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Abstract: In this article, the effect of process parameters on the microstructure and mechanical
properties of AW5083 aluminum alloy weld joints welded by a disk laser were studied. Butt welds
were produced using 5087 (AIMg4.5MnZr) filler wire, with a diameter of 1.2 mm, and were protected
from the ambient atmosphere by a mixture of argon and 30 vol.% of helium (Aluline He30). The widest
weld joint (4.69 mm) and the highest tensile strength (309 MPa) were observed when a 30 L/min
shielding gas flow rate was used. Conversely, the narrowest weld joint (4.15 mm) and the lowest tensile
strength (160 MPa) were found when no shielding gas was used. The lowest average microhardness
(55.4 HVO0.1) was recorded when a 30 L/min shielding gas flow rate was used. The highest average
microhardness (63.9 HV0.1) was observed when no shielding gas was used. In addition to the
intermetallic compounds, 3-Al3sMg, and y-Al;,Mgjy, in the inter-dendritic areas of the fusion zone
(FZ), AlyMgsy, which has an irregular shape, was recorded. The application of the filler wire,
which contains zirconium, resulted in grain refinement in the fusion zone. The protected weld joint
was characterized by a ductile fracture in the base material (BM). A brittle fracture of the unshielded
weld joint was caused by the presence of Al,O3 particles. The research results show that we achieved
the optimal welding parameters, because no cracks and pores were present in the shielded weld
metal (WM).

Keywords: laser welding; aluminum alloy; microstructure; transmission electron microscopy
(TEM) analysis

1. Introduction

Various welding techniques can be used to weld Al alloy. The electron beam welding [1],
friction stir welding [2], laser-gas metal arc welding (laser-GMAW) hybrid welding [3], or laser
welding [4] are typical examples. The welding using a laser beam utilizes heat from the laser’s high
energy to melt the welding materials and to fuse them together [5]. Compared to other welding
techniques, laser welding has various benefits such as deep penetration, lower heat input, and a smaller
heat-affected zone (HAZ), all of which increase efficiency and yield economic benefits. Because of this,
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laser welding is widely used in modern industry [6-10]. The keyhole created and maintained during
laser (keyhole) welding can penetrate very deeply into metallic materials, providing high-intensity
welding with a single-mode and very small spot size. [11-13]. In laser welding, the protective
atmosphere has a significant effect on decrease the porosity in the weld joints and increasing the
depth of penetration. The two-component shielding mixtures of argon and helium are the best
alternatives for protecting weld metal. They allow for the least possible defocusing of the incident
laser light. The combinations with small amounts of argon seem to be almost as effective as pure
helium not only because they do not greatly increase the degree of defocusing, but also because
they have the further advantage of economical helium consumption, thus decreasing the production
costs [10]. Argon has low ionization energy (15.8 eV) in comparison with He (24.8 eV), and it makes
it easier for argon to ignite into the plasma on its own, which is undesirable for laser welding.
Kuo et al. used a Nd: YAG laser in continuous wave CW mode to join A5754-O aluminum sheets.
They observed that the plasma cloud was visible during the whole welding process. Plasma cloud
is partially forced out of the keyhole. The higher amount of metal vapour prevents the keyhole
from its collapse. Formation of plasma is considered to be a sign of keyhole welding. They also
found that the geometry of the weld bead depends on the gas flow rate value. The weld bead had
a concave character when 5 L/min gas flow rate was used. On the other hand, weld concavity was
found at the flow rate lower than 20 L/min [14]. Katayama et al. found that defocusing of the laser
beam by plasma above the metal surface produces shallow weld beads. Because helium does not
create plasma above the metal surface, an Aluline He30 gas mixture was used for their research [15].
The lower heat input typical for laser welding results in a minimal distortion of the welded parts as
compared to other joining techniques [16]. Also, laser welding produces much smaller width of HAZs
compared with conventional welding technologies. Thus, laser welding has a lesser effect on the base
material’s microstructure and properties [17,18]. Aluminum alloys are excellent construction materials,
with a high strength-to-weight ratio, good corrosion resistance and workability. Cold drawing tubes
(where high-quality welding is needed) are typical examples [19-22]. As a result, laser beam-welded
aluminum structures are increasingly being used for their light weight and high performance [23-26].
Because of the high reflectivity of the laser beam on the surface of aluminum, a high beam quality
is particularly advantageous for laser welding of these materials. According to Beiranvand [27],
the concentration of volatile alloying elements is one of the key factors affecting the effective absorption
coefficient of laser energy during welding. Also, shorter wavelength (1.03 um for TruDisk 4002,
for instance) of a laser beam decreases the reflectivity of the metal surface in comparison with a CO,
laser (10.6 um). Many researchers used Al-Mg alloy because it is especially advantageous [28,29].
For example, 5xxx Al alloys are utilized for manufacturing of marine vessels because of their good
weldability, formability, and corrosion resistance [30]. Mg is added to non-heat-treatable wrought
alloys due to its solid-solution strengthening effect. The Mg addition raises the strength and increases
the corrosion resistance of the alloys, but decreases their workability. Huang et al. [31] pointed out that
the boiling point of Mg (1360 K) is higher than the melting point of Al (933 K), but it is much lower
than the boiling point of Al (2723 K); therefore, more of the Mg evaporates and escapes from the weld
pool in aluminum alloy laser welding. Bunaziv et al. [32] found that increasing the laser power causes
a large vaporization of Mg and Mn, which reduces the mechanical properties of materials. Katsua [33]
demonstrated that the tendency of metal to become porous is greatly influenced by the vaporization
and segregation behavior of magnesium, as well as the amount of hydrogen dissolved in the molten
metal. As a result of their research into the correlations of the factors relating to the formation of pores,
it was, found that formation of pores is not only caused by hydrogen and magnesium metal vapor,
but is also associated with the segregation of magnesium into the solute band. Huang et al. [34] found
that the interaction between the vapor plume and the keyhole is considered to induce the oscillation
of keyhole and vapor plume. Depending on the alloying elements, the 5xxx series alloys can form
different phases [35,36]. If the magnesium content is higher than 3.5 wt.% in Al alloy then precipitates
of B-phase (MgpAls) can be formed [37]. Li et al. [38] found that magnesium is mainly present in the
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form of the (Mg, Als) phase. They also found that the uniform distribution of the 3(Mg,Al3) phase
had a strengthening effect on the material. If the Mg content exceeds the solid solubility lomit in Al
then AlgMgs is formed at the grain boundaries [39]. The Al-Mg system equilibrium phase diagram is
represented by two intermediate phases, namely -phase AlsMg, and y-phase Al;;Mgi7 [40]. Ina
study by Njiokep et al., researchers found that the Al;yMg;7 phase has slower growth than the Al;Mg,
phase. They also observed that both phases grow parabolically for all temperatures [41]. The Al-Mg
phase diagram consists of a 3-solid solution, with a hexagonal crystal structure, a liquid phase region,
a y-solid solution with an «-Mn structure type, R phase with a rhombohedral structure at 42% Mg,
an Al solid solution with a maximum solubility of 18.9 at.% Mg at 723 K, and an Mg solid solution
with a maximum solubility of 11.8 at.% Al at 710 K [42,43]. The initial microstructure of these materials
exhibits a high solid solution supersaturation and can suffer from macro-segregation in the form of
central eutectic segregates and of micro-segregation, which scales with the arm spacing of dendrites [44].
The formation of precipitation and its structure is related to both the hardness and microstructure [45].
The nucleation of precipitates occurs homogeneously as well as heterogeneously in specific places,
such as grain boundaries, dislocations, and vacancies. Geng et al. [46] found that the mechanical
properties of laser weld joints are directly dependent on the solidification microstructures that are
associated with the grain structures and the sub-grain structures (grains in the dendritic structures).
The process of solidification includes intricate interactions between the interface dynamics and the
heat and mass transfer processes, which can lead to a complex solid and liquid interface morphology.
The morphology, size, and distribution of precipitates may result in enhancements of the mechanical
properties. The quantification of precipitated particles in metallic alloys was achieved using a sequence
of characterization methods, particularly transmission and scanning electron microscopy (TEM and
SEM). The procedure that is utilized most frequently to describe nanometric precipitates is TEM [47].

In our recent work, we analyzed the effect of shielding gas composition on the quality,
microstructure and mechanical properties of laser welded AW5083 alloy. It has been found that
the lowest internal porosity and the best mechanical properties (combination of strength and ductility)
was achieved by using of Ar + 30He (Aluline 30) shielding gas. However, the flow rate of the shielding
gases was kept constant in the mentioned investigations. Based on these results the main goal of
the current investigations was to analyze and determine the effect of different gas flow rates on the
microstructure and mechanical properties of laser welded AW5083 alloy while the optimal shielding
gas composition (Ar + 30He) was kept constant. The investigations are supplemented with in-depth
study by using transmission electron microscopy, in order to better understand the effects of material
sub-structure on the mechanical properties of the welded material.

2. Experimental

2.1. Material Characterization

A 2 mm thick AIMg4.5Mn aluminum alloy sheet with dimensions of 30 mm x 100 mm with was
used in the current work. The microstructure of AW5083 aluminum alloy consists of grains with
a directional orientation. Along the grain boundaries is usually a fine grid of Mg, Al; precipitates.
Mg5,Si and (Fe, Mn)Alg can also be present in the microstructure, which are mostly larger and darker
components [48]. She et al. in their study observed intermetallic phases Alg(Fe, Mn) and Mg,Si
by X-ray diffraction (XRD) analysis [49]. In our case, cold-worked alloy is welded, which means
recrystallization and grain growth arise in the heat-affected zone. The hardness and strength properties
of a recrystallized heat-affected zone lose the benefits derived from cold working, and the strength of
the weld approaches that of an annealed alloy. It can be seen from the microstructures that directional,
as-rolled grains disappeared in the heat-affected zone due to the aforementioned recrystallization and
grain growth processes [50].



Metals 2020, 10, 1443 40f22

The mechanical properties of AW5083 are given in Table 1. The alloying elements of AW5083
(in wt.%) are given in Table 2. The alloying elements of 5087 filler wire with a diameter 1.2 mm (in wt.%)
are given in Table 3.

Table 1. Mechanical properties of AW5083 aluminum alloy.

R;,, MPa Ry0.2, MPa Asp, % HB
265 120 12 72

Table 2. Chemical composition of AW5083 aluminum alloy (in wt.%).

Mg Si Cr Mn Ti Zn Fe Cu Al
45 03 01 07 01 02 03 0.1 Balance

Table 3. Chemical composition of 5087 filler wire (in wt.%).

Si Fe Mn Mg Cr Zn Zr Ti Al
02 03508 48 015 02 015 0.1 Balance

2.2. Laser Equipment and Welding Parameters

A TruDisk 4002 disk laser (Trumpf, Farmington, CT, USA) was selected for the welding in this
experiment. The maximum power of the device is 2000 W. The quality of the laser beam was 8 mm.mrad,
and the wavelength of the laser radiation was 1.03 pum. A BEO D70 focusing optic (Trumpf, Farmington,
CT, USA) was used to transport the laser beam via a laser light cable with a radius of 200 um. The focal
length was 200 mm. Aluline He30 (Ar + 30 vol.% He) was used as a shielding gas under a variable
flow rate. During the laser beam welding, the weld beads and weld root were protected from the
ambient atmosphere. For each weld joint, 2/3 of the shielding gas volume was applied to the weld
surface and the rest to the weld root. The gas flow rate at the output of the nozzle was measured by the
flowmeter. The shielding gas flow rates were 12, 18, 24 or 30 L/min for the first four welds. The weld
no. 5 was produced without shielding gas. The remaining welding parameters were kept constant,
i.e., a 1.9 kW laser power, welding speed of 20 mm/s, and 0 mm focal position. A continuous-wave
mode was used for the welds production. The diameter of the nozzle used for delivering shielding
was 10 mm. During laser welding, the shielding gas flowed on the surface of the material through two
nozzles out of four. The position of the nozzle was placed 5 mm above the surface of the base material.
Shielding gas was delivered through tube connected to the side face of the fixture. The scheme of the
experimental procedure is shown in Figure 1. The welding parameter values are given in Table 4.

Table 4. Laser welding parameters.

Laser Power Welding  Wire Feed Type of Shielding Focusing  Heat Input
No. (kW) Speed Rate Shielding Gas Gas Flow (mm) (/mm)
(mm/s) (m/min) Rate (L/min)
1 19 20 1.1 Ar + 30% He 30 0 95
2 1.9 20 1.1 Ar + 30% He 24 0 95
3 1.9 20 1.1 Ar + 30% He 18 0 95
4 1.9 20 1.1 Ar + 30% He 12 0 95
5 1.9 20 1.1 - - 0 95
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Figure 1. Photographic image showing the scheme of the experimental procedure.

2.3. Preparation of Welds

After the metallographic preparation of weld cross-sections, Barker reagent (5 mL HBF4 + 200 mL
H,0) was used for the electrolytical etching of samples. The etching time was 90's, at the voltage of 23.7 V.
The light microscope NEOPHOT 32 (Carl Zeiss Microscopy GmbH, Jena, Germany) was employed to
analyze the micro- and macrostructures. For more detailed study of the heat-affected zone, scanning
electron microscope (SEM) JOEL 7600F (JEOL Ltd., Tokyo, Japan) was used. Sub-microstructure in
both the base material and weld joint was analysed by a transmission electron microscope (JEOL
USA, Inc. Peabody, MA, USA). For the TEM investigations, thin foils were mechanically cut from
the characteristic area of the weld joints and ground to a thickness of about 80 um. A TENUPOL 5
twin-jet electropolisher (Struers Inc., Cleveland, OH, USA) was used for polishing thin disks with a
radius of 1.5 mm in 70% methanol and 30% nitric acid electrolyte at =30 °C and 19 V. The TEM analysis
was carried out with a JEOL 200CX operating at 200 kV. The TEM analysis was coupled with electron
diffraction, in order to identify the nature of minor phases. The fracture surfaces, after tensile testing,
were observed by SEM. A Beuhler IndentaMet 1100 microhardness tester (Buehler, Lake Bluff, IL, USA)
was used to determine the Vickers microhardness. The conditions of the measurement were as follows:
time: 10 s; and load: 0.1 kg. In the HAZ, the indents were spaced at a distance of 200 um. A LabTest
E.3 machine (LABORTECH s.r.0., Opava, Czech Republic) for recording the tensile strength was used.
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3. Results and Discussion

3.1. Appearance of Laser Welds

The weld beads and weld roots of the AW5083 welds created under a 30-0 L/min shielding gas
flow rate are shown in Figure 2a—j. The change in weld beads width was caused by decrease in shielding
gas flow. From the aforementioned results it follows that the decrease of shielding gas flow rate had
an effect on the width of the weld beads. It is probable that it was caused by the distribution of heat
input to the material. Figure 2a,b show the weld joint bead and weld joint root created using a laser
beam with a power of 1900 W, and the wire feed rate was 1.1 m/min, the welding speed was 20 mm/s,
and the focal position was 0 mm. Aluline He30 was used as a shielding gas, with a 30 L/min flow rate.
The weld bead and root are smooth and regular. No spatter was present in the weld bead and weld
root, and their widths were regular. Additional weld joints were produced with different gas flow rates.
The laser weld joint shown in Figure 2c,d were created with the gas flow rate of 24 L/min. The width
of the weld bead and its root are similar to that of the Figure 2a,b weld joint. Again, no spatter was
observed, and the weld joint width and root widths were regular. The weld joint created under a gas
flow rate of 18 L/min is depicted in Figure 2e,f. The weld joint width is the same as the weld joints
observed previously, and its bead and root are smooth and regular. Welding without a shielding gas
flow rate resulted in the creation of a narrower weld joint. Figure 2g,h show the weld bead and weld
root produced under a shielding gas flow rate of 12 L/min. Spattering is present on the surface of
the weld bead. This was caused by the lower shielding gas flow rate. The oxidized metal surface
was caused because only 2/3 of the shielding gas flowed through the nozzle onto the surface of the
weld joint. The width of the weld bead is regular, while the weld root is irregular. The weld that was
created without a protective gas is shown in Figure 2i,j. It is evident that the weld joint is oxidized
(gray colour). In this case, weld sagging, porosity, and spatter were observed. Wu et al. [51] found that
the surface tension of the molten metal and the recoil pressure caused by evaporation were responsible
for the spatter formation. The oxide layer formation on the surface of the molten metal is associated
with the high affinity of Al to O,, which can prevent the escape of bubbles from the weld metal [52,53].

Cross-sections of the butt laser weld joints created by using different shielding gas flow rates
are depicted in Figure 3. The geometry of the welds mainly depends on the welding parameters and
also on the flow rate of shielding gas. In addition to the welding parameters, the use of different
shielding gases and gas flow rates affects the geometry of the weld [54]. Tadamalle et al. [55] studied
the influence of the laser welding parameters on the weld pool geometry. They found that the weld
bead dimensions are more sensitive to the peak power input up to 1.7 kW and less sensitive beyond
1.7 kW. El-Batahgy et al. [56] found that the most pronounced effect on the weld profile is from the
laser beam power, welding speed and focal distance. According to Matsuoka et al. [57] the weld
bead geometry is determined by laser power, scanning velocity and beam spot diameter. The weld
joint created under a 30 L/min shielding gas flow rate (Figure 3a) is concave (0.23 mm), and its root
is excessively penetrated (0.37 mm). The width of the weld is 4.69 mm, and the width of the weld
root is 4.17 mm. In this case, from the measured values it follows that the gas flow of a 20 L/min
was applied to the surface of the material and the weld root was protected with a gas flow rate of a
10 L/min. The application of a 24 L/min shielding gas flow rate (Figure 3b) resulted in a decrease in the
width of the weld. The recorded width of the weld was 4.54 mm, and the width of the weld root was
3.73 mm. The weld is smooth, and excessive penetration of 0.2 mm was observed. It was found that the
weld joint was slightly concave (0.27 mm). The weld bead of the weld joint created under a 18 L/min
shielding gas flow rate is similar to that of the previous weld joint (Figure 3c). Excessive penetration
was also observed (0.24 mm), and the surface of the weld bead was concave (0.25 mm). The width
of the weld dropped by a small amount in comparison to the previous case, from 4.54 to 4.47 mm,
and the width of the weld root dropped to 3.37 mm. The application of a 12 L/min shielding gas flow
rate (Figure 3d) resulted in a decrease in the width of the weld. The weld width was 4.31 mm, and its
root width was 3.42 mm. Additionally, a concave weld bead (0.25 mm) and excessive penetration
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(0.2 mm) were observed. Sagging was detected in the weld joint created without the use of a shielding
atmosphere (Figure 3e). Kuo et al. observed that a weld with a concave shape is a result of a larger gas
pressure in the downward direction [14]. In this case, no protective gas was utilized. The concave
shape of the weld joint (1.68 mm) and excessive penetration of 0.87 mm were a result of pressure caused
by gravity on the molten pool. The width of the weld joint was 4.15 mm, and the width of its root was
4.68 mm. In this case, porosity was recorded in the WM. The radius of the biggest pore was 0.42 mm.
The porosity and cracking of weld joints are the main problems in aluminum welding due to the high
thermal expansion coefficient of Al, the large change in the volume upon solidification, and the wide
solidification temperature range [58-61]. In the weld joints created under variable shielding gas flow
rates, hot cracking was not detected. The laser weld joints became porous as a consequence of the Mg
content and its evaporation, which caused the formation of gas bubbles and instability of the keyhole.
Surface preparation decreases the hydrogen source, which causes porosity [62]. Xu et al. observed
that with the increase in shielding gas flow rate, the electron temperature of plasma plume increases
in the maintenance phase. With the increase of the shielding gas flow rate, the decrease in electron
temperature was observed [63]. The aforementioned results could be associated with our results as it is
obvious from Figure 3, the weld width slightly decreases with the lowering gas flow. When applying
the higher gas flow rate, the temperature of electron is going to be lower indicating that a lower
number of electrons could be transferred to plasma state. As it is known, plasma formation leads to the
absorption of laser energy. From above-mentioned facts, it could be supposed that when higher gas
flow rates resulted in smaller energy absorption by plasma plume resulting in higher utilization of laser
energy to melt the base materials. Thus, the weld metal width for higher gas flow rate was reached.

Figure 4 depicts the relationship between the shielding gas flow rate and the weld width.
The largest weld was created when a 30 L/min (a) shielding gas flow rate was used. Alternatively,
the narrowest weld joint was created when no shielding gas was used (e). The lower the gas flow rate,
the narrower the width of the WM. Ahn et al. found that the width of the weld joint created in argon
was wider than that of the weld joint produced in a helium shielding atmosphere [64]. Reisgen et al.
found that weld joints were shallow when Ar was used as the shielding atmosphere. They explained
that this was due to a plume formation above the weld metal and thus instability of the welding
process, which caused spatter and a poor surface appearance of the weld joint [65].

Similarly, authors in [66] observed the narrowest weld joint when laser welding of AISI304
stainless steel without shielding gas was carried out. They observed in this case the evident changing
in laser keyhole shape. The plume behaviour was very unstable leading to periodic keyhole collapse.
Contrary to our findings, they did not observe pores in the laser weld.

3.2. Light and Electron Microscopy

Figure 5 shows the microstructure of different zones of the 5083 aluminum alloy weld that was
created at a gas flow rate of 30 L/min. The base metal is shown in Figure 5a. It is evident that the base
metal is characterized by a fine grain microstructure, with an average grain size of 20 um. Figure 5b
shows the base metal-heat affected zone interface microstructure. The average grain size is 48 pm.
The difference in the size of the grain in the HAZ is due to the low welding speed (20 mm/s), which
caused a higher heat input and slow cooling rate. This results in excessive grain growth. The HAZ-WM
interface is shown in Figure 5c. It is shown in a higher magnification in Figure 5d. It is obvious that the
microstructure manifests clearly evident dendritic morphology. At the fusion boundary, columnar
grains were observed. Moreover, it was found that the grains grew in the direction normal to the fusion
boundary. During the epitaxial growth process, the starting columnar width of a grain of the FZ is
appointed by the size of the base metal grains contiguous to the weld interface. It can be seen that
a grain refinement occurred in the WM. This may be caused by the presence of Zr in the 5087 filler
wire. Zhou et al. [67] observed a very similar phenomenon. They detected a grain refinement in laser
welded 5083 aluminum alloy with an addition of 0.7 wt.% Zr. The presence of zirconium resulted in
the formation of fine grains in the molten pool. AW5083 with zirconium exhibited excellent mechanical
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properties after printing and after heat treatment. Figure 5e,f shows the microstructure of different
zones of the weld metal. In both figures, the dendritic microstructure and solute enrichment in the
intermetallic areas can be observed. In the figures, a columnar dendritic formation with a solute
microsegregation can be observed. The segregated solute is present in lower quantities, and it is thick
and unbroken. Figure 5f shows the pore, which has a diameter of 41 um. The pore was captured in the
weld metal, which caused an evaporation of lightweight alloying elements.

Figure 6a,b show SEM images of the HAZ-WM interface of the weld joint created with a 30 L/min
gas flow rate. The microstructure of the WM is composed mainly of the a-aluminum solid solution
matrix. The inter-dendritic areas are supplemented in alloying elements. The brighter regions in the
weld metal prove the presence of elements with a higher atomic number.

3.3. Transmission Electron Microscope (TEM) Analysis

The microstructure of the base metal (BM) observed by TEM is documented in Figure 7. The matrix
microstructure of BM manifests polyhedral morphology and is formed by the substitution of the
solid solution of the alloying elements in aluminum. An excessive precipitation of smaller particles
with a regular geometric shape was observed inside grains. Alternatively, only a small amount of
grain boundary precipitation was observed (Figure 8). These particles were identified as the Al;;Mg;7
intermetallic phase (Figure 9). A slight heterogeneity in the precipitate density, as well as the dislocation
density, was also observed.

welding direction

A — .

a)
c)
BA

Figure 2. Light microscope images showing weld beads and roots developed by using the following
gas flow rates (L/min): (a,b) 30; (c,d) 24; (e,f) 18; (g,h) 12; (i,j) 0.
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Figure 3. Cross-sections of the welds at the following gas flow rates (L/min): (a) 30; (b) 24; (c) 18; (d) 12;
(e) 0. Images were captured on a camera with a macro objective.

3.5 I I I I I
30 24 18 12 0

Shielding gas flow rate [L/min]

Weld width [mm]
i
v

~

Figure 4. The effect of the gas flow rate on the weld width.
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Figure 5. Optical microscope images of the microstructure of (a) base material (BM); (b) BM-heat
affected zone (HAZ); and (c) HAZ-weld metal (WM); (d) a higher magnification of (c); (e) the WM of
the Aluline He30 shielded weld joint; (f) the WM of a different area of the weld joint.

From a statistical point of view, the differences in the measured values of the tensile strength
of weld joints, which were protected by different compositions of shielding gases are insignificant,
see Section 3.5. The average tensile strength values of shielded weld joints ranged from 304 to
309 MPa. Alternatively, the material welded by using the shielding gas flow rate of 30 L/min manifests
the highest ductility. Due to the highest average tensile strength and the highest average ductility,
the microstructure of weld metal no. 1 (30 L/min) was studied by TEM analysis for achieving
more details.
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Figure 6. Scanning electron microscope (SEM) images of (a) HAZ-WM; (b) a higher magnification of
part of the region shown in (a).

Figure 7. Transmission electron microscope (TEM) images detailing the microstructure of the BM.

The microstructure of the weld metal has a dendritic morphology. The matrix consists of the solid
solution of the alloying elements in aluminum. A significantly higher dislocation density was observed
in the WM, compared to the BM. The majority of the particles are irregularly shaped. No particles
were observed within the dendrites. The presence of the intermetallic phases, Mg,Al;, Alj,Mg7,
and AlsMgs, (Figures 10-12), were confirmed by electron diffraction. Secondary precipitation phases
were mainly observed in the inter-dendritic area, Figure 11. Similar results are reported by Mofid et al.
They recorded two inter-metallic compounds in the weld metal, namely, 3-AlsMg, and y-Al1,Mg;7 [68].
Goswami et al. detected the -phase through high-resolution TEM analysis [30]. Ding et al. [69]
found [3-phase precipitates along grain boundaries. Choi et al. [70] studied the behaviour of 3-phase
(Al3Mgy) in AA 5083 during friction stir welding. The results of electron probe micro-analyzer analysis
showed that the precipitated 3-phase (Al3Mg,) existed along the grain boundaries in the matrix.
Zhang et al. [37] found that most particles in the AA5083 aluminum alloy are 3-phase. They also
recorded the presence of a small number of Al x Mn dispersoids. Observed dispersoids had a square
or rectangular shape, while the 3-phase had a random or irregular shape. Panteli et al. [71] detected
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in their study the presence of both phases a 3-AlsMg, and y-Al;;Mg;y by XRD. Shahid et al. [72]
recorded the same results in their study. In Figure 13, Al,Oj is present, which is probably the cause of
a brittle fracture in the WM of the unshielded weld joint. A higher amount of Al,O3 particles was
recorded in the unshielded weld joint in comparison to the protected weld metal.

Wl @ e —

Figure 9. TEM image detailing the small precipitates inside the grain and the electron diffraction
pattern of the particles.
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Figure 10. TEM image of the WM microstructure. The intermetallic phase Mg, Als was identified by
electron diffraction inside the inter-dendritic area.

=0 Matrix

Figure 11. TEM image of the WM microstructure. The intermetallic phase Al;,Mg;7 was identified by

electron diffraction inside the inter-dendritic area.

Tamasgavabari et al. [73] observed, that area fraction of intermetallic compound (IMC) was lower
in the weld metal of AA5083-H321 aluminum alloy than in BM. With the application of vibration force
during GMAW, the size and quantity of IMC increased.
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Figure 12. TEM image of the WM microstructure. The intermetallic phase AlyMgs, was identified by
electron diffraction inside the inter-dendritic area.

S L

4

Figure 13. TEM image of the WM microstructure. Al,O3 particles were identified by electron diffraction
inside the inter-dendritic area.

3.4. Microhardness Measurements

Figure 14 shows the microhardness profiles throughout the welds made by using of different
shielding gas flow rates. The microhardness course was measured in the middle of the weld joint.
The distance between indents was 200 um. In all cases, an increase in the microhardness was observed
from the BM toward the WM. This may be caused by the use of 5087 filler wire containing zirconium
that induces grain refinement in the WM, thus microhardness increase. The highest microhardness
value was measured in the weld metal. It is evident that the gas flow rate had an influence on the



Metals 2020, 10, 1443 15 of 22

microhardness of the specimens. The maximum average microhardness value was observed in weld
no.5. This weld joint was not protected against the ambient atmosphere. The highest porosity and
the lowest strength was observed in this weld joint in comparison to the protected welds. Increased
values of the microhardness can be caused by the oxidation of the molten weld pool because of the
lack of protection of the WM during laser welding. The average weld metal microhardness was
63.9 HVO0.1. If a 30 L/min (weld no.1) shielding gas flow rate of the Aluline He30 was used then the
average microhardness was lower, namely, 55.4 HV0.1. An increase in the weld metal microhardness
values in comparison to the base metal was caused by a grain refinement in the fusion zone. When the
24 L/min gas flow rate was used, the average microhardness increased to 57.2 HV0.1. A microhardness
of 58.4 HV0.1 was measured under the 18 L/min shielding gas flow rate. The microhardness increased
to 60.2 HVO0.1 in the last shielded weld joint, which was protected by a 12 L/min shielding gas flow
rate. With the lowest shielding gas flow rate, the highest oxidation of the molten metal and thus the
highest microhardness values were observed. Proki¢-Cvetkovi¢ [58] achieved similar results when
He was utilized as a protective gas. The hardness values of the WM were slightly higher, leading to
the conclusion that a higher quantity of helium increased the hardness. In the work of Ahn et al. [64],
different microhardness values were observed. They analyzed AA2024 aluminum alloy weld joints,
which were created in argon and helium shielding gases. Weld joints created in helium had a lower or
comparable hardness to welds created in argon. The researchers explained this result by pointing to
the raised heat input, which can be attributed to the higher thermal conduction of helium.

66
64
62
60
58

56

Microhardness HvV0.1

54

52
—8—30L/min —&—241/min 18 L/min 12 L/min —®— no shielding

50 T T T L] T L] T T T L] T L] T L] T L] 1
-3200 -2400 -1600 -800 0 800 1600 2400 3200
Distance from weld center [um]

Figure 14. Microhardness course of welds created under various gas flow rates.
3.5. Tensile Test

Figure 15 shows the dimensions of the tensile test specimen. Figure 16 shows the variations in the
tensile strength on the gas flow rate. The average value of the three tested samples for every weld was
computed. The maximum tensile strength was observed when the 30 L/min shielding gas flow rate
was used, namely, Rm = 309 MPa (+2.94). These specimens also manifested the highest ductility, i.e.,
29.96% (+0.49). The weld joint created under the 24 L/min shielding gas flow rate achieved a tensile
strength of 307 MPa (+2.52), and its ductility was 27.25% (+ 0.45). The tensile strength of the weld joint
produced under the 18 L/min shielding gas flow rate was Rm = 305 MPa (+2.45) and ductility value
was 26.03% (+0.56). The weld joint produced under the 12 L/min shielding gas flow rate achieved a



Metals 2020, 10, 1443 16 of 22

tensile strength of 304 MPa (+£3.27) and ductility value was 25.64% (+1.05). A tensile strength of only
160 MPa was recorded when the weld joint was welded in the ambient atmosphere without the use of
a protective gas. This result can be attributed to the high porosity of the WM. A possible reason for the
pore formation in the WM is a keyhole collapse during the course of welding. Elements with relatively
low boiling points, such as magnesium, tend to evaporate during laser welding. Developed gases are
captured by the molten metal in the weld pool, which in turn leads to the formation of pores [74]. In [75],
Aly,O3 was found to be hygroscopic and supported the capture of moisture from the atmosphere. Toda
et al. [76] found that the mechanical properties of aluminum alloys are susceptible to the development
of micropores. Aside from this fact, they indicated that the lower ductility and decreased mechanical
properties and fatigue characteristics can be related to the high density of the micropores in aluminum
alloys. They also indicated that the tensile strength decreased substantially when the volume of
micropores increased.

The stress—strain curves for the welds created at various gas flow rates are shown in Figure 17.
The gas-shielded laser weld joints are characterized by much greater area below the stress—strain curves
than can be seen for a non-protected weld joint. This indicates much better ductility (and toughness
being represented by work until the fracture) of joints produced with use of shielding gas. On the
other hand, low ductility (and toughness) of non-protected joint may be associated with the formation
of heterogeneities and micro-pores, as above discussed.

3.6. Fracture Surfaces Analysis

SEM images of the fracture surface of the welds created with the 30 L/min gas flow rate are
shown in Figure 18a,b. From the images of the fracture surface, a ductile fracture can be observed.
This fact is attributed to the dimples that are present on the fracture surface. The application of Aluline
He30 (30 L/min) was effective, because no pore was observed on the fracture surfaces. Except for
the weld that was produced without the use of shielding gas (Figure 18¢,d), a fracture was observed
in the base metal. From the images (Figure 18c,d) of the fracture surface, a brittle fracture can be
observed. The sample fractured in the WM. Understanding the connection between the fracture
behavior and microstructure is essential. Because many secondary phase particles are contained in
the metal, they cause ductile fractures of aluminum alloy. The ductile fracture process is as follows:
nucleation > growth > coalescence of the voids. In the void nucleus are particles of the precipitate,
inclusion, or dispersoid [77].

100

- - 2
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Figure 15. A schematic of the tensile test specimen [mm].
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Figure 16. The effect of the shielding gas flow rate on the tensile strength.

300
250 —
200 -
©
o 4
2,
3 150
£
m .
100 4 30 L/ min
24 L/ min
18 L/ min
804 12 L/ min
NO SHIELDING
0+ T T T T T T T T T ]
0.00 0.05 0.10 0.15 0.20 0.25

Strain [-]

Figure 17. Stress—strain curves for the welds created with various gas flow rates.



Metals 2020, 10, 1443 18 of 22

 10pm JEOL
SEM WD 14.9mm 09:53:16

— 10pm JEOL
10.0kV LEI SEM WD 15.0mm 10:44:34

Figure 18. SEM images of the fracture surfaces of (a) weld no. 1; (b) a higher magnification of (a);
(c) weld no. 5; (d) a higher magnification of (c).

4. Conclusions

In this work, the effect of process parameters on the microstructure and mechanical properties of

AW5083 aluminum laser weld joints was investigated. For joining butt laser welds, 5087 (AlMg4.5MnZr)
filler wire, with a diameter of 1.2 mm, was used. Aluline He30 was used as the shielding gas.
Additionally, the influence of different shielding gas flow rates on the microstructure, mechanical
properties, and weld shape was revealed. From the results obtained, the following observations can be
made:

)

)]

®)

The weld joint created under the 30 L/min shielding gas flow rate was the widest. A concave
shape of 0.23 mm and excessive penetration of 0.37 mm were recorded. A weld width of 4.69 mm
and root width of 4.17 mm were measured. In the unshielded weld joint, a concave shape of
1.68 mm and excessive penetration of 0.87 mm were recorded. A weld width of 4.15 mm and root
width of 4.68 mm were measured. In this case, the WM was found to be porous. The diameter of
the biggest pore was 0.84 mm.

The weld metal microstructure is formed by a dendritic structure with an average grain size of
20 um. This is caused by zirconium, which is an alloying element present in the filler wire and acts
as a grain refiner. The high cooling rate of laser beam welding contributed to the grain refinement.
Columnar grains were observed at the fusion boundary. The grains grew in a direction normal to
the fusion boundary. Equiaxed grains were observed in the middle of the fusion zone.

Three intermetallic compounds, 3-AlsMgy, v-Al;oMgi7, and AlyMgsy, were observed by TEM
analysis. A larger number of Al,O3 particles was recorded in the unshielded weld joint in
comparison with the protected weld metal, which is probably due to the brittle fracture in the
WM of the unshielded weld joint.
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(4) When 30 L/min of Aluline He30 was used, the highest tensile strength (Rm = 309 MPa), at the
highest ductility, was recorded. The weld joint was fractured in the base material. The lowest
tensile strength (Rm = 160 MPa) was recorded when no shielding gas was used. In this case,
a fracture occurred in the weld metal because of a large number of pores.

(5) The lowest average microhardness was measured in the weld that was protected under the
30 L/min gas flow rate during welding, namely 55.4 HVO0.1. An increase in the microhardness
was caused by the grain refinement due to the presence of Zr in the filler wire and the high
cooling rate that is characteristic of laser beam welding. Conversely, the highest microhardness
(63.9 HVO0.1) was recorded in weld no. 5. Increased values of the microhardness are probably
caused by oxidation of the molten weld pool, because of the lack of protection of the WM during
laser welding. It is evident, from the recorded values of the microhardness, that the gas flow rate
had an effect.

(6) The best results were obtained when the following welding parameters were used: a laser power
of 1900 W, speed of welding of 20 mm/s, focal point of 0 mm, filler wire feed rate of 1.1 m/min,
and gas flow rate of 30 L/min. This study could have implications for industry as laser weld joints
without defects were produced. Further research on the use of shielding gas with a higher flow
rate and the influence of the gas flow rate on porosity in the weld metal are merited. The use of
computed tomography to investigate the microporosity in the weld metal should also be explored.
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