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On the heterogeneous
microstructure and strengthening
mechanisms in a laser welding
AZ80 magnesium alloy
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This study investigates the microstructural characteristics and mechanical properties of a laser welded
AZ80 magnesium alloy. The welding process led to the formation of coarse-grained fusion zone (FZ),
where a secondary phase formed continuous network. Mg, ,Al,, precipitation and coarsening of

grain boundaries occurred in the heat affected zone. The welded joint exhibited excellent mechanical
properties with a yield strength of 202 MPa and a joint efficiency of 92%. The microstructure analysis
via EPMA and EBSD in conjunction with synchrotron X-ray diffraction analysis reveals that precipitates
and increased dislocation density in the fusion zone are primary strengthening mechanisms for the
laser welded AZ80 Mg alloy.
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As an ideal lightweight metal structural material, magnesium (Mg) alloys conform to the concept of modern
lightweight, energy saving and emission reduction and have been increasingly evaluated for application in
aerospace, transportation, electronic communications, and other industries! 3. However, wide usage of Mg
alloys in various fields needs the development of processing technologies, and welding is necessary for the
manufacturing of wrought Mg alloys parts and the repairing of casting defects*~°.

Welding problems, such as joining Mg alloys to themselves and joining Mg to steel or aluminum, have been
receiving attention in recent years. Various welding processes, such as tungsten inert gas welding (TIG)?, electron
beam welding (EBW)?8, friction stir welding (FSW)?, and laser beam welding (LBW)'°, have been employed for
connecting of Mg alloys. Laser welding, in particular, offers advantages over other welding methods, such as
high-power density, simple equipment, high welding efficiency, low residual stress in joints, and narrow heat
affected zone!!13. These advantages position laser welding as a promising technique with broad prospects for
joining Mg alloy components.

Mg alloys manufactured by different processes have different weldabilities, and the microstructure and
the properties of laser welding also differ. At present, laser welding is mainly applied on wrought Mg alloys,
which have demonstrated good laser weldability'*. Shen et al.!® investigated the effect of welding speed on the
microstructure and mechanical properties of AZ61 Mg alloy using laser welding. It was found that increased
welding speed led to the improved strength and elongation of the joint due to the fine a-Mg equiaxed dendrite
crystals and dispersed B-Mg Al , particles. In a study of AM80 laser welded joints, Shi et al.'® achieved excellent
joint strength by optimizing the peak power. The tensile strength of the welded joint can reach 142.5 MPa, which
is 90% strength of the base material.

The strength of Mg alloy welded joints reported in the literature is generally weaker than that of the base
material, which is usually caused by the microstructural differences between the joints and the base material'7~1°.
However, insufficient attention was paid to the microstructure of the laser welded joint of Mg alloys (such
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as, grain structure, precipitation, and texture). Understanding the microstructure evolution and mechanical
behavior of the welding joint is of importance to optimize the welding process. In this study, laser welding was
performed on an extruded AZ80 Mg alloy with the objective to correlate the microstructure with the mechanical
properties of the laser welded material.

Materials and methods

Materials preparation

Commercial pure Mg (99.5%), pure Al (99.7%), and pure Zn (99.8%) were used for the melting of Mg-8A1-0.5Zn
alloy through semi-continuous casting method. The cast billets with a diameter of 200 mm were homogenized
at 350 °C for 24 h and then hot extruded at 380 °C with an extrusion speed of 2 m min~! to produce extrusion
plate with a dimension of 230 (Width) x10 (Thickness) mm. The as-extruded alloy was further solid solution
treated (T4) at 400 °C for 5 h. Figure S1(a) reveals the microstructure of the as-extruded AZ80 alloy after T4
treatment. The material demonstrates a fully dynamic recrystallized (DRXed) grain structure. No secondary
phases were observed from the optical micrograph. Figure S1(b) shows the X-ray diffraction (XRD) result of the
AZ80-T4 alloy. Only a-Mg phase was identified from the diffraction peaks, further confirming the single phase
of the investigated alloy.

Laser welding process

Rectangular plates with a geometry of 50X50X2.5 mm-’ were sectioned by electrical discharge machining
(EDM) from bulk extrusion alloy for laser welding. Prior to welding, the surfaces of the plates were properly
cleaned by mechanical polishing and acetone cleaning. Figure S1(c) shows the schematic of the laser welding
process, with the welding direction aligned along the extrusion direction (ED). The laser power used was 1500 W,
the laser inclination was set as 7°, the welding speed was 4.5 mm min~ 1 and the defocus was maintained at zero.
Argon was used as protective gas during welding with a flow rate of 25 L min~!. Microstructure of the welded
joint is shown in Fig. S1(d) that demonstrates good welding quality without obvious porosities and inclusions.

3

Microstructure characterization and mechanical testing

Synchrotron X-ray diffraction experiments were conducted at beamline P21.2 of the PETRA III facility at the
Deutsches Elektronen-Synchrotron (DESY) using an energy of 82 keV. The beam size was set to 150 X 150 pm?
to capture information from specific regions of the welded material. The diffraction patterns were analyzed using
the open-source software pyFAI (https://github.com/kif/pyFAI).

The microstructure of the welded joints was characterized using optical microscopy (OM, Zeiss), scanning
electron microscopy (SEM, Tescan), and electron backscatter diffraction (EBSD, Oxford) techniques. The
sample surface was mechanically ground, polished, and etched for OM and SEM observations. A specimen for
EBSD scan was electropolished using a 10 vol% perchloric acid alcohol solution at the temperature of -30 °C for
150 s, with a voltage of 30 V and a current of 0.3 A. The acceleration voltage for EBSD testing was set as 20 kV
with a step size of 1 um. Phase constitution analysis of the material was carried out by X-ray diffractometer
(XRD, Shimadzu) with a scanning speed of 2° min~!. Elemental analysis was conducted using electron probe
microanalysis (EPMA, Shimadzu). The MTS (C45.5.4Y) electronic universal testing machine was used for
tensile tests of the materials with a gauge dimension of 35X6x1 mm?. A strain rate of 2x 10~ * s~! was used
for tensile tests.

Results and discussion

Microstructural features near the Weld joint

Microstructure of the welded material was characterized with EBSD to reveal the grain structure and texture
across the welding joint. Figure 1a presents the EBSD inverse pole figure (IPF) map of the welded joint, revealing
distinct grain structures across different regions. An enlarged area of interest from Fig. la is shown in Fig. 1b,
where three regions of grain structure can be discerned. The base material (BM, Region I) demonstrates an
equiaxed grain morphology with an average grain size of 7.2 um. The fusion zone (FZ) comprises of columnar
grains (Region II) and coarse equiaxed grains (Region III) with an average grain size of 23.2 um and 38.8 um,
respectively (shown in Fig. 1c). The BM exhibits a typical extrusion texture where most of the grains orientated
with their basal planes normal to ND, as shown in Fig. 1d. Pole figures (PFs) of the FZ reveal a relatively random
grain orientation that could be resulted from the solidification crystallization during the welding process.

The grain structure formed in the FZ is similar to the macrostructure zone in a practical cast ingot, where
central equiaxial grain and columnar crystals typically occur. During the laser welding process, liquid metal at
the boundary of FZ/BM firstly starts to nucleate because of the low temperature away from the center of the
FZ. The temperature difference between the front of crystal and liquid decreases and it is difficult to nucleate
new crystals, and hence crystallization continues through growing old nuclei. Because of the limitation of heat
releasing direction, growing direction of crystals is toward the center of FZ, columnar grains form. As columnar
crystals grow, temperature difference between the front of crystal and liquid reduces, resulting in the stop of
columnar crystals growth. Further solidification in the center of FZ needs nucleating and growing independently
in the liquid of central zone. As a result, equiaxed grains form in the center®.

In order to clarify the formation of secondary phase during the laser welding process, microstructures of the
welding joint were further characterized with SEM and EPMA. Three different zones, namely BM, heat affected
zone (HAZ), and FZ, were divided across the weld joint based on the microstructure characteristics shown in
Fig. 2a. No precipitates were observed in the BM from the SE image. Microstructure from the interfacial zone
between BM and FZ, here defined as HAZ, displays an equiaxed grain structure but with a large number of
precipitates and coarsened grain boundaries. The width of the HAZ is approximately 60 um. Both the amount
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Fig. 1. EBSD microstructure of the AZ80 Mg alloy welded joint: (a) Inverse pole figure (IPF) map, (b) image
quality map of an enlarged area of interest from (a), (c) grain size distribution across different regions, and (d)
pole figures (PFs) of different regions illustrated in (b).

and size of precipitates vary across the width of HAZ due to the temperature difference across the welding zone
during solidification, likening a heat treatment effect on the BM. The FZ features a distinct network structure
of secondary phase, both in the regions of columnar grains and in the center equiaxed grains. EPMA elemental
mapping of the HAZ and FZ reveal both the precipitates and secondary phase contain a high content of Al
element, with a uniform distribution of Zn element, as shown in Fig. 2b and c. The network structure of the
secondary phase in the FZ forms is own to be Al segregation during the rapid solidification process of the
material in laser welding.

Mechanical properties of the welded material

Figure 3a compares the engineering stress-strain curves of the as welded material and the base material. The
welded material maintains a high level of yield stress (YS) and ultimate tensile strength (UTS), as shown in
Table 1. The quality of welded joints is usually evaluated by joint efficiency, n

_ Oy

(1)

oB

where o ,, is the tensile strength of the welded sample, o p is the tensile strength of the base material. The joint
efficiency of the laser welding AZ80 Mg alloy in this study achieves 92%, indicating excellent weldability of the
material. The YS of most Mg alloy welded joints is lower than that of the base materials, which may be caused by
the changed microstructure of the joint during the welding process.

Several factors affect the yield strength of a material. First of all, the grain size effect according to the Hall-
Petch relationship®*:

o =0+ kd? (2)

where o ( is the lattice friction force that needs to be overcome to move a single dislocation, & isa coefficient and

d is the grain size. The YS of polycrystalline materials is inversely proportional to the square root of grain size.
In the case of the laser welding AZ80 Mg alloy, the coarsened grains in the FZ would deteriorate the mechanical
strength of the material. Another factor that could affect the YS is texture strengthening. As shown in Fig. 1d,
the BM exhibits a strong basal texture that is not conducive to basal slip activation, while in the FZ, the random
texture favors the activation of basal slip. Given that the critical resolved shear stress (CRSS) for basal plane slip
is significantly lower than for non-basal slip??, the FZ exhibits a weaker texture strengthening effect.

Despite an increase in average grain size and weakening texture of the FZ in the welded material, the YS of
the laser welding AZ80 Mg alloy remains comparable to that of the BM. However, precipitates introduce Orowan
strengthening by hindering dislocation movement during plastic deformation®, thereby improving the strength
of the welding joint. In addition, hetero-deformation induced (HDI) stress strengthening?>2® may also contribute
to the strengthening of the welded material, owing to the significant difference in microstructure between the FZ
and the BM (as shown in Figs. 1a and 2a). In this regard, the structural difference could cause inhomogeneous
deformation in different zones of the welded material, leading to an increased dislocation density in the joint
geometry, thereby improving the strength of the joint. Both of the precipitation and heterostructure in the
welding joint increase the dislocation density during the tensile deformation, leading to an enhanced work-
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Fig. 2. Secondary electron (SE) images and EPMA elemental mapping of the welding joint: (a) SE images of
BM, HAZ, and FZ, (b) EPMA elemental mapping of HAZ, and (c) EPMA elemental mapping of FZ.

hardening rate of the welded material. The yield strength and joint efficiency of typical Mg alloys are compared,
as shown in Fig. 3b14!1527-40, The data reveal a generally inverse relationship between yield strength and joint
efficiency in welded Mg alloys. In this study, the AZ80 Mg alloy exhibited exceptional performance in both yield
strength and joint efficiency.

Mechanisms of strength retention in welded joints

To explore the mechanisms behind the retention of joint strength, a synchrotron X-ray diffraction line scan
was performed on the as-welded material. The heat map results from the line scan, shown in Fig. 4a, indicate
that Mg is the solely existing phase in the BM regions. However, in the FZ, two Mg, Al , diffraction peaks were
detected, indicating precipitation occurs during the cooling process post-welding, consistent with the Al-rich
phase observed in Fig. 2b and c. A narrow transition zone between the BM and FZ, approximately 150 pm wide
was observed in X-ray diffraction scan line. Given that the synchrotron X-ray beam size is 150 x 150 pum?, larger
than the scanning step size of 50 um and the width of the HAZ (Fig. 2a), the diffraction from a single point in
this area encompasses signals from the BM, FZ, and FAZ.
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Fig. 3. Mechanical properties of the welded material and base material: (a) Engineering stress-strain curves,
(b) relations of yield strength and joint efficiency of welded AZ80 and previously reported welded Mg
alloys!41527-40,

Material Yield strength (MPa) | Ultimate tensile strength (MPa) | Elongation (%) | Joint efficiency (%)
As-welded 202.4 284.0 4.49 92.03
Base material | 205.8 308.6 13.02 100

Table 1. Mechanical properties and joint efficiency of the welded material and base material.

Figure 4b shows the X-ray diffraction profiles for both the BM and FZ regions, revealing the formation of
Mg ,Al , phase in the FZ. Additionally, the diffraction peaks in the FZ broaden compared with in the BM. The
full width at half maximum (FWHM) for four diffraction peaks ({10-10}, {0002}, {10-11}, and {10-12}) was
analyzed along the line scan direction, as shown in Fig. 4c. The FWHM values range from 0.012° to 0.018° in
the BM. In contrast, the FWHM values were significantly increased and exhibited greater variation in the FZ,
ranging from 0.020° to 0.035°. Williamson-Hall (W-H) method was used to study the relationship between
peak width and g vectors (g=d"!, where d is the spacing of the considered diffraction planes). The insert figure
in Fig. 4c plots the FWHM against g vectors for ten diffraction peaks selected from the BM and FZ, respectively.
The W-H slope for the BM was found to be 9.0 x 10~%° nm, while in the FZ, it was significantly increased to
6.8x1073° nm. According to W-H theory, changes in the slope are primarily attributed to microstrain from
dislocation-like defects*!, indicating a substantial higher dislocation density in the FZ. The dislocation densities
around the welding joint were calculated using the convolutional multiple whole profile (CMWP) method
(Fig. 4d), resulting in values of 0.5~0.9 X 10!* m~! for BM and 8.4 ~13.3 x 10! m~! for FZ. It is noteworthy that
the increase in the peak width of the FZ region is not solely attributable to the rise in dislocation density; it is also
undeniably influenced by residual stress. During the cooling process following welding, the temperature gradient
generates residual stress in the vicinity of the joint*>*3. This residual stress, in conjunction with the increased
dislocation density, contributes to the observed broadening of the peak width. This increase in dislocation density
is consistent with the findings in 6061 Al alloys**, where friction-stir welding (FSW) was observed to increase
dislocation density by a factor of seven compared to the base material. In this study, the increased dislocation
density serves as an additional strengthening mechanism, alongside precipitation hardening, contributing to the
enhanced strength of the welded material.

Conclusions

In summary, this study demonstrates the heterogeneous microstructure and strengthening mechanisms in a
laser-welded AZ80 Mg alloy. The investigation revealed that the welding process resulted in the formation of
a coarse-grained fusion zone (FZ) with a continuous network of secondary phases. In the heat-affected zone
(HAZ), Mg,,Al,, precipitates and grain boundary coarsening were observed. The welded joint exhibited superior
mechanical properties, achieving a joint efficiency of 92%. Microstructural analysis using EPMA, EBSD, and
synchrotron X-ray diffraction highlighted the key strengthening mechanisms. The primary factors contributing
to the high strength of the laser-welded AZ80 Mg alloy were the increased dislocation density and the presence
of precipitates within the FZ. The mechanical strength of the as-welded material is comparable to that of BM
owing to the strengthening mechanisms of Orowan strengthening, hetero-deformation induced (HDI) stress,
and strain hardening.
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Fig. 4. Synchrotron X-ray diffraction analysis in the welding joint: (a) Diffraction heat map around a welding
joint, (b) Integrated diffraction profiles of BM, and FZ, (c) FWHM evolution of four selected Mg peaks, insert
is the Williamson-Hall (WH) plots for Mg peaks at BM, and FZ, and (d) Dislocation densities determined by

the convolutional multiple whole profile (CMWP) method.
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