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The thermomechanical stability of majority precipitates formed by conventional alloying elements 
in magnesium alloys is generally poor. Hence the morphology and structure of these precipitates are 
highly susceptible to the welding thermal cycle, which results in the softening of the heat-affected 
zone (HAZ). Rare-earth (RE) precipitates are generally thermodynamically stable. Therefore, it is 
necessary to conduct an in-depth discussion on whether RE precipitates reduce the softening of the 
HAZ. In this paper, Ce-containing magnesium alloy was successfully welded by fiber laser welding. 
Scanning electron microscope (SEM), X-ray diffraction (XRD), energy dispersive spectrometer (EDS), 
and micro-hardness tester were employed to analyze the welded joints. Consequently, the distribution 
characteristics of RE precipitates in both fusion zone (FZ) and HAZ were revealed. Moreover, based 
on the solution experiments of the welded joints, the evolution mechanism of the precipitates in welded 
joints during the thermal cycle was deduced, and the softening mechanism of the HAZ was clarified. 
Thereafter, the relative intrinsic mechanism of RE precipitates in reducing the softening of the HAZ 
and improving the mechanical properties of FZ was explored. The results showed that the HAZ was 
narrow, with a width of only 100-200 μm. The morphology and distribution of the less thermally 
stable Mg17Al12 precipitated in HAZ changed significantly after the thermal cycle. In contrast, RE 
precipitates remained stable, which is extremely important for reducing the softening of the HAZ. In 
addition, the precipitates in FZ were transformed into micron-sized particles and precipitated at the 
edge of dendrites, resulting in a hardness improvement of the FZ.
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1. Introduction
Lightweight is one of the most critical development 

directions in transportation and aviation industries nowadays1. 
Magnesium alloys, the lightest structural metallic material, 
are increasingly used to replace some traditional materials in 
auto parts due to their high specific strength/specific stiffness, 
recyclability, abundant resources, and excellent processing 
properties2. However, the heat resistance of magnesium 
alloys is poor, and the morphology and distribution of the 
strengthening phases formed by most conventional elements 
in the alloys are highly susceptible to thermal cycling3, which 
limits the application of magnesium alloys. For example, the 
most critical strengthening precipitate in Mg-Al-Zn magnesium 
alloys (AZ series), Mg17Al12, softens at temperatures above 
120°C4,5, and the melting point of Mg17Al12 is only 473°C6,7. 
The same is for Mg-Zn-Zr magnesium alloys (ZK series); 
although they have obtained good comprehensive mechanical 
properties by refining the grains with the addition of Zr 
element, the melting points of the major precipitates in the 
alloys such as MgZn, MgZn2 (laves phase) and Mg2Zn3 are 
just 342°C8, 808°C9 and 416°C8, respectively, indicating 
the poor heat resistance as well. These less thermally stable 
precipitates in heat-affected zone easily melt and re-aggregate, 

forming coarse-sized precipitates at grain boundaries during 
the brief welding thermal cycle10, which in turn has a typical 
splitting effect on the matrix during plastic deformation due 
to the huge difference in elastic constants with the matrix11. 
Moreover, the original well-designed, finely distributed 
precipitates are drastically reduced because of the thermal 
melting or dissolution, thus weakening the initial precipitation 
strengthening or precipitated-phase strengthening of the 
matrix12. Therefore, the softening of the heat-affected zone 
of the weld is extremely serious, and how to achieve high-
quality welding of magnesium alloys has become the frontier 
of magnesium alloy research13.

Highly thermodynamically stable precipitates have a 
significant role in reducing the softening of welded joints14,15. 
In particular, the thermodynamic stability of precipitates 
formed by rare-earth elements is generally much higher than 
that of conventional elements16. For example, researchers have 
explored the synthesis of precipitates with good thermodynamic 
stability by conventional alloying elements, such as Al2Ca, 
Mg2Si, and Al4Sr, which are formed by adding Ca, Si, and Sr 
elements, and their melting points are 1079°C17,18, 1087°C19,20, 
and 1040°C21-23, respectively. Although the thermodynamic 
stability of these precipitates is not bad, that of the precipitates 
composed of rare-earth elements such as Pr, Nd, Gd, Dy, 
La, Ce, Y, etc., is much higher. For example, the melting *e-mail: 350906320003@email.ncu.edu.cn
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point of Al11Pr3 is up to 1240°C6, the Al2Pr has a melting 
point of 1480°C6, and the melting points of the other rare-
earth precipitates such as Al11Nd3, Al3Nd, Al11La3, Al2La, 
Al11Ce3, Al4Ce, Al2Ce, Al2Y are 1235°C6, 1680°C6, 1240°C24, 
1405°C24,25, 1235°C6, 1251°C26, 1480°C6, 1485°C6, respectively. 
However, it is noteworthy that Mg-RE precipitates may also 
be formed when RE elements are added to the aluminum-
free magnesium alloys owing to their electronegativity. 
The Mg-RE precipitates that have been characterized 
include Mg41Nd5

27,28, Mg5Gd29, Mg24Dy5
30, Mg24Y5

31, MgCe32, 
Mg2Ce33, Mg3Ce34, Mg12Ce35, Mg17Ce2

35, et al., but the results 
find that their melting points are markedly lower than that 
of the Al-RE precipitates. The melting points of the above-
mentioned Mg-RE precipitates are only 545°C27,28, 545°C29, 
535°C30, 566°C31, 505°C36, 750°C37, 796°C37, 598°C38, and 
617°C37, respectively. All these examples demonstrate that 
the key to reducing the softening of the heat-affected zone 
lies in obtaining highly thermodynamically stable Al-RE 
precipitates. Hence the precipitates in HAZ remain stable 
during the thermal cycle, which in turn significantly reduces 
the width of the heat-affected zone. Whereas the precious 
rare-earth elements are both expensive and impractical for 
many commercial applications2, a comparison finds that the 
melting points of Al-Ce precipitates are almost at the same 
level as that of Al-Pr and Al-Nd precipitates, while the cost 
of rare-earth Ce is much lower than the latter. Therefore, 
adding high-abundance, low-cost rare-earth elements (such 
as La, Ce, and Y) and forming thermally stable precipitates 
with Al elements in the magnesium alloys becomes an ideal 
way to improve the mechanical properties of welded joints39.

Laser welding also has a role in reducing the size of the 
heat-affected zone, mainly due to the high energy density 
and low heat input of the laser beam, which makes the fusion 
zone heat up quickly40. As a result, the time the base metal 
is affected by the welding heat input is relatively short. 
Obviously, the combination of laser welding and rare-earth 
precipitates may be a potential solution for reducing the 
softening of the heat-affected zone of magnesium alloy 
welds41. Jun Dai et al.42 verified this by performing laser 
welding on a 10mm thick NZ30K rare-earth magnesium alloy. 
The results found that the precipitation strengthening effect 
of rod-like and tadpole-shaped rare-earth precipitates in the 
welded joint contributed 79% of the total yield strength of 
the alloy42. Moreover, the width of the heat-affected zone was 
only 200-400 μm43, further reflecting that the combination 
of laser welding and rare-earth precipitates is one of the 
most potent methods for improving the performance of 
magnesium alloy welded joints.

Ce-containing magnesium alloys are less expensive 
and suitable for commercial applications, especially for 
welding wire manufacturing and weld joint strengthening. 
Liming Liu et al.44 successfully welded (laser-TIG hybrid 
welds) the dissimilar metals of 6061 aluminum alloy and 
AZ31 magnesium alloy by adding Ce foils as interlayers. 
The results indicated that Ce refined the grains on both sides 

of the joint, and the unique elongated morphology of Ce-
containing precipitates reduced the thermal cracks in welded 
joints. The research by R.P. Dobriyal et al.45 further found 
that typical Al11Ce3, Al2Ce, and Mg17Al12 precipitates were 
uniformly distributed both in the friction stirred zone (FSZ) 
and the thermo-mechanical affected zone (TMAZ) of the 
friction stir welded joint of AE42 alloy. The precipitates in 
FSZ were stirred and broken into pieces with sizes of 5-8 μm, 
the corresponding hardness test along the width direction 
of the joint reflected that those smaller-sized, uniformly-
dispersed Ce-containing precipitates had a significant 
effect on improving the hardness and strength of the FSZ. 
The tensile test performed by YU Sirong  et  al.46 highly 
agreed with that. The ultimate tensile strength (UTS) of 
the friction stir welded joint of an AZ31B magnesium alloy 
comprising 0.5wt% Ce was found to be 238MPa, which was 
only 32MPa lower than that of the base metal (270.41MPa). 
These examples above illustrate the role of Ce element in 
improving the microstructure and mechanical properties of 
welded joints. However, most of these studies are limited in 
the characterization of properties of the welded joint, and 
the detailed formation mechanism of precipitates in the weld 
zone and HAZ is not clearly elucidated. And also, there are 
few studies on fusion welding of rare-earth magnesium 
alloys. Hence, more research is needed.

Herein, the Mg-Al-Ce magnesium alloy was set as the 
research object, and well-formed joints were successfully 
obtained by fiber laser welding. With the aid of microstructure 
and composition analysis, the distribution characteristics of 
rare-earth precipitates in FZ and HAZ of the joint were revealed. 
Moreover, the evolution mechanism of the precipitates in FZ 
and HAZ during the thermal cycle was clarified based on 
solution experiments. Thereafter, the strengthening mechanism 
of rare-earth precipitates on improving the comprehensive 
mechanical properties of the welded joint was explored; and 
the internal principle of rare-earth precipitates on reducing 
the softening of the HAZ was revealed, which provided a 
feasible welding solution for magnesium alloys serving in 
thermal cycling conditions.

2. Sample Preparation and Research Details

2.1. Material details
The experimental material used in this work is a rare-earth 

magnesium alloy comprising 0.4wt.% Ce. The composition 
is shown in Table  1. The alloy was smelted from pure 
magnesium, aluminum, zinc blocks, Mg-Mn master alloy, 
and Mg-30wt.% Ce master alloy. The melting temperature 
was set at 750°C, the shielding gas was a mixture of CO2 and 
SF6, the volume fraction of SF6 in the mix was 0.5%, and the 
flow rate of the mixed gas was 5L/min. Stirred continuously 
for 2 minutes after the Mg-Ce master alloy was added for 
10 minutes, followed by slagging, resting, and casting in 
a metal mold preheated to 200°C, obtaining ingots with a 

Table 1. The composition of the rare-earth magnesium alloy comprising 0.4wt.% Ce (wt.%).

Element Al Zn Mn Si Fe Cu Ce Mg
Contents 3.156 1.098 0.385 0.167 0.029 0.014 0.436 Balance
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diameter of 100 mm. Then the ingots were cut into sheets 
with a size of 50mm×10mm×0.7mm by a linear cutting 
machine. Thereafter, the grinding (with 1500# abrasive 
paper), cleaning (with alcohol), and drying procedures were 
applied to prepare sheets for laser welding.

2.2. Welding process
The laser welding was performed at a laser welding system 

consisting of a 3KW fiber laser (IPG Photonics YLS-3000-
SM) and a robotic arm (KUKA KR 30 R2100). The welding 
form was a single-sided lap welding; the overlap amount 
was 15mm. The welding power was set at 500W, the laser 
head was 10° off the vertical direction, the defocus distance 
was 0mm, and the welding speed was 5mm/s (300mm/min). 
During the welding process, the welding sample was properly 
fixed on the welding table and protected by argon gas until 
the joint was completely cooled. The ventilation direction 
of the shielding gas was 60° from the welding direction. 
The schematic diagram is shown in Fig. 1.

2.3. Test details
Test specimens were cut from the welded joints by a 

linear cutting machine. Part of the base metal and welded joint 
samples were solution treated with processes of 440°C×8h 
and 440°C×20h, respectively. Microstructure observation 

was conducted with a Nikon LV150NA optical microscope 
(OM) and ZEISS EVO MA 10 scanning electron microscope 
(SEM) after inlaying (with epoxy resin), grinding, polishing, 
and etching. Meanwhile, the grinding and polishing were 
carried out with a Buehler EcoMet 30 grinder-polishers. 
400#, 800#, and 1500# silicon carbide grinding papers 
were successively used for grinding. While polishing cloth 
and 1μm diamond suspension were used for polishing. 
The etching time was 5s, and the etchant used was prepared 
with 99ml deionized water, 1ml nitric acid, and 1g oxalic 
acid. Composition analysis was performed with the aid of 
Oxford X-Max energy dispersive spectrometer (EDS) and 
Panalytical XPert Powder X-ray diffractometer (XRD), 
the scan speed of XRD was 2°/min. For the hardness test, a 
Huaying HV-1000 type micro-hardness tester was used, the 
test force was 0.5Kgf (4.903N), and the holding time was 
10s. The indentations in the fusion zone were centered on 
the contact interface of the two sheets, and the horizontal and 
vertical spacing were both 150μm. While for the solution-
treated welded joint, the hardness was measured along the 
bonded interface (bonding line) of the fusion zone and base 
metal, as well as on the right and left sides, which were 150μm 
away from the bonding line, and the test paths were parallel 
to the bonding line. The test details are elaborated in Fig. 2.

3. Experimental Results

3.1. Microstructure and composition of the base 
metal

The microstructure of the base metal (BM) and the 
morphology of the precipitates in BM are shown in Fig. 3. As 
can be seen from the figures, the grains of the base metal 
are equiaxed, with a size of 300-400 μm. Precipitates are 
mainly distributed at the grain boundaries in discontinuous 
granular or large-sized island shapes. Also, a small fraction 
of granular, rod-like or needle-like precipitates is precipitated 
in the grains. The back-scattered electron (BSE) image in 
Fig. 3(c) demonstrates a distinct contrast difference between 
the island-shaped precipitates at grain boundaries and the 
granular or needle-like precipitates in grains, in which 
the precipitates at grain boundaries are in gray, while the Figure 1. The schematic diagram of laser welding.

Figure 2. The schematic diagram of test samples.
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precipitates in grains are in bright white. Since the contrast 
in BSE image is related to the atomic number, it is concluded 
that the elemental composition of the above-mentioned 
precipitates is different. Hence, EDS is needed for the 
compositional analysis.

EDS mapping was used to further analyze the elemental 
composition of precipitates in base metal. The results are 
shown in Fig. 4. Obviously, precipitates in granular or short 
rod morphology are mainly composed of Al, Mn, and Ce 
elements; while the long needle-like precipitates are composed 
of Al and Ce elements, as outlined in Fig. 4(c,e,f). With the 
aid of EDS point analysis, the atomic ratio of elements in 
precipitates is obtained. That of Al and Ce elements in long 
needle-like Al-Ce precipitates is close to 10:3 (Fig. 5(b)), while 
the atomic ratio of Al, Mn, and Ce elements in short rod-like 
Al-Mn-Ce precipitates is close to 10:7:2 (Fig. 5(c)). It is of 
interest that Zn generally appears together with Mg and Al 
elements, and the magnified observation of the precipitate 
(Fig. 6(b)) reveals that it has a lamellar internal structure. 
The corresponding EDS mapping results in Fig. 6(d,e) reflect 
that the Al and Zn elements in the precipitate are alternately 
distributed, and the atomic ratio of Mg, Al, and Zn elements 

is about 6:4:1 (Fig. 5(a) and Fig. 6(f)), demonstrating the 
typical eutectic structure47. Combined with the XRD results in 
Fig. 7, it is indicated that the precipitates at grain boundaries 
with lamellar internal structure are the ternary eutectic of 
MgZn2, Mg17Al12, and α-Mg48, and the detailed formation 
mechanism was elaborated in our previous work49.

It is noteworthy that O element is also detected in the 
precipitates at grain boundaries. The results are shown in the 
EDS pattern in Fig. 6(f). These O elements originate from the 
residual magnesium oxides during the smelting process50-52. 
Kondoh Kalso et al.51 and M Russell-Stevens et al.52 also 
reported the coexistence of Mg17Al12 and MgO at grain 
boundaries. Since the oxidation of the melt during the 
smelting process is difficult to avoid completely, although 
they were protected by the shielding gas. Hence, the residual 
insoluble oxides after slagging-off are then expelled to the 
crystallization frontiers and solidify at the grain boundaries. 
Meanwhile, the Mg17Al12 and MgZn2 are also precipitated at 
the grain boundaries due to their eutectic point being lower 
than the melting point of α-Mg49. However, the distribution 
of these precipitates at grain boundaries has a typical splitting 
effect on the matrix due to the huge difference in elastic 

Figure 3. The microstructure of the base metal. (a) OM image, (b) SEM image, (c) BSE image.

Figure 4. The EDS mapping results of the base metal. (a) EDS mapping position, (b-f) the distribution of Mg, Al, Zn, Mn, and Ce elements.
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constants between α-Mg and intermetallics or precipitates 
such as Mg17Al12, MgZn2, and MgO50, which easily becomes 
the crack sources. The resulting cracks were photographed 
in our previous work49.

X-ray diffraction was employed to further verify the 
phase composition of the base metal. The results are shown 
in Fig. 7. Combined with the EDS results in Fig. 4-6, it is 
clear that the major precipitates in the alloy, such as Al-Mn-
Ce, Al-Ce, Mg-Al, and Mg-Zn precipitates, are essentially 
the Al10Ce2Mn7, Al11Ce3, Mg17Al12, and MgZn2, respectively. 
At this point, the microstructure and phase composition of 
the base metal are clearly characterized.

In fact, welding is a process of thermal cycle; hence the 
thermodynamic stability of the precipitates in base metal 
determines the post-weld microstructure and mechanical 
properties of the joint directly, including fusion zone (FZ) 
and heat-affected zone (HAZ)53. In order to elucidate the 
microstructure evolution and softening mechanism of the 
HAZ during thermal cycling, a solid solution treatment was 
carried out for the base metal, and the microstructure of the 
solution treated base metal is shown in Fig. 8. Apparently, 

most of the precipitates at grain boundaries formed by 
conventional alloying elements (Al, Mg, Zn, etc.) are almost 
completely dissolved after solution treatment, as shown in 
Fig. 8(a,b), indicating the poor thermal stability of these 
conventional precipitates. However, the dissolution of the 
precipitates directly leads to a reduction of the obstacles 
that pin dislocations and hinder dislocation motion. As a 
result, the slip resistance of grain boundaries is reduced, 
and the tensile strength of the alloy decreases accordingly, 
which is the mechanism of the so-called softening54. It is 
noteworthy that the short rod-like Al10Ce2Mn7 and the 
long needle-like Al11Ce3 were not dissolved after solution 
treatment but still remained in the grains or at the grain 
boundaries, as verified through the EDS mapping results 
in Fig. 8(c-f). It is clear that the undissolved rare-earth 
precipitates partly maintain the original precipitated-phase 
strengthening effect of the alloy55, which may be beneficial 
for reducing the softening of the HAZ after the thermal 
cycle. Hence, more experiments are needed for further 
exploring the detailed influence mechanism of rare-earth 
precipitates on the FZ and HAZ.

Figure 5. EDS results of the precipitates in base metal. (a) Mg17Al12, (b) Al11Ce3, (c) Al10Ce2Mn7.

Figure 6. The ternary eutectic of α-Mg, Mg17Al12, and MgZn2. (a) the eutectic at grain boundaries, (b) magnified view of the eutectic, 
(c-e) the distribution of Mg, Al, and Zn elements, (f) the spectrum of EDS mapping.
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3.2. Microstructure and composition of the 
welded joint

The rare-earth magnesium alloy sheets were laser welded, 
and the cross-sectional morphology of the obtained joint is 
shown in Fig. 9. Clearly, the magnesium alloy sheets are 
effectively connected under the current welding process 
without obvious welding defects and collapse. The fusion 
zone is funnel-shaped, and the center of the upper surface 
of the weld is slightly raised. The depth of the molten pool 
is 1488μm, the width of the upper surface of the fusion zone 
is 997μm, and the width of the fusion zone on the contact 
interface of the magnesium alloy sheets is 842μm. It is of 
interest that a typical heat-affected zone is not observed 
near the bonded interface of the fusion zone and base metal.

A magnified observation of the bonded interface of the 
fusion zone and base metal reveals a significant difference in 

microstructure on both sides of the interface (Fig. 10(a,b)). 
That is, the structures in fusion zone are all transformed into 
dendrites (Fig. 10(c)). In contrast, the grains in base metal 
and heat-affected zone remained equiaxed. A small amount of 
granular and short rod-like precipitates are randomly distributed 
in the fusion zone, in which the diameter of the particles is 
about 15μm, and the size of the short rod-like precipitates 
is about 5×20 μm, as shown in Fig. 10(d,e). It is of interest 
that the particles in fusion zone are similar in size to those 
in base metal, but the length of the short rod-like precipitates 
is significantly shorter than that of the long needle-like or 
rod-like precipitates in base metal. The comparison is clearly 
displayed in Fig. 10(d,e). In addition, obvious boundaries of 
HAZ are not observed outside the fusion area, but a small 
quantity of coral-like precipitates are found distributing at 
the grain boundaries on the base metal side, which is within 
a distance of 100-200 μm from the edge of fusion zone, as 
shown in Fig. 10(d,e). By comparing the microstructure of 
base metal in Fig. 3, Fig. 4, and Fig. 10(f), it is clear that 
the coral-like precipitates are the heat-affected products of 
welding thermal cycle.

As a matter of fact, the solution experiment of base 
metal has revealed that the Mg17Al12 and MgZn2 at grain 
boundaries are unstable during thermal cycling, which is a 
good explanation for the microstructure evolution of the HAZ. 
The research results of Ragani et al.5 and Luo7 indicated that 
Mg17Al12 softened when the temperature was above 120°C4,5, 
and the melting point of Mg17Al12 was only 473°C6,7; whereas 
MgZn2 had a melting point of 808°C9, but its eutectic point 
in magnesium matrix was 416°C56. As a comparison, the 
melting points of Al10Ce2Mn7 and typical Al11Ce3 are as high 
as 1150°C57,58 and 1235°C6, respectively. During the thermal 
cycling of low-power laser welding, the temperature in HAZ 
is not that high, which is apparently lower than the melting Figure 7. The phase composition of the base metal.

Figure 8. The microstructure of the solution-treated base metal. (a) OM image of solution treated BM, (b) EDS mapping position, (c-f) 
the distribution of Mg, Al, Zn, Mn, and Ce elements.
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point of magnesium alloy (650°C)59, but higher than the 
melting temperature of Mg17Al12 (437°C). Consequently, 
the island-shaped Mg17Al12 in HAZ melts instantaneously 
during the brief welding thermal cycle. Then flows and 
aggregates at the grain boundaries together with the lamellar 
semi-molten MgZn2, forming the resulting larger-sized, 
spherical or round-headed island-shaped precipitates with 
a coral-like internal structure under the combined effect of 
liquid surface tension and limitation of narrow spaces at grain 
boundaries60. The typical precipitates in HAZ are shown 
in Fig. 10(d,e). It is worth noting that the welding thermal 
cycle has little effect on Al10Ce2Mn7 and Al11Ce3 precipitates 
in HAZ. Therefore, the morphology and structure of grains 
in HAZ remain almost the same as that of base metal, and 
the width of the HAZ in rare-earth magnesium alloy laser 
welded joint is relatively narrow.

SEM and EDS were employed to further analyze the 
microstructure and elemental composition of FZ. The magnified 
observation in Fig. 11(a,b,c) suggests that the grains in FZ have 
a typical dendritic structure. The width of the dendrite arms 
is 2-5 μm (Fig. 11(c)). A large number of tiny particles are 
precipitated along the edge of dendrites, all of which are less 

than 1μm in size. Moreover, the SEM image in Fig. 11(d) finds 
several large-sized rod-like and needle-shaped precipitates, 
which are significantly different in morphology from the tiny 
particles and α-Mg matrix. The sizes of the precipitates are 
3×8 μm and 1×8 μm, respectively. EDS results in Fig. 11(e,f) 
reveal that the atomic ratio of Al, Mn, Ce elements in the 
short rod-like precipitate is about 5:3:1; while that of Al and 
Ce in the needle-like precipitate is close to 3:1. It is clear 
that the precipitates are Al10Ce2Mn7 and Al11Ce3 respectively, 
combined with the XRD results in Fig. 7. The above findings 
indicate that rare-earth precipitates can still be precipitated 
in fusion zone at elevated welding temperatures.

At the bonded interface of FZ and base metal, fusion zone 
side, the number of tiny particles rises dramatically, forming 
aggregates with sizes of about 2×8 μm at the crystallization 
frontier, as shown in Fig. 12(a,b). While on the heat-affected 
zone side, spherical and round-headed island-shaped 
precipitates with coral-like internal structures appear at grain 
boundaries (Fig. 12(c)). EDS dotting results in Fig. 12(e) 
and Fig. 12(f) reflect that the elemental composition of the 
above two precipitates is basically the same, which are both 
composed of Mg, Al, and Zn elements with similar atomic 
ratios of about 12:4:1. Combined with the composition of 
base metal and the binary phase diagrams of Mg-Al and Mg-
Zn56,61, it is inferred that those precipitates are the eutectic 
of Mg17Al12 and MgZn2

62. Moreover, the BSE image in 
Fig. 12(d) further verifies that the coral-like precipitates are 
made up of several lamellar substances with obvious contrast 
differences, which are the typical morphology of eutectic.

Obviously, the composition and precipitation mechanism 
of these two precipitates are similar. The main difference is 
that the fusion zone is remelted. Hence, the Mg17Al12 and 
MgZn2 in FZ are precipitated through eutectic reactions, 
thus forming tiny particles with a size of only about 500 nm 
at the edge of dendrites under the high cooling rate of 
laser welding. In contrast, the HAZ is not melted, but the Figure 9. The cross-sectional morphology of the welded joint.

Figure 10. Microstructure of the welded joint. (a) contact interface of the sheets, (b) bonded interface of BM and FZ, (c) magnified view 
of the bonded interface, (d) SEM image of the joint, (e) precipitates near the interface, (f) OM image of BM.
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temperature in HAZ is higher than the melting point of 
Mg17Al12 during the brief welding thermal cycle. Consequently, 
the original island-shaped Mg17Al12 and MgZn2 eutectics at 
grain boundaries melt and flow together, forming larger-
sized and rounded-shaped precipitates instead under the 
combined effect of liquid surface tension and confinement 
of narrow grain boundary spaces60. However, due to the 
significant difference between the elastic constants of these 
precipitates and base metal, the large-sized, brittle and hard 
precipitates at grain boundaries have a typical splitting effect 
on the alloy during plastic deformation and easily become 

the cracking sources11. This is one of the main reasons why 
HAZ is extremely susceptible to softening and fracture, and 
highly thermally stable precipitates are urgently needed for 
reducing the softening of the HAZ.

3.3. Strengthening mechanism of rare-earth 
precipitates on welded joint

Microhardness test was used to evaluate the influence of 
the welding thermal cycle on the fusion zone and heat-affected 
zone, and the results are shown in Fig. 13. Apparently, the 
overall microhardness of the FZ is dramatically improved and 

Figure 11. The SEM and EDS results of the fusion zone. (a) SEM image of FZ, (b) BSE image of FZ, (c) dendrites in FZ, (d) large-sized 
RE precipitates in FZ, (e) EDS spectrum of point 1-Al10Ce2Mn7, (f) EDS spectrum of point 2-Al11Ce3.

Figure 12. The SEM and EDS results of the HAZ. (a) precipitates near the bonded interface, (b)BSE image of the precipitates, (c) 
precipitates in the HAZ, (d) BSE image of the coral-like precipitates, (e) EDS spectrum of position 1, (f) EDS spectrum of position 2.
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is significantly higher than that of the base metal. According 
to the hardness curves in the vertical direction of the fusion 
zone, it is found that the hardness values in the upper sheet 
are relatively stable. However, as the test depth increases, 
the hardness increases slightly accordingly. For instance, 
at 150μm above the contact interface of the two sheets, the 
average hardness reaches 62.26HV. However, the lowest 
hardness value occurs at the contact interface, where the 
average hardness is only 56.00HV, but it is still higher than 
that of the base metal (54.18HV). It is noteworthy that the 
hardness measured at the bottom sheet where near the contact 
interface is significantly higher than that of the upper sheet, 
and the closer the contact interface, the higher the hardness. 
Among these, the average hardness measured at the bottom 
sheet, which is 150μm below the contact interface, is 69.46HV, 
which is 28.2% higher than that of the base metal. While 
the hardness measured at the other region of the bottom 
sheet is basically the same as that of the upper sheet, and 
the variation of these values is relatively small.

In addition, the hardness curves in the horizontal direction 
find that the hardness in the center of the fusion zone is the 
highest. However, as the distance from the center increases, 
the hardness values on both sides gradually decrease, and the 
values are basically symmetrical. Interestingly, in the vicinity 
of the bonded interface of FZ and BM, where is about 300μm 
away from the center of FZ, obvious inflection points are 
observed in the hardness curves. For example, the hardness 
drops to 53.68HV and 54.94HV at positions near the right and 
left edges of the fusion zone, which were 150μm above the 
contact interface of sheets. The results show that the hardness of 
this region is lower than that of the base metal, demonstrating 
the softening of the HAZ due to the welding thermal cycle. 
The test results and indentations are shown in Fig. 13.

In order to further illustrate the softening mechanism 
of the HAZ and the strengthening effect of tiny particles 
on the FZ, a specially designed solution treatment was 
carried out for the welded joint, and the microhardness test 
was performed along the bonded interface of FZ and BM, 
as well as the right and left sides of the bonded interface. 
The hardness results of the joint with and without solution 
treatment are illustrated in Fig. 14(a-c) and Table 2, and the 
indentations are displayed in Fig. 14(d).

As can be seen in Fig. 14(a) and Table 2, the average 
hardness of the HAZ in the untreated joint is 49.23HV. It is 
much lower than the 54.18HV of the base metal (Fig. 14(c)), 
indicating the softening of the HAZ, and the softening 
amplitude is 9.14%. However, it is of interest that this value 
is close to that of the solution-treated base metal (48.46HV). 
The comparison further finds that the value is significantly 
higher than the hardness of the rare-earth free magnesium 
alloy (the types and contents of other alloying elements in 
the alloy are the same) after solution treatment (41.46HV). 
The findings above suggest that the impact of welding 
thermal cycle on the hardness of HAZ is similar to that of the 
solution treatment, which can be easily verified through the 
microstructure analysis. And apparently, both conventional 
and rare-earth precipitates improve the hardness of the alloy. 
Whereas rare-earth precipitates in base metal and HAZ are 
undissolved during solution treatment or thermal cycling, 
resulting in the main precipitates in HAZ remain basically 
unchanged, which is crucial for reducing the softening of 
the HAZ during thermal cycling.

Besides, the average hardness measured at the untreated 
fusion zone, which is 150μm from the bonded interface, is 
56.47HV. The comparison shows that the value is higher 
than that of the base metal (54.18HV), indicating that the 
small-sized, uniformly distributed particles are beneficial 
for further improving the hardness of the joint. However, 
due to the poor thermodynamic stability of Mg17Al12 and 
MgZn2, a reduction of 5.15% in hardness is observed at the 
same position of the FZ after solution treatment. The value 
is decreased to 53.56HV, which is slightly lower than that 
of the untreated base metal (54.18HV), demonstrating that 
the tiny precipitates in the fusion zone may be composed of 
both rare-earth precipitates and conventional precipitates. 
The residual rare-earth precipitates in FZ after solution 
treatment guarantee FZ good mechanical properties, even 
though the conventional precipitates are dissolved.

4. Discussion
In fact, the strengthening and softening mechanism of 

welded joints can be well explained by analyzing the influence 
of thermal cycling on the microstructure of magnesium 

Figure 13. The micro-hardness distribution of the welded joint.
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alloys. The in-situ observation of the precipitates in the 
fusion zone before and after solution treatment is shown 
in Fig. 15(a-d). It is evident that the uniformly distributed, 
micron-sized precipitates at the edge of dendrites are the key 
to the substantial improvement of the hardness of the FZ. 
These tiny particles increase the dislocation density, pinning 
dislocations and hindering the slip of the grain boundaries, 
thus strengthening the FZ effectively. Meanwhile, the BSE 

and EDS images find that the tiny particles in FZ have 
obvious contrast differences. EDS results conclude that the 
bright contrast particles are composed of Al, Ce elements or 
Al, Mn, Ce elements (Fig. 15(e,f)), while the dark contrast 
precipitates are composed of Mg, Al, and Zn elements. 
Combined with the atomic ratio obtained by EDS and the 
composition discussion in section 3.2, it is evident that the 
tiny particles at the edge of dendrites are composed of both 

Figure 14. Specially designed micro-hardness test for samples with and without solution treatment. (a) welded joint, (b) solution treated 
welded joint, (c) hardness of BM and rare-earth free magnesium alloy, (d) indentations of the welded joints with and without solution 
treatment.

Table 2. The hardness of the joints with and without solution treatment.

Hardness 
(HV)

Untreated joint Solution treated joint

Untreated 
base metal

Solution 
treated 

base metal

Solution 
treated 

magnesium 
alloy 

without RE 
element

HAZ Bonded 
interface FZ HAZ Bonded 

interface FZ

1 48.69 51.26 55.29 45.98 49.76 51.99 54.86 46.31 40.4
2 49.34 53.22 56.59 51.26 52.42 57.04 55.69 47.85 39.35
3 50.88 56.59 59.34 50.13 55.29 54.45 53.16 49.76 42.62
4 47.99 52.42 54.67 39.61 47.65 50.77 54.42 49.76 41.77
5 - - - - - - 52.77 48.64 43.18

Average 49.23 53.37 56.47 46.75 51.28 53.56 54.18 48.46 41.46
Standard 
deviation 1.23 2.29 2.07 5.27 3.31 2.78 1.21 1.45 1.58
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conventional precipitates (such as Mg17Al12, MgZn2) and 
rare-earth precipitates (such as Al11Ce3 and Al10Ce2Mn7).

However, during the solution treatment at 440°C, 
most of the Mg17Al12 at the edge of the dendrites dissolved 
into the matrix (Fig.  15(c,d)), resulting in a decrease in 
both dislocation density and slip resistance of the grain 
boundaries, which is the so-called softening63. But residual 
particles can still be found at the edge of the dendrites after 
solution treatment. EDS results in Fig. 15(e,f) confirm that 
the residual particles are mainly rare-earth precipitates with 
good thermodynamic stability, which continue resisting 
the slip of the grain boundaries. As a result, although the 
hardness of the FZ after the solid solution decreases, it still 
maintains at a relatively high level.

The improvement of mechanical properties of magnesium 
alloys by rare-earth precipitates can also be verified by 
observing the hindrance of dislocation motion by the 
precipitates. Fig. 16(a) shows the cross-sectional morphology 
of a tensile fracture of the base metal (0.4wt.% Ce added), 
where the obstruction of dislocation motion by Al11Ce3 is 
clearly displayed. Typical parallel slip lines (Fig. 16(b,c)) 

indicate the initiation of the dislocations64,65. However, due to 
the huge difference in elastic constants between Al11Ce3 and 
α-Mg, the hard and brittle Al11Ce3 cannot respond to the 
deformation of the matrix but hinders the dislocation motion 
in the matrix instead, and eventually breaks into pieces under 
the deformation resistance. This is a good explanation for 
the reason why rare-earth precipitates improve the hardness 
of welded joints.

In summary, the strengthening effect of rare-earth precipitates 
is not limited to the fusion zone, its strengthening mechanism 
for HAZ is also consistent. That is, on the one hand, a reinforced 
structure is formed in the alloy in which the rare-earth 
precipitates are mixed with the conventional precipitates. That 
functions especially for the fusion zone, where the micron-sized 
rare-earth particles and conventional particles (Mg17Al12 and 
MgZn2) are precipitated almost simultaneously and mixed 
together under the high cooling rate of laser welding, which 
both increases the dislocation density and pins the dislocations 
effectively, thus strengthening the joint. On the other hand, the 
thermodynamically stable rare-earth precipitates rarely dissolve 
or decompose during welding thermal cycling. Therefore, the 

Figure 15. Solution experiments of the tiny particles in fusion zone. (a) microstructure of the FZ, (b) BSE image of the FZ, (c) in-suit 
morphology of the FZ after solution treatment, (d) BSE image of the FZ after solution treatment, (e) tiny Al10Ce2Mn7 in FZ, (f) tiny 
Al11Ce3 in FZ.

Figure 16. Obstruction of the dislocations by precipitates. (a) OM image of the broken precipitates and slip lines, (b) SEM image of the 
broken precipitates, (c) BSE image of the broken precipitates.



Chen et al.12 Materials Research

rare-earth precipitates in both HAZ and FZ remain basically 
unchanged after the thermal cycle, which partly improves the 
stability of the microstructure in HAZ and FZ, although the 
conventional precipitates are dissolved.

5. Conclusion
(1)	 The microstructure and composition analysis found 

that the base metal was composed of equiaxed crystals 
with a size of 300-400 μm. The main precipitates in 
the alloy were the eutectic of Mg17Al12 and MgZn2 
at grain boundaries, and granular Al10Ce2Mn7 and 
long needle-like Al11Ce3 in grains.

(2)	 The microstructure analysis of the FZ revealed that 
the grains in FZ were transformed completely into 
dendrites, and the width of the dendrite arms was 
2-5 μm. Large numbers of tiny particles with a size 
of less than 1μm were precipitated at the edge of the 
dendrites. Component analysis indicated that these 
particles were the randomly distributed Mg17Al12, 
MgZn2, Al11Ce3, and Al10Ce2Mn7 precipitates.

(3)	 The HAZ of laser-welded joints was relatively 
small, with a width of only 100-200 μm. The 
welding thermal cycle had little influence on 
the morphology and composition of rare-earth 
precipitates in HAZ, but it had a great impact on 
the conventional precipitates (such as Mg17Al12 and 
MgZn2). Wherein the Mg17Al12 and MgZn2 in HAZ 
melted and re-formed larger-sized precipitates with 
coral-like internal structures at grain boundaries, 
resulting in the softening of the HAZ.

(4)	 The microhardness test results reflected that the 
micron-sized, uniformly distributed particles at the 
edge of dendrites played a crucial role in improving 
the hardness of the FZ. The reinforced structure 
consisted of rare-earth precipitates and conventional 
precipitates was beneficial for improving the 
mechanical properties of both FZ and HAZ.

(5)	 The solution experiments of the welded joints found 
that the rare-earth precipitates were thermodynamically 
stable. They maintained the hardness of the FZ after 
solution treatment at a level close to that of the base 
metal, even though the conventional precipitates were 
dissolved, demonstrating that the rare-earth precipitates 
were beneficial for improving the thermodynamic 
stability of the welded joint, which is crucial for 
welds serving in thermal cycling conditions.
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