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The article deals with the research on the microstructure evolution of Mg-Gd-Y-Zn-Zr magnesium alloy through partial 

remelting process. It aims at finding out what effects the microstructure of semi-solid Mg-Gd-Y-Zn-Zr alloy will result 

in under different remelting temperatures and holding times. Based on the results, if to raise the remelting temperature 

and to prolong the holding time, the size of solid grain will tend to expand and its spheroidization degree also begins to 

show improvement. In addition, the grain shows tendency of coarsening when the holding time increases. 
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1. INTRODUCTION
∗

  

Researchers begin to show more and more concerns on 

the applications of magnesium alloy in the fields of 

aerospace technology, automotive and electronics industries. 

As a lightweight structure material, magnesium alloy is less 

dense, stiff with high specific strength compared to other 

alloys [1 – 4]. But the current situation is that magnesium 

alloys are still not widely used because of their hexagonal 

closed-packed crystal structure, compared with titanium 

alloys [5 – 8]. Semi-solid state forming is recognized as a 

relatively new method for collecting products almost net 

shaped. For instance, alloys can be acquired under the semi-

solid condition [9, 10].The microstructure of starting 

materials treated in such a way are required to be in the form 

of spheroid, instead of the form of dendrite under the state of 

semi-solid [11, 12]. At present there are several methods 

recognized to be capable of meeting the relative 

requirements, such as SIMA (short for strain induced melt 

activation), SSTT (short for semi-solid thermal 

transformation) RAP (short for recrystallization and partial 

melting) and grain refinement [13 – 17]. 

There are many reports on the magnesium alloys 

microstructure evolution in the semi-solid state. Z. D. Zhao 

et al [18] studied how the SSTT route and RAP route 

would affect the microstructure evolution of thixo-forged 

ZK60-Y magnesium alloys respectively. As the holding 

time increases, they observed an increase of the solid grain 

size for the semi-solid alloy produced through the routes of 

SSTT and the RAP. Besides, ZK60-Y alloy produced 

through the SSTT route shoes obvious sign of coalescence, 

while the ZK60-Y alloy produced through RAP route 

shows obvious Ostwald ripening. X. H. Du et al [19] 

studied what mechanical properties AZ91D magnesium 

alloy forming through semi-solid die-casting has, as well 

as its process of microstructure evolution. Q. Chen et al. 

[20] studied the developing process of microstructure and 
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thixo-extrusion of magnesium alloy produced through 

repetitive upsetting-extrusion. They found that grain began 

to coarsen due to the prolonged holding time, and 

meanwhile its degree of spheroidization also improved. 

What’s more, grains of spheroidal solid would form better 

when the heating temperature increased.  

However, in current literature, researches on how the 

microstructure of semi-solid Mg-Gd-Y-Zn-Zr magnesium 

alloy evolves during partial remelting are not many, though 

the microstructure’s evolving process of semi-solid is a key 

factor to determine the properties of alloys. So, the present 

paper aims to study the microstructure’s evolving process of 

Mg-Gd-Y-Zn-Zr alloy through the adoption of the process 

of semi-solid partial remelting. Besides, the paper also 

studies how the microstructure of Mg-Gd-Y-Zn-Zr alloy 

during partial remelting will change under different holding 

times and remelting temperatures. 

2. EXPERIMENTAL PROCEDURE 

The alloy used in the present study is composed of the 

following chemical components: Mg-8.38 wt.%-Gd-

2.59 wt.%-Y-2.56 wt.%-Zn-0.46 wt.%-Zr. The first step is 

to cut the Mg-Gd-Y-Zn-Zr alloy formed by extrusion into 

several samples, and it should be ensured that the diameter 

of the samples is 2 mm, while the height is 12 mm. The 

samples are heat treated in a furnace with Ar as the 

protective atmosphere. The heating temperatures are set 

between the solidus and liquids temperature, with the 

holding time ranging for 5 min to 30 min. The samples 

must be quenched in cold water soon after their being 

removed from the furnace. 

The microstructure evolution during reheating is 

examined by optical microscopy (OM). The ways of 

conventional mechanical polishing and etching are adopted 

to prepare the samples. The etching solution is composed 

by 100 ml ethanol, 6 g picric acid, 5 ml acetic acid and 

10 ml water. The method of mean linear intercept is 

adopted to measure the grain sizes of the reheated samples. 
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3. RESULTS AND DISCUSSION 

3.1. Effects of holding time on the microstructure 

of Mg-Gd-Y-Zn-Zr alloy during partial 

remelting 

Fig. 1 presents the optical micrograph of original 

extruded Mg-Gd-Y-Zn-Zr alloy. The average grain size is 

22 μm. Fig. 2 is a representation about the microstructure 

evolving process of extruded Mg-Gd-Y-Zn-Zr alloy after 

partial remelting at 550 ºC, and the remelting time is 

divided into four different time spans, including 5 minutes, 

10 minutes, 20 minutes and 30 minutes, respectively.  

 

Fig. 1. The microstructure of original extruded Mg-Gd-Y-Zn-Zr 

alloy 

 

Fig. 2. The microstructure of samples reheated at 550
 

ºC after 

different holding time: a – 5 min, b – 10 min, c – 20 min, 

d – 30 min 

When the heating temperature for alloy is slightly 

higher than that of solid phase temperature, due to the 

dissolution of low melting point phase, the boundaries of 

grain are penetrated by degrees through liquid phase. At the 

same time, the solid phase spheroidization and grains 

coarsening are activated when the liquid phase occurs in the 

grain boundaries (Fig. 2, a). In the initial stages of holding 

remelt temperatures, the non-uniform temperature field often 

causes non-uniform distribution of the liquid. It helps to 

propel the liquid penetration [18]. Under the condition that 

the holding time was prolonged to 10 minutes, 

microstructure test results show that the polygon particles 

begins to show the degree of spheroidization, which is 

apparent (Fig. 2, b).When to prolong the holding time to as 

long as 20 minutes, it was obvious that the grain began to 

coarsen under the state of semi-solid (Fig. 2, c). Also, it can 

be seen that the grain boundaries began to disappear caused 

by coalescence, as in Fig. 2, c. The disappearance of grain 

boundaries between A grain and B grain could be seen. 

These resulted in that a larger anomalous shaped grain was 

formed. When the holding time further increased to 30 

minutes, because of the adjacent grains coalescence, grain 

coarsening phenomenon occurred (Fig. 2, d). 

 

Fig. 3. The microstructure of samples reheated at 560
 

ºC after 

different heating times: a – 5 min, b – 10 min, c – 20 min, 

d – 30 min 

Figure 3 shows the extrusion Mg-Gd-Y-Zn-Zr alloy 

microstructure evolution during partial remelting at 560 ºC, 

and the holding time is divided into four different time 

spans, including 5 minutes, 10 minutes, 20 minutes, 30 

minutes, respectively. Recrystallization occurs fully, and 

nearly perfect spherical recrystallization grains with 

uniform distribution of liquid droplets (Fig. 3, a). The solid 

grains coarsen slightly with the prolonging of holding time. 

The grain begins to coarsen under the state of the semi-

solid at holding time of 10 min; the liquid phase among 

solid grain boundaries becomes thicker with the increasing 

of holding time by comparing among Fig. 3, a – d. 

 

Fig. 4. The grain size of samples after partial remelting at 550
 

ºC 

and 560
 

ºC for different holding times 

Fig. 4 is the grain size of the Mg-Gd-Y-Zn-Zr alloy 

after partial remelting under 550 ºC and 560 ºC with the 

different time spans of holding time. With holding time 

prolonged at 550 ºC and 560 ºC, the grain size shows a 

continuous increase. Compared with the remelting 

temperature of 560 ºC, the Mg-Gd-Y-Zn-Zr alloy shows 

finer solid grains at 550 ºC.  
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3.2. Effects of temperatures on the 

microstructures of Mg-Gd-Y-Zn-Zr  

during partial remelting 

Fig. 5 is a representation on the microstructure of 

semi-solid Mg-Gd-Y-Zn-Zr alloy partially remelted under 

different remelting temperatures. From Fig. 2 and Fig. 3, at 

20 min holding time, the nearly perfect spherical 

recrystallization grains with uniform distribution of liquid 

droplets. So, for all remelting temperatures, the holding 

time is 20 min. The morphology shows that the remelting 

temperature has a great influence on the microstructure of 

samples after remelting. The balling phenomenon does not 

completely occurred at 540 ºC remelting temperature. 

However, spheroidizing traces are found at the grain 

boundaries (Fig. 5, a). The grain boundaries obviously had 

been melted and the solid phase particles gradually grow 

up at 550 ºC (Fig. 5, b) and 560 ºC (Fig. 5, c) remelting 

temperatures. The adjacent liquid phase surrounded the 

solid phase. As the heating temperature increased to 

570 ºC, an obvious growing up of solid phase particles is 

seen, while the increase of liquid phase can also be 

seen(Fig. 5, d). With increasing the melting temperature, at 

the grain boundaries, the low melting point particles melt 

and liquid phases increase gradually. 

The solid particle melt and the solid particle gradually 

change to a globular grain at 550 ºC heating temprature. 

And, adjacent solid particles contact with each other and 

form a bigger grain by solid-solid agglomeration and some 

liquid at grain boundaries will be entrapped into the grains 

with the increasing of the melting temperature, at 560 ºC 

and 570 ºC heating tempratures, for example. So, in the 

microsturcture of 550 ºC heating temprature, amount of 

liquid is more than three microstructures. 

 

Fig. 5. The microstructure of samples after reheating for 20min at 

different heating temperatures: a – 540
 

ºC, b – 550
 

ºC,  

c – 560
 

ºC, d 570
 

ºC 

Fig. 6 shows the grain size of semi-solid Mg-Gd-Y-

Zn-Zr alloy partially remelted with the changing of 

remelting temperature. As can be seen, if to raise the 

remelting temperature, the grain size continues to increase. 

The average grain size increases from 42 μm at 540 ºC to 

75 μm at 570 ºC. Fig. 7 shows the solid fraction of semi-

solid Mg-Gd-Y-Zn-Zr alloy at different heating 

temperatures. It can be seen from Fig. 7 that the solid 

fraction were 0.65 (540 ºC), 0.50 (550 ºC), 0.56 (560 ºC) 

and 0.58 (570 ºC), respectively. 

 

Fig. 6. The grain size evolution during partial remelting at 

different temperatures 

 

Fig. 7. The solid fraction of Mg-Gd-Y-Zn-Zr alloy at different 

heating temperatures 

3.3. Mechanism analysis for the change of solid 

particle shape 

Fig. 8 shows a principle diagram for the change of 

liquid film and solid particle size during partial remelting.  

 

Fig. 8. Principle diagram of the change of solid particles shape 

during partial remelting 

The recrystallized grains (A and B) are surrounded by 

continuous liquid film (as Fig. 8, a, has presented). When 

the holding time increases, solid particles gradually become 

globular (Fig. 8, b). The surface curvature of grains and its 

relation with the decreasing of equilibrium melting point can 

give an explanation on how the spheroidal grains form. The 

solid surface curvature’s influenced under the equilibrium 

melting point can be represented as: 

H

VT
T

SM

r
Δ

−=Δ
κσ2

,  (1) 

where σ is the surface tension; TM is a balanced transition 

temperature; VS refers to the solid volume; κ refers to the 

mean surface curvature; ΔH refers to the solid and liquid 

molar enthalpy change; ΔTr in the above equation is 
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positive; ΔTr = TM – T refers to the decrease in equilibrium 

melting point . 

It is obvious that the sharp-angles of the solid particle 

melt and the solid particle gradually change to a globular 

grain (Fig. 8, b). If to prolong the holding time, the phases 

of liquid and solid will be in the condition of dynamic 

equilibrium. After the process of grain spheroidization has 

finished, the grain coarsening will result in the thickness 

decreasing of liquid film (Fig. 8, c). If the holding time 

increases further, liquid film becomes thinner. Continuous 

liquid film gradually becomes discontinuous (Fig. 8, d). In 

the condition that adjacent solid particles (A and B) contact 

with each other and form solid-solid grain boundaries, the 

growth of solid particle is controlled by solid-solid 

agglomeration instead of by diffusion. The agglomeration 

between adjacent grains leads to a decreased shape factor 

because of the formation of “neck”. During the 

agglomeration of adjacent grains, some liquid at grain 

boundaries will be entrapped into the grains (Fig. 8, e). 

With a prolonging in holding time, mass transport provides 

the diffusion of atoms for the region of the “neck” between 

two adjacent grains and the irregular grain forms 

(Fig. 8, f). 

4. CONCLUSIONS 

In the process of partial remelting, if to raise the 

remelting temperature and to prolong the holding time, the 

solid grain size of Mg-Gd-Y-Zn-Zr magnesium alloy also 

begins to increase, while the spheroidizing degree show 

tendency of being improved. Meanwhile, the formation 

speed of liquation also increased slightly. Increase 

remelting temperature is helpful to obtain semi-solid 

globular structure. It also helps to reduce the possibility of 

calescence, which may happen among solid grains. But to 

prolong the holding time may also cause the grains to 

coarsen. 
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