it was not possible to measure the type of
wave signal, for simplicity, it was supposed a rectangular wave
signal for the calculation, see Eq 1.

B Ipty + Iptp

In=————"[A]

Eq 1
Hht+t (q )

Given both joint design and welding parameters, high and
low heat inputs were calculated (Fig. 1a) maintaining at least a
10% difference between them. In total, four test plates were
welded by each heat input, with dimensions of 300 mm x
300 mm x 4.6 mm (Fig. lc). One plate was used for
observation, and three for replica. The joint details and the
location of the test specimens are shown in Fig. 1b and c,
respectively. The specimens were extracted using CNC milling
and abundant cooling.

2.3 Characterization of Microstructure and Mechanical
Properties of the Welded Joints

The microstructure of welded joints was observed using
optical microscopy (Olympus B51X), aiming to identify the
different weld regions and morphological changes undergone
by the different experienced thermal cycles. Etching of the
microstructure of the welded joints was carried out with 10%
H;PO,4 phosphoric acid. The microhardness values of the
welded regions were measured transversely along to the weld
bead by applying a load of 100 g for 10 s with 0.15 mm of
pitch in accordance with ASTM-E384 guidelines (Ref 19). For
the transverse tensile strength analysis were tested four (4)
reduced section tensile specimens by each thermal condition
(Fig. 2) according to AWS D1.2 (Ref 20). The tensile tests were
developed in a SHIMADZU® UH-100A universal testing
machine with a head speed of 4 mm/min.

The specimens for the longitudinal tensile test were located
and scaled according to ASTM B557-15, using a total of 4
replicates for each heat input and welding region (Fig. 3a and
b), and the dimensions of the specimen are provided in Fig. 3(c)
(Ref21). The location of the longitudinal tensile test was based
on the analysis of microstructure and hardness evolution and
named in the following manner: multizone (contains elements
of the partially melted zone (PMZ), weld metal (WM), and
coarse grain zone (CGZ)), CGZ, fine grain zone (FGZ), and
base metal (BM). The obtained results were analyzed as a
qualitative indicator, based on how each weld region is
thermally affected, understanding that during the cutting and
preparation of the specimens, they undergo deformations and
relief of residual stresses that could affect them.

2.4 Welded Joint Residual Stress Measurements

Residual stress tests were developed using x-ray diffraction
equipment, X’PERT PRO® by PANalytical. The state of RSs
was measured for each weld region in both transverse and
longitudinal directions using points distributed parallel and
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Table 1 Chemical composition (wt.%) and mechanical properties of AA 5083-H116 alloy

Alloy Si Fe Cu Mn Mg

Cr Zn Ti Other elements Al

5083-H116 0.02 0.24 0.18 0.42 4.02

0.06 0.01 0.06 0.05 Balance

Yield strength Ultimate tensile

Elongation E2in, % Microhardness HV

Sy, MPa strength Su, MPa
243 337.5 12.3 96.3
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Fig. 2 Geometry of the test specimen for transverse tensile testing
(Ref 20)

perpendicular to the weld bead (Fig. 4). To define the spacing
and diffraction points, the following considerations were made
to ensure that the x-ray beam was directed onto each identified
weld region in the microstructure analysis. The spacing was
varied along the length of the weld bead, and the size of the
region diffracted by the incident x-ray on the sample was
approximately 1,5 x 1,5 mm?. The diffraction points for the
measurement of RSs, distributed in the direction perpendicular
to the weld bead, are located at distances from the weld center
as follows: weld metal (0 mm), the ZGG (6.3 mm), ZGF
(11.7 mm), and BM (30 mm and 40 mm). The diffraction
points for the measurement of the RSs, distributed in the
longitudinal direction and parallel to the weld bead, are located
at the following distances from the center of the welded plate:
0 mm, 10 mm, 20 mm, — 10 mm. The surface of the weld
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bead was polished to be smooth, clean, and free of oxides. The
method used to measure the RSs is the sinzl// method (Ref 13).
The radiation used for this test was Co tube radiation with
wavelengths Kol (A) =1.789010 and Kol (A) = 1.792900
and a scanning step size of 0.02°.

Five x-ray diffraction scans in continuous mode were
performed, each with a different inclination angle (/) of 0°,
11.24°, 16.00°, 19.73°, and 22.95°, and 20 angle in the scan
range from 96.95° to 101.45°, to measure the diffraction peaks
and interplanar spacings for each \ value necessary for a better
characterization and analysis of RSs data. In the different
diffraction points and scans conducted, the Bragg angle 20
varied approximately between 99.1° and 99.3°. The determi-
nation of the RSs value was carried out using the X’Pert Stress
module of the X’Pert HighScore® software from the equip-
ment. The stress data were processed using the method of
unidirectional stress analysis. As elastic constants of the
material for calculating the interplanar distance d (A) defined
by Bragg’s law, the elastic modulus £ =71 MPa and the
Poisson’s ratio v = 0.33 were used. For aluminum alloys, the
penetration depth achieved in the range of sin®y < 0.2, using
Co radiation, is approximately 20 um, as reported in the
literature (Ref 13). Supported by software, the diffraction peaks
were analyzed (Fig. 5a), and then, the RS value and associated
deviation were calculated using the interplanar spacing graph
d(A)-sin®ys (Fig. 5b) by carefully adjusting the slope associated
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with the linear regression of the curve. Finally, the RSs data
obtained are imported into data analysis software and plotted,
aiming to display the distribution of the residual stress state in
each welded joint.

3. Results and Discussion

3.1 Microstructure and Hardness Evolution

Results of microstructural analysis of the AA5S083-H116
aluminum alloy welded joint under the optical microscopy
technique showed the welding regions identified as coarse grain
zone—CGZ, mixed grain zone—MGZ, and fine grain zo-
ne—FGZ (Fig. 6).

The result of the distribution of Vickers microhardness
measurements in the AA5083-H116 welded joint shows that
there is a uniform softening along of HAZ regions of the
welded joint, obtaining an average hardness of 73 HV
corresponding to the other weld zones (Fig. 7a). This softening
is more pronounced between the fusion zone and the GFZ
vicinities, showing a decrease from 96 HV of the base metal to
62 HV (Fig. 7b), probably produced by recrystallization effects.

3.2 Behavior of Strength and Ductility Indicators
from Transverse Tension Tests

Results of transverse tension tests are shown in Fig. 8.

Figure 8(a) shows the behavior of average values of Sy and
Su in function of different studied thermal inputs. It can be
observed that Sy and Su values decreased compared to the base
metal by 26% and 32%, respectively. When comparing the
values experimentally obtained in this work with those reported
by Ilman et al. (Ref 22), for AA5S083-H116 welded joints using
the GMAW process, ER5346 filler material, and argon
shielding gas, increasing by 30% and 31% was observed,
respectively. Similarly, When comparing obtained experimental
values reported by Dutra et al. (Ref 23), for AA5083-H116
welded joints using the GMAW with cold metal transfer
process, ER5183 filler material, and argon shielding gas, Sy
values are higher by 18% and the Su values are lower by 22%,
respectively. Regarding the percentage of elongation values
(Fig. 8b), no statistical differences are observed among the

values experimentally obtained for the different heat inputs,
while compared to base metal those decreased by approxi-
mately 43%.

3.3 Longitudinal Tensile Test Results Analysis

The results of longitudinal tensile tests for yield and ultimate
strength analysis are shown in Fig. 9.

Figure 9(a) shows the effect of heat input on the yield
strength (Sy), decreasing 53% and 42% compared to the base
metal (BM) in the multizone (PMZ-multizone) and the coarse-
grained zone (CGZ), respectively. The highest Sy values were
reached in the fine-grained zone (FGZ), which, however,
decreased by 19% compared to the base metal. As for the
ultimate strength (Su) (Fig. 9b), the results show that there are
no statistical differences between the values obtained for the
different heat inputs.

3.4 Residual Stress Results Analysis

The results of the residual stress analysis are shown in
Fig. 10. The FGZ and the base metal adjacent to the FGZ are
subjected to compressive residual stresses (between — 25 MPa
and — 10 MPa), which are smaller in magnitude than the
higher tensile residual stresses (30 MPa to 70 MPa). It is
remarkable that residual stresses converge to zero, for the two
studied heat inputs, at approximately 9.5 mm and 10 mm,
respectively, from the welded joint center. The above-men-
tioned suggests that this point is the place where the energy
accumulated by deformation has probably been fully released
and recrystallization begins.

It can be observed from Fig. 10(a) that the maximum value
of residual stresses in the longitudinal direction in the weld
metal (92.9 MPa) is higher than the residual stresses in the
transverse direction (36.5 MPa) in the same region. Figure 10(b)
shows the residual stresses in the longitudinal direction
(maximum average value 65.1 MPa), which is higher than
the higher average residual stresses in the transverse direction
(39.8 MPa) in the same region. For both heat inputs, the
behavior of RSs values shows that the regions of the weld metal
and adjacent until CGZ are under tensile stresses, and the other
regions are under compression stress. Average values of RS at
the longitudinal direction are greater than those in the

CGZ_2 Smm) CGZ_3 (6mm)

MGZ_5 (10mm)

FGZ_6 (12mm) BM 7

Fig. 6 Microstructural evolution in the weld regions. 10% H3;PO, etching. MO images. Magnification 200X. Average HI = 1,98 [klJ/cm].

(xx) = Distance to the weld center in millimeters
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transverse direction, which is consistent with results of Lu et al.
(Ref 24). Additionally, it is observed that the longitudinal RS
(oyy) is greater for the welded joints with 1.98 [kJ/cm] heat
input. Results of RS analysis at points distributed in the parallel
to longitudinal direction of the weld bead for each heat input
are shown in Fig. 11. According to abovementioned results,
along of welding bead and toward the middle part of the plate
are observed tensile RSs, which decrease toward the plate’s
ends (Ref 25). The behavior of the RS values in different
welding regions compared with those of the perpendicular
direction is similar. Tensile RSs are observed between the weld
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metal (WM) and the CGZ, while compressive RSs were
observed in the FGZ and regions near the base metal (BM).

4, Conclusions

Analysis of the results shows that the yield stress is sensitive
to heat input. The ultimate strength is not very sensitive to
changes in heat input, reflecting a slight uniformity between the
values obtained, with a margin of loss of approximately 30%
compared to the base metal. When comparing the results of the
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Fig. 11 Residual stress distribution parallel to the welding direction. (a) Average HI = 1.98 [kJ/cm]. (b) Average HI = 2.15 [kJ/cm]

elongation percentage with the values of the base metal,
reduction of ductility of approximately 43% is evidenced,
compared to the base metal. The analysis of the results on the
longitudinal tensile strength indicators shows that the weld
region with the best strength indicators is the FGZ and
especially with average heat input of 2.15 [kJ/cm]. Residual
stresses analysis showed that the weld metal and the coarse-
grained zone (CGZ) are subjected to tensile residual stresses.
On the other hand, the fine-grained zone (FGZ) and the base
metal (BM) adjacent to the FGZ are subjected to compressive

3918—Volume 33(8) April 2024

stresses. Values of compressive residual stresses were smaller in
magnitude than the tensile residual stresses.
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