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Abstract

The microstructure and mechanical properties of the joint of a novel Al-Mg-Zn-Er-Zr
alloy fabricated by multi-pass MIG welding using ER5E61 filler wire were investigated
first. The results show that multi-pass MIG welding induces heterogeneous grains in the
weld metal: equiaxed grains, columnar grains, and cover-pass feather-like grains. The
weld metal exhibits coarse grains (45.81 ± 19.68 µm), a high proportion of high-angle
grain boundaries (83.3%), and a low dislocation density compared with the base metal.
The joint achieves 316 MPa ultimate tensile strength, 10.5% elongation, and 0.80 joint
efficiency with minimum hardness (77.2 HV) in the weld metal. Strengthening mechanism
analysis reveals that joint softening mainly stems from the disappearance of deformed
structure, reduced dislocation density, and the coarsening and reduction in Al3(Er, Zr)
nanophases. Diffuse precipitation of the Al3(Er, Zr) nanophases (19.61 nm, 0.53%) under
multi-pass MIG welding compensates for the softening of the welded joint, leading to
the retention of high tensile strength despite marked hardness loss, thus demonstrating
effective strength preservation.

Keywords: Al-Mg-Zn-Er-Zr alloy; metal inert gas welding; multi-pass welding; microstructure;
mechanical properties

1. Introduction
Al-Mg alloys have been widely applied in automotive manufacturing, aerospace, and

shipbuilding industries owing to their low density, corrosion resistance, and excellent
weldability—their application as structural materials in corrosive marine environments is
particularly prominent [1–3]. Al-Mg alloys cannot be strengthened via heat treatment, since
the main alloying element, Mg, cannot be dispersed. The main methods of strengthening
are solid solution strengthening [4,5] and deformation strengthening [6,7].

Over the past three decades, researchers have been dedicated to developing high-
strength Al-Mg alloys to address the growing application demands. Nie et al. [8] obtained
novel Al-Mg-Er-Zr alloys with tensile strengths exceeding 400 MPa by adding trace Er and
Zr elements to introduce Al3(Er, Zr) second phases with an L12 structure that exhibited
coherent with the Al matrix. Recently, Gao et al. [9] incorporated Zn into Al-Mg-Er-Zr
alloys, triggering the formation of a stable Al-Mg-Zn ternary phase replacing the β phase in
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the novel Al-Mg-Zn-Er-Zr alloy, which improved corrosion resistance while increasing alloy
strength. This novel Al-Mg-Zn-Er-Zr alloy overcomes the long-standing trade-off between
high strength and excellent corrosion resistance that constrains conventional Al-Mg alloys.

Welding is a critical manufacturing process for applying Al-Mg-Zn-Er-Zr alloys, espe-
cially in large-scale ship hull structural components, where thick-plate welding technology
is of particular importance. Conventional welding techniques for aluminum alloys mainly
include metal inert gas (MIG) welding [10,11], laser welding [12], and friction stir weld-
ing (FSW) [13,14]. Among these, MIG welding is widely used for its excellent quality,
high efficiency, and low cost [15], but it faces a key challenge in Al-Mg alloy welding:
joint softening.

This softening is primarily attributed to the weakening in overall grain boundary
strengthening (Hall–Petch effect) caused by grain coarsening, a reduction in solid solution
strengthening from element Mg volatilization, and the loss of the dispersion strengthening
due to the dissolution of the second phase during welding [16–18]. To address the above
issues, incorporating microalloying elements (Er, Zr, and Sc) to metal fillers has proven
effective [19,20]. Yang et al. [21] refined the grain size from 117 µm to 33 µm and increased
fusion zone microhardness by 10 HV via Er/Zr addition. Wang et al. [17] used high-Mg
ER5E61 wire for MIG welding of Al-Mg-Er-Zr alloys, achieving a welded joint with an
ultimate tensile strength (UTS) of 337.5 MPa and a joint efficiency of 0.81, compensating
for the strength loss caused by Mg burn-off. However, strength degradation caused
by the dissolution of second phases, such as Al3(Er, Zr) in the WM during the rapid
solidification process, remains an unavoidable issue in numerous studies on Al-Mg-Er-Zr
alloy welding [17,22].

Compared with thin plates, thick plates are more prone to defects like porosity, in-
complete fusion, and joint softening during welding. Thus, thick-plate welding requires
careful consideration of welding heat input, groove design, pass design, etc. Gao et al. [23]
mitigated welding defects and improved joint quality by preheating before welding and
adjusting heat input, increasing tensile performance by 57.6%. Jiang et al. [24] found that
multiple welding thermal cycles increased the precipitation of strengthening phases from
0.43% to 0.93% and improved tensile strength by 11.3 MPa and elongation by 1.7%.

Thus, it is anticipated that multiple thermal cycles in MIG welding may promote
nanophase precipitation to compensate for joint softening in Al-Mg-Zn-Er-Zr alloys. This
hypothesis is particularly relevant when contrasting with single-pass welding. According
to recent literature reviews [17,18,22], the rapid cooling feature of single-pass welding
inhibits the reprecipitation of Al3(Er, Zr) phases, thereby impeding the full exertion of the
dispersion-strengthening effect. However, there have been no reports on multi-pass MIG
welding of thick-plate Al-Mg-Zn-Er-Zr alloys, and the complex microstructural evolution of
such joints, especially softening mechanisms induced by strengthening phase dissolution,
remains unclarified.

This study focuses on multi-pass MIG welding of 20 mm-thick Al-5.83Mg-0.84Zn-
0.17Er-0.12Zr alloy plates using ER5E61 filler wire. It employs techniques including electron
back-scattered diffraction (EBSD) and transmission electron microscopy (TEM) to investi-
gate the effects of multi-pass MIG welding on the microstructure and mechanical properties
of welded joints, while clarifying the underlying joint-softening mechanism.

2. Materials and Methods
2.1. Materials and MIG Welding Experiment

The 200 mm × 100 mm × 20 mm rolled plates of Al-5.83Mg-0.84Zn-0.17Er-0.12Zr
alloy in H112 temper were applied as the base metal (BM), and Ø1.6 mm ER5E61 filler wire
was selected as the filler material for multi-pass MIG welding. The chemical composition

https://doi.org/10.3390/met16030286

https://doi.org/10.3390/met16030286


Metals 2026, 16, 286 3 of 18

of the BM and filler wire is shown in Table 1. The surface of the BM samples was mechani-
cally ground and chemically cleaned to remove oxide films and impurities before welding.
Butt joints were achieved by combining Fronius TPS/TS-5000 MIG equipment with ABB
IRB1400 robots. The schematic of the MIG welding device is illustrated in Figure 1, with
the welding direction perpendicular to the rolling direction (RD). The groove design and
build-up welding design are shown in Figure 2. A groove angle of 40◦ was adopted with
a 1 mm root gap, and the welding process consisted of one root pass, three filling passes,
and one capping pass. Pre-welding temperature and interpass temperature were main-
tained between 60 and 100 ◦C. Based on preliminary welding tests, the optimized welding
parameters are as follows: root pass current of 220 A, fill pass current of 240 A, capping
pass current of 230 A, welding voltage of 21.6 V, and welding speed of 6.0 mm/s. And
25 L/min of 99.999% ultra-high purity argon was used as a shielding gas during welding.

Table 1. The chemical composition of the BM and filler wire (wt.%).

Material Mg Mn Zn Fe Si Er Zr Al

BM 5.83 0.70 0.84 0.13 0.06 0.17 0.12 Bal.
filler wire 6.20 1.06 0.01 0.10 0.20 0.41 0.09 Bal.

Figure 1. Schematic of multi-pass MIG welding of Al-5.83Mg-0.84Zn-0.17Er-0.12Zr alloys.

Figure 2. (a) Groove design; (b) build-up welding pass design.

2.2. Microstructural Observation and Mechanical Testing

In this experiment, a BX51M metallographic microscope (Olympus Corporation, Tokyo,
Japan) was employed to observe the grain size and microstructure morphology of the
joint. The metallographic sample was ground successively with 800-, 2000-, and 5000-grit
sandpaper, then polished with 1.5 µm diamond paste to achieve a scratch-free mirror
surface. After installation and mechanical polishing, the cross-sectional samples were
anodically etched with a solution (5 mL H3BO3 + 20 mL HF + 475 mL H2O) at a voltage of
15 V, a current of 0.6 A, and a time of 70 s. And grain size statistics were calculated using
Image J 1.52p software.

Phases and elemental distribution studies of MIG-welded joints were character-
ized with a SU8020 scanning electron microscope (SEM, Hitachi High-Tech Corpora-
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tion, Tokyo, Japan) equipped with an energy dispersive spectrometer (EDS). A Bruker
D8 Advance X-ray Diffractometer (XRD, Bruker AXS GmbH, Karlsruhe, Germany) was
also employed to analyze phase composition. Electron back-scattered diffraction (EBSD)
analysis was carried out in a Quanta 650 FEG SEM (FEI Company, Hillsboro, OR, USA)
equipped with a Nordlys Nano EBSD system. The EBSD samples were mechanically
ground and polished, then electrolytically polished for 15–17 s in an electrolyte solution
(HClO4:C2H5OH = 1:9) at 20 V and 0.6 A. Scanning step size is 2 µm. EBSD data were
evaluated by the OIM Analysis 7.2 software. The morphology of the nanoprecipitates was
observed with a FEI Talos F200X-G2 transmission electron microscope (TEM, Thermo
Fisher Scientific, Hillsboro, OR, USA). Image J software was employed to analyze at least
eight non-overlapping, representative TEM images, measuring the average diameter of
precipitates and calculating their volume fraction using the area fraction method.

The microhardness of the joint was measured by a HVS-1000 microhardness tester
(Laizhou Huayin Testing Instrument Co., Ltd., Laizhou, Shandong, China) under a
100 gf load applied for 10 s. Hardness distribution profiles were obtained by linear (or grid)
point arrangement on the joint cross-section. The test point spacing was 0.5 mm, and the test
results were averaged from three parallel specimens to ensure data reliability. Tensile tests
of the joints were conducted on an MTS-SANSCMT5000 microcomputer-controlled elec-
tronic universal testing machine (MTS Systems (China) Co., Ltd., Jinan, Shandong, China)
with a load speed of 1.0 mm/min at room temperature, following GB/T 228.1-2021 and
GB/T 2651-2023 standards [25,26]. Three standard samples were prepared for the BM and
welded joints, and the average value was calculated as the result of the tensile properties.

3. Results
3.1. Weld Appearance of the Welded Joint

Figure 3 shows the weld bead formation of the Al-5.83Mg-0.84Zn-0.17Er-0.12Zr alloy in
multi-pass MIG welding. A fully penetrated joint was obtained, with good weld formation
and a uniform surface, displaying obvious fish-scale patterns and metallic luster. This
indicated a stable welding process and effective shielding gas protection. And the weld
seam exhibited no obvious cracks, lack of fusion, or other defects.

Figure 3. (a) Weld appearance of multi-pass MIG-welded joint of Al-5.83Mg-0.84Zn-0.17Er-0.12Zr
alloy; (b) underside; (c) the cross-section.
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3.2. Optical Microstructure

Figure 4 illustrates the microstructure of different regions of the multi-pass MIG-
welded joint of the Al-5.83Mg-0.84Zn-0.17Er-0.12Zr alloys after anodic etching. The met-
allographic observation location is shown in Figure 4h. Based on the microstructural
differences, the welded joint can be divided into three regions of the BM, the heat-affected
zone (HAZ), and the weld metal (WM). Due to the rolling process of the aluminum alloy
base material, elongated grains along the rolling direction (RD) with fine recrystallized
equiaxed grains were observed in the BM (Figure 4a). Average grain width was 15.8 µm,
with an average aspect ratio of 5.9. Figure 4b shows the grain structure in the HAZ. Under
the influence of the welding thermal cycle, grains coarsened compared to the BM. Average
grain width increased to 18.4 µm, while the aspect ratio decreased to 4.5. Figure 4c reveals
that a 100 µm-wide equiaxed grain zone (EQZ) formed along the fusion line, where grain
sizes ranged from 10 to 20 µm. The EQZ is primarily attributed to heterogeneous nucleation
on unmelted grain surfaces of the BM. Columnar crystals formed adjacent to the EQZ and
at weld bead boundaries, as depicted in Figure 4c,f. Columnar crystals at the weld bead
boundaries exhibited larger dimensions, with a maximum length of approximately 1 mm.
Figure 4d reveals equiaxed grains were evenly distributed with an average size of 45 µm
in the WM. The equiaxed grains at the cover weld were rather fine, with a minimum size
of 20 µm in Figure 4e. And feather-like crystals were only observed on the surface of the
cover weld (Figure 4g), which were remelted and disappeared in the internal passes.

Figure 4. Microstructure of the multi-pass MIG-welded joint of the Al-5.83Mg-0.84Zn-0.17Er-0.12Zr
alloys: (a) BM; (b) HAZ; (c) EQZ; (d–g) WM; and (h) schematic of observed locations.
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3.3. Phase Composition

Back-scattered electron (BSE) images of the multi-pass MIG-welded joint regions for
Al-5.83Mg-0.84Zn-0.17Er-0.12Zr alloy are shown in Figure 5, with semi-quantitative EDS
analysis results (marked “A” to “E”) listed in Table 2. In the aluminum matrix (dark zone),
numerous irregular white or gray precipitates were observed to be distributed in banded
patterns along the grain boundaries. Some of these phases exhibited fracture features
induced by rolling deformation, as evidenced in the BSE image of the BM (Figure 5a).
Based on semi-quantitative EDS results of phase “A”, these phases were identified as
ternary Al6(Mn, Fe) primary phases formed by Fe adsorption on Al6Mn, with the presence
of the Al3Mg2 phase [27]. In the HAZ (Figure 5b), EDS analysis of phase “B” showed that its
composition was essentially identical to the BM primary phases, with no apparent changes
in morphology or distribution except for coarsening. In the WM, phases showed uniform
distribution and smaller dimensions than those in the BM and HAZ due to the agitation of
the fusion pool and rapid solidification. Figure 5d presented a local magnification of the
WM in Figure 5c. EDS analysis of points “C”, “D”, and “E” indicated that these phases
were mainly composed of Al, Mg, Mn, Fe, and Er. It was proposed that these phases
contained Al3Er and Al3Mg2 phases in addition to ternary Al6(Mn, Fe) phases [18,21].
Al3Er phases may adsorb some Mg atoms during their formation and growth, eventually
forming multi-eutectic phases [28]. The diffraction patterns (Figure 6) consisted of five
distinct Bragg reflection peaks, corresponding to the Miller indices (111), (002), (022), (311),
and (222), indexing to the face-centered cubic (fcc) α-Al matrix. The BM and HAZ exhibited
a stronger (111) peak, indicating that the rolling process induced a (111) crystallographic
preferred orientation. The WM exhibited a uniform weak peak, stemming from as-cast
non-oriented grains. Precipitates such as Al3(Er, Zr) exhibit weak diffraction signals owing
to their low volume fractions and nanoscale sizes, which are masked by the intense α-Al
matrix peaks.

 
Figure 5. BSE photographs of the welded joint: (a) BM; (b) HAZ; (c) WM; and (d) WM magnified.
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Table 2. EDS position scanning results for the second phase (at.%).

Spectrum Mg Mn Fe Zn Er Zr Al Phases

A 5.21 13.81 9.34 0.23 / / Bal. Al3Mg2, Al6(Mn, Zn)
B 0.78 12.65 12.47 0.44 0.12 / Bal. Al6(Mn, Zn)
C 5.33 4.01 4.10 / 7.88 0.03 Bal. Al3Mg2, Al6(Mn, Zn), Al3Er
D 9.97 1.74 1.46 0.27 1.95 / Bal. Al3Mg2
E 9.08 2.78 2.50 / 11.33 0.05 Bal. Al3Mg2, Al3Er

Figure 6. X-ray diffractometer (XRD) analysis showing crystallographic orientation of the BM, HAZ,
and WM of the welded joint.

The existence of second phases is further confirmed by TEM observations and EDS
analysis in Figure 7. The bright field image (Figure 7a) reveals numerous rod-like or
blocky precipitates. Based on EDS surface scanning analysis, these phases were primarily
rich in Mn and Fe, constituting Al6(Mn, Fe) phases with a maximum length of 400 nm.
Additionally, spherical phases enriched in Mg were identified as Al3Mg2 phases, with an
approximate size of 60 nm. The hindrance of secondary dislocation motion contributes to
the enhancement of material strength and hardness [29]. These precipitates were coarsened
in size and sparsely distributed, exerting a negligible strengthening contribution. A large
number of small, dispersed spherical phases were also discovered. After magnification
and EDS analysis (Figure 7b), these phases were enriched in Er and Zr. Combined with
HRTEM image and corresponding electron-diffraction pattern (Figure 7c), it was confirmed
that these spherical nanoprecipitates were secondary Al3(Er, Zr) phases, with sizes ranging
from 10 to 20 nm. These phases contribute to the dispersion strengthening of the welded
joint [20,21,30]. Figure 7d–f show the distribution of Al3(Er, Zr) nanophases in different
areas of the welded joint. Compared to the cover weld pass (WM-2), the second weld pass
(WM-1) exhibits a significantly increased precipitation of Al3(Er, Zr). The Al3(Er, Zr) phases
in the BM exhibit a finer dispersion. Previous study has demonstrated that a few primary
Al3(Er, Zr) nanophases are formed in the WM during single-pass welding, with more Er
and Zr atoms solid-solving into the matrix [22], which is consistent with the precipitation
of Al3(Er, Zr) phases observed in the final pass. The average diameters of the Al3(Er, Zr)
nanophases in the BM and WM were determined to be 15.74 nm and 19.61 nm, with volume
fractions of 0.77% and 0.53% respectively.
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Figure 7. TEM image of the BM and the WM of the MIG-welded joint. (a) Al6(Mn, Fe) and Al3Mg2
with EDS maps; (b) Al3(Er, Zr) with EDS maps; (c) HRTEM image and corresponding electron-
diffraction pattern of Al3(Er, Zr); (d) Al3(Er, Zr) in WM-1; (e) Al3(Er, Zr) in WM-2; (f) Al3(Er, Zr) in
the BM.

3.4. Grain Size and Misorientation Angle Distribution

Figure 8a,b presents the inverse pole figures (IPFs) map and grain size distribution of
the BM. The BM mainly consisted of elongated grains with distinct preferred orientation,
interspersed with a small amount of recrystallized grains. The average grain width was
15.03 ± 3.21 µm. Compared with the BM, the HAZ exhibited a significant increase in
recrystallized grains and a weakening of preferred orientation, though a striped distribution
remains in Figure 8c. The grain width coarsened to 18.46 ± 4.57 µm. Figure 8e,g shows
the microstructure of the second weld pass (WM-1) and the cover weld pass (WM-2)
respectively, featuring randomly oriented equiaxed grains with no obvious preferred
orientation. The grain size distribution of the second weld pass was more uneven, with
the vast majority of grains (97.67% of the total) ranging in size from 17.85 µm to 88.73 µm.
The average grain size was 45.81 ± 19.68 µm, with a maximum grain size of 105.4 µm. The
equiaxed grain size and shape at the center of the cover weld were more uniform than
those in the second weld pass, with grains smaller than 42.87 µm accounting for 91.24%, as
shown in Figure 8h. And the average grain size was 32.43 ± 11.73 µm. This refinement can

https://doi.org/10.3390/met16030286

https://doi.org/10.3390/met16030286


Metals 2026, 16, 286 9 of 18

be attributed to the absence of subsequent thermal cycles and the enhanced heat dissipation
at the weld surface, thereby suppressing grain growth. And the intermediate weld passes
experience coarsening due to multiple thermal cycles [31].

 

Figure 8. IPF maps and grain size distributions of the welded joint. (a,b) BM; (c,d) HAZ; (e,f) WM-1;
(g,h) WM-2.

Table 3 illustrates the misorientation angle distribution and recrystallized area fraction
of the BM, HAZ, and WM. Conventionally, grain boundaries with misorientation angles
between 2◦ and 15◦ are defined as low-angle grain boundaries (LAGBs), while those
exceeding 15◦ are categorized as high-angle grain boundaries (HAGBs). The recrystallized
area fraction is determined via grain orientation spread (GOS) analysis. In the BM, LAGBs
constituted 71.0% of the total grain boundaries, serving as the dominant type. This is closely
associated with the extremely low recrystallized area fraction (only 10.4%). By contrast,
the proportion of HAGBs gradually increased in the HAZ and WM, reaching 83.3% and
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87.4% in the latter, respectively. And the recrystallized area fraction of the WM exceeds
90%, indicating almost complete recrystallization. The increase in HAGBs is the result of
fine recrystallized grains, whose nucleation and growth occur through the consumption
of dislocations during the migration from LAGBs to HAGBs [32]. High HAGB content in
welds primarily resulted from the equiaxed grain structure of the WM, which provided
higher interface energy and promoted precipitate precipitation [33].

Table 3. Misorientation angle distribution and recrystallized area fraction of the BM, HAZ, and WM (%).

HAGBs LAGBs Recrystallization

BM 29.0 71.0 10.4
HAZ 59.9 40.1 59.3

WM-1 83.3 16.7 91.1
WM-2 87.4 12.6 92.9

3.5. KAM and GND

Kernel Average Misorientation (KAM) effectively reflects the local strain distribution
in crystalline materials. Dislocation pile-up-induced lattice distortion intensifies with
increasing dislocation density, and a larger orientation difference between adjacent regions
corresponds to a higher KAM value [34]. The KAM value shows a strong correlation with
the geometric necessary dislocation (GND) density in deformed grains. GNDs accumulate
to maintain strain compatibility during deformation [35]. The BM was primarily composed
of deformed grains (Figure 9a), exhibiting high KAM values. These deformed grains
featured high strain and GND density, with an average GND density of 17.53 × 1012 m−2

(Figure 9b). In Figure 9c, KAM green regions (representing high-strain areas) decreased
significantly, which was attributed to recrystallization induced by welding thermal cycles.
And the average GND density dropped to 11.54 × 1012 m−2 (Figure 9d), with the reduction
in dislocation density further driving the recrystallization process. For WM-1 and WM-2,
KAM maps were almost entirely blue, a feature corresponding to the low local strain and
GND density of equiaxed grains formed during solidification. Average GND densities of
WM-1 and WM-2 show no statistically significant difference, measuring 6.72 × 1012 m−2

and 6.74 × 1012 m−2 respectively, as shown in Figure 9f,h. These results suggested that
recrystallization weakened the dislocation strengthening of the WM, whereas the BM
retained a stronger dislocation-strengthening effect due to its deformed structure.

3.6. Hardness Profile

The hardness distribution at the cross-section of the multi-pass MIG-welded joint of Al-
5.83Mg-0.84Zn-0.17Er-0.12Zr alloy is depicted in Figure 10. The microhardness correlates
closely with grain refinement, following the Hall–Petch strengthening mechanism: finer
grains enhance hardness by increasing grain boundary density to impede dislocation
motion. In contrast, the microhardness of the BM is more significantly affected by work
hardening during the rolling process, resulting in a microhardness range of 110.2–118.0 HV.
After multi-pass MIG welding, the microhardness gradually decreased from the BM to
the WM. The WM and HAZ of the welded joint softened. The HAZ showed intermediate
hardness (95.4–109.3 HV), with softening linked to grain coarsening alongside secondary
phase coarsening (Al6(Mn, Fe), Al3(Er, Zr)) and reduced dislocation density. The WM
exhibited the lowest hardness (77.2–94.9 HV) in the welded joint. This can be attributed
to the rapid melting and cooling of the WM under welding thermal input, resulting in
the formation of a coarse-grained structure (Figure 8), the coarsening and dissolution of
precipitated phases (Figure 7), and dislocation annihilation (low KAM values in Figure 9).
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These factors collectively led to the complete loss of the work-hardening effect. This is
consistent with previous studies [18,36].

 

Figure 9. KAM maps and GND density distribution of the welded joint. (a,b) BM; (c,d) HAZ;
(e,f) WM-1; (g,h) WM-2.

3.7. Tensile Properties and Fracture Behavior

The tensile properties of the base material and the welded joint are presented in Table 4,
and the engineering stress–strain curves are shown in Figure 11. The welded joint fractured
in the WM, with no initiation or propagation observed in the BM or the HAZ. This indicates
that the WM is the weakest area of the welded joint, which aligns with the joint-softening
phenomenon discussed above. The BM exhibits an average tensile strength of 394 MPa and
a post-fracture elongation of 14.0%. In contrast, the welded joint shows a slight reduction
in average tensile strength to 316 MPa, accompanied by a post-fracture elongation of 10.5%.
The joint efficiency of the welded joint (the ratio of the tensile strength of the welded
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joint to that of the base material) reaches 80%, which is comparable to the 81% obtained
via single-pass welding. Coarse as-cast grains from weld remelting and solidification
during welding cause joint property degradation, while the dispersion strengthening of
Al3(Er, Zr) nanophases in the WM ensures a relatively high tensile strength of the joint.
These nanophases enhance the WM work-hardening rate via the Orowan mechanism and
delay tensile plastic instability. Nevertheless, when deformation reaches a certain degree,
microvoid coalescence dominated by coarse grain boundaries prevails in the WM and
ultimately induces fracture.

Figure 10. Microhardness map of the welded joint. (a) The cross-section, and (b) along the midline of
the cross-section.

Table 4. Tensile properties of the BM and the welded joint.

UTS/MPa YS/MPa EI/% Joint Efficiency

BM 394 ± 3 246 ± 1 14.0 ± 1.0 /
The Joint 316 ± 8 181 ± 3 10.5 ± 2.0 0.80

Single-pass joint
[17] 337.5 / 8.5 0.81

Figure 11. Stress–strain curve of the BM and the MIG-welded joint.
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The fracture surface of the welded joint exhibits distinct ductile fracture charac-
teristics, characterized by numerous ductile dimples with a diameter range of 3–7 µm
(average ~5 µm), prominent tear edges, and the presence of second phases within the
dimples, as shown in Figure 12a. At another location on the fracture surface in Figure 12b,
quasi-cleavage facets and voids were observed, indicating brittle fracture characteristics.
The brittle region accounts for 15–20% of the entire fracture surface. The presence of pores
causes stress concentration points, promoting crack initiation and accelerating specimen
fracture. Consequently, the welded joint exhibits a mixed ductile–brittle fracture mode.

Figure 12. Fracture appearance of the welded joint. (a) ductile dimples; (b) quasi-cleavage facet.

4. Discussion
4.1. Microstructural Evolution

Microstructural observations reveal that the WM exhibits heterogeneous grain mor-
phology: equiaxed grains, coarse columnar grains, and feather-like grains, as illustrated
in Figure 13. Rapid cooling and solidification at the melt pool edge, combined with Mg
and Zn segregation, cause compositional undercooling that promotes nucleation. Concur-
rently, stored energy from rolling deformation of the parent material accelerates dynamic
recrystallization, forming an EQZ (width of ~100 µm and grain size of 10–20 µm) along the
fusion line [37]. In previous studies, the EQZ in aluminum alloy welds containing Er and
Zr showed negligible epitaxial growth owing to the limited compositional undercooling
and the promotion of heterogeneous nucleation by Al3(Er, Zr) nanophases [38,39]. The
presence of coarse columnar grains (a maximum length of approximately 1 mm) between
weld passes is caused by the heat input from subsequent passes, which enabled the tips of
previously solidified columnar grains to continue growing along their original orientation.
High temperatures also cause partial dissolution of dispersed phases like Al3(Er, Zr), allow-
ing columnar grains to break through the pinning effect and extend, eventually growing
epitaxially [40]. Meanwhile, the melt pool flow and the presence of high-melting-point
inclusions facilitate the fragmentation of dendrites and act as heterogeneous nucleation
sites, contributing to the formation of equiaxed grains in the WM. The formation of feather-
like grains in the surface layer of the cover weld is related to high Mg concentrations [41].
During solidification, the Mg content in the remaining liquid metal of the molten pool
gradually increases, leading to the formation of feather-like grains.

Figure 13. Distribution of different crystal types of the MIG-welded joint.

TEM-EDS confirmation revealed the presence of Al3(Er, Zr) nanophases not only in
the BM (volume fraction of 0.77%) but also diffusely precipitated within the WM (volume
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fraction of 0.53%). During the previous weld pass, elements like Er and Zr were fully
dissolved in the aluminum matrix for thermal input. And since the rapid cooling rate,
these elements lacked sufficient time to diffuse and precipitate. The solute elements in the
pre-welded joint achieve multiple cycles of diffusion, segregation, and precipitation under
the influence of successive thermal cycles from subsequent weld passes, ultimately leading
to an increase in the number of Al3(Er, Zr) nanophases [24]. Furthermore, the short-term
high temperatures generated by multi-pass welding effectively suppress the coarsening
of the precipitates. Al3(Er, Zr) exhibits an L12 ordered structure, in which the Er and Zr
atoms preferentially occupy the corner sites of the cubic lattice, while Al atoms occupy the
face-centered positions. This configuration results in a coherent interface with the α-Al
matrix due to the extremely low lattice misfit (<5%), which effectively minimizes lattice
distortion, significantly reduces nucleation energy, and thus facilitates the formation and
growth of a new crystal nucleus in the weld during thermal cycling [42]. And Al3(Er, Zr)
nanoparticles enhance the strength of welded joints by pinning dislocations and interacting
with grain boundaries to increase the resistance to grain boundary migration [20,21].

4.2. Strengthening Mechanism

According to the research results presented, the joint has softened relative to the BM.
To clarify the softening behavior of the joint, an analysis is performed on the strengthening
mechanisms of the BM and WM based on the microstructural characteristics of the material.
The primary strengthening mechanisms include solid solution strengthening, dislocation
strengthening, grain refinement strengthening, and precipitation strengthening.

Solid solution strengthening is a critical strengthening method for Al-Mg alloys. The
solid solution causes lattice distortion, increasing resistance to dislocation movement and
impeding slip, thereby enhancing the strength and hardness of the alloy. The primary
solution atoms in both the BM and WM are Mg and Mn. The difference in solubility of the
two solid solution elements between the BM and WM is negligible, and thus their solid
solution strengthening effects are comparable.

In addition, grain boundaries hinder dislocation movement during the deformation
process of polycrystalline materials, impeding slip and climb of dislocations across grain
interfaces. Therefore, a higher applied stress is required to promote dislocation motion.
The high density of dislocations could form dislocation entanglement, which hinders the
movement of dislocations. As indicated by the preceding analysis of KAM and GND images,
the WM exhibits a significantly lower dislocation density than the BM. Consequently, the
dislocation-strengthening effect of WM is considerably less pronounced than that of BM.

Grain refinement strengthening is also one of the important strengthening methods.
The microstructure of deformation at the WM has disappeared, replaced by coarse equiaxed
grains. Larger grain sizes are not beneficial for hindering dislocation slip, which is not
conducive to improving the strength and hardness of materials. The contribution of grain
size strengthening ∆σgb can typically be calculated by the Hall–Petch equation [43]:

σgb = σ0 + Kd−1/2 (1)

Among these, σ0 is a constant related to lattice resistance. Since aluminum alloy is
a face-centered cube, lattice resistance is almost zero, so σ0 = 0; K is the Hall–Page slope,
with a value of 0.12 MPa·m1/2; d is the average grain size. Therefore, the calculated grain-
strengthening contribution values of the BM and the joint are 30.95 MPa and 17.73 MPa.

Finally, the composite addition of Er and Zr exhibits precipitation hardening in tradi-
tional Al-Mg alloys. Al3(Er, Zr) nanophases were observed at both the BM and WM. Under
the influence of welding thermal cycling, Al3(Er, Zr) nanophases also precipitate exten-
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sively in the WM. The contribution of precipitation hardening ∆σp is typically calculated as
follows [22]:

σP =
0.84MGb

2π(1 − v)1/2λ
ln
( r

b

)
(2)

λ = r(
2π

3V f
)1/2 (3)

In this model, M represents the Taylor factor, G denotes the shear modulus, b is the
Boltzmann vector, v is Poisson’s ratio, λ is the effective particle spacing, and r and Vf

represent the size and volume fraction of the precipitate phase, respectively. The values for
these parameters are as follows: M = 3.06, G = 27.4 GPa, b = 0.286 nm, and v = 0.33. The
calculated precipitation strengthening contributions for BM and WM are 60.47 MPa and
42.48 MPa, respectively.

For the softening of welded joints, among the four strengthening mechanisms, the
WM shows weaker effects than the BM in three mechanisms, except for solid solution
strengthening. The main reason lies in the disappearance of the deformed microstructure,
the decrease in dislocation density, and the coarsening and reduction in the second phase
Al3(Er, Zr) in the WM compared to the BM. In contrast to single-pass welding, which
attains a high joint efficiency via the solid solution strengthening effect imparted by the
relatively high Mg content in the filler wire, the thermal cycles induced by multi-pass
welding can mitigate the depletion and coarsening propensity of Al3(Er, Zr) phases, which,
in turn, compensates for the softening of the welded joint. All quantitative calculations
were based on classic models: the Hall–Petch equation for grain boundary strengthening
and the Orowan equation for Al3(Er, Zr) precipitation strengthening, with their derivations
and parameter settings referenced from the relevant literature [22,43]. Notably, deviations
between theoretical model assumptions and actual microstates, along with the coupling
effects of multiple strengthening mechanisms, introduce an approximate 10% error in
strengthening contribution calculations [43]. Nevertheless, the overall trend remains valid
for reflecting the core law of weakened WM strengthening.

5. Conclusions
Based on the above analysis and discussion, the following conclusions can be made

from this study.

(1) Multi-pass MIG welding of 20 mm-thick Al-Mg-Zn-Er-Zr alloy with ER5E61
wire results in heterogeneous microstructures: the WM consists of equiaxed
(45.81 ± 19.68 µm), coarse columnar (max length ~1 mm), and cover-pass surface
feather-like grains; the HAZ shows grain and second-phase coarsening, while the BM
retains fine rolled grains (15.03 ± 3.21 µm).

(2) Owing to the welding heat cycle, the WM exhibits coarse grains, a high proportion of
HAGBs (83.3%), and a reduction in dislocation density compared with the BM. And
the Al3(Er, Zr) nanophases precipitate in the WM (volume fraction of 0.53%), leading
to the joint strengthening.

(3) The HAZ and WM of the MIG-welded joint soften, with the lowest hardness occurring
in the WM at 77.2 HV. The welded joint has a tensile strength of 316 MPa, an elongation
of 10.5%, a joint efficiency of 0.80, and a mixed ductile–brittle fracture mode.

(4) The four strengthening mechanisms in the BM and WM were compared. Except for
solid solution strengthening, the other strengthening mechanisms in the WM are
weaker than those in the BM. The decrease in the WM strength is mainly attributed to
the disappearance of the deformed structure, the decrease in dislocation density, and
the coarsening and reduction in the Al3(Er, Zr) nanophases.
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This study provides practical engineering guidance for optimizing thick aluminum
alloy welding processes for marine structures by multi-pass MIG welding, while it has
limitations, including unaddressed residual stress and fatigue performance; future re-
search may correlate welding thermal cycles through numerical simulation to deepen
process–property insights.
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