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Abstract: The microstructural evolution of AZ91D magnesium alloy prepared by means of the cyclic upsetting-extrusion and partial 
remelting was investigated. The effects of remelting temperature and holding time on microstructure of semi-solid AZ91D 
magnesium alloy were studied. Furthermore, tensile properties of thixoextruded AZ91D magnesium alloy components were 
determined. The results show that the cyclic upsetting-extrusion followed by partial remelting is effective in producing semi-solid 
AZ91D magnesium alloy for thixoforming. During the partial remelting, with the increase of remelting temperature and holding time, 
the solid grain size increases and the degree of spheroidization tends to be improved. The tensile mechanical properties of 
thixoextruded AZ91D magnesium alloy components produced by cyclic upsetting-extrusion and partial remelting are better than 
those of the same alloy produced by casting. 
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1 Introduction 
 

Magnesium alloys are promising light structural 
materials because of their low density, good recyclability 
and abundant resources [1−3]. Thixoextrusion is a 
powerful technology for forming magnesium alloys in 
the semi-solid state to near net shaped products [4]. In 
the thixoextrusion, the alloy is only partially melted and 
the shrinkage is much less than that of a fully molten 
alloy. Furthermore, the die filling process can be 
controlled to eliminate porosity, due to the high viscosity 
of semi-solid alloys. The thixoextrusion requires starting 
material which has been treated in such a way that when 
it is in the semi-solid state the microstructure is 
spheroidal rather than dendritic. There are various 
methods to achieve it, such as semi-solid thermal 
transformation (SSTT) [5], grain refinement, 
near-liquidus casting, strain induced melt activation 
(SIMA) [6,7] and recrystallisation and partial melting 
(RAP) [8]. In this work, the effects of processing 
parameters on the microstructure of ECAE-formed 
magnesium alloy in the semi-solid state were 

investigated. The results show that the recrystallization 
first occurred in deformed areas under the solidus 
temperature. With increasing the isothermal temperature, 
liquid fraction increased, grains coarsened and 
spheroidization was also promoted. With the increase of 
holding time, liquid fraction gradually increased and 
grains also coarsened. 

The performing parameters before partial remelting 
have an important effect on microstructure of semi-solid 
magnesium alloy [9−11]. Equal channel angular 
extrusion processing, compound extrusion, squeeze 
casting-solid extrusion can refine the microstructure and 
improve the mechanical properties of magnesium alloy 
[12,13]. With the increase of extrusion ratio, the grain 
refinement is more obvious. Therefore, spheroidal grains 
can be obtained during partial remelting. 

Much work has been done on the microstructure 
evolution of magnesium alloys and magnesium matrix 
composites in the semi-solid state, including AZ91D 
[14,15], Al2O3sf/AZ91D [16], AZ31B [17], ZK60 [18], 
AZ80 [19] and AM50A [20]. However, there have been 
few reports on the microstructural evolution of semi- 
solid magnesium alloy prepared by the cyclic upsetting- 
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extrusion and partial remelting. 
In this work, we examine the microstructure 

evolution of AZ91D magnesium alloy prepared by cyclic 
upsetting-extrusion and partial remelting, which is used 
to provide starting material for subsequent thixoextrusion. 
Then, the effect of predeformation on microstructure of 
the alloy in the semi-solid state is investigated. 
Furthermore, results on tensile mechanical properties of 
thixoextruded AZ91D magnesium alloy are also 
presented. 
 
2 Experimental 
 

The material used in this work was as-cast AZ91D 
magnesium alloy. Before cyclic upsetting-extrusion, cast 
bars of AZ91D magnesium alloy were machined into 
cylindrical billet with diameter of 120 mm and height of 
60 mm. These as-cast billets with 120 mm in diameter 
were held at 350 °C for 40 min and then were extruded 
down to 60 mm in diameter, at a speed of 10 mm/s. 
Therefore, the equivalent strain in each pass was 1.386. 
Before each pass, as-cast billets were heated at 350 °C 
for 10 min. The solid fraction−temperature relationship 
was determined using differential scanning calorimetry 
(DSC). 12 mg samples with 2 mm in diameter were cut 
from as-cast AZ91D, weighed and put into carbon pans 
with carbon lids in a nitrogen atmosphere. The DSC tests 
were carried out by using a SDT Q600 differential 
scanning calorimeter. The sample was heated to 610 °C 
at 5 K/min and cooled to room temperature at the same 
rate. The heat flow and temperature were monitored by 
thermocouples to obtain heating and cooling curves. The 
solid fraction versus temperature curves were obtained. 
Figure 1 shows the curve of solid fraction versus 
temperature derived from the DSC results. 

As-cast billets were processed four passes.   
Cyclic upsetting-extrusion formed billets with different 
 

 
Fig. 1 Solid fraction of AZ91D magnesium alloy under 
semi-solid state 

equivalent strains were then air cooled to room 
temperature. Figure 2 shows the process of cyclic 
upsetting-extrusion. Figure 3 shows the schematic 
diagram of thixoextrusion. Microstructure evolution 
during the partial remelting was studied on small 
cylindrical samples of 15 mm in diameter and 15 mm in 
length. The samples were heated into the semi-solid state 
under a protective gas flow (Ar atmosphere), 
isothermally held and quenched in water to 0 °C. The 
furnace temperature was controlled by a thermocouple 
placed next to the sample being isothermally held. 
Samples were heat treated isothermally at various 
temperatures between the solidus and liquidus of the 
alloy for different holding time of 10−40 min. For the 
thixoforming, slugs with 75 mm in diameter and 35 mm 
in length were cut from the cyclic upsetting-extrusion 
formed billets. The slugs were rapidly heated to different 
temperatures in the semi-solid region and then 
thixoextruded into a die. 
 

 

Fig. 2 Schematic diagram of cyclic upsetting-extrusion of 
AZ91D alloy 
 

 
Fig. 3 Schematic diagram of thixoextrusion of AZ91D alloy:  
(a) Mold; (b) Component 
 

As-cast and partially remelted samples were etched 
with 4% HNO3 aqueous solution. Cyclic upsetting- 
extrusion formed samples were etched with a solution of 
100 mL ethanol, 6 g picric acid, 5 mL acetic acid and  
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10 mL water. The microstructure of samples was studied 
and analyzed using optical microscopy (OM). To 
determine the variations of primary particle size and 
shape factor during the partial remelting, the 
microstructures of the specimens heated for different 
durations at 580 °C were quantitatively examined. The 
areas Ai and perimeters Pi of each particle were obtained. 
The average particle size D was calculated by the 
following formula [21]: 
 

1/ 2
i2( / π) /D A N⎡ ⎤= ⎣ ⎦∑                           (1) 

 
where N is the total grain number in each image. The 
shape factor F was calculated by the following formula: 
 

2
i/(4π ) /iF P A N⎡ ⎤= ⎣ ⎦∑                           (2) 

 
If the particles are perfectly spheroidal, the shape 

factor is 1; it is larger for less spheroidal particles. 
Samples for tensile testing were machined from 
thixoformed components and were tested by using an 
Instron 5569 testing machine at a crosshead speed of 0.5 
mm/min. Each tensile is the average of at least three 
measurements. 
 
3 Results and discussion 
 
3.1 Microstructures of as-cast and cyclic upsetting- 

extrusion processed AZ91D magnesium alloy 
Figure 4 shows the optical microstructure of AZ91D 

billet. The as-cast microstructure is composed of primary 
α-Mg matrix and β-Mg17Al12 phase [19]. The eutectic 
phase precipitated as discontinuous network at grain 
boundaries. 

The optical microstructure of the extruded feedstock 
material AZ91D is shown in Fig. 5. Dynamic 
recrystallization during the extrusion process 
transformed the coarse, dendritic microstructure of the 
direct chill cast billet into a fine and equiaxed grain 
structure. Mean grain size is about 42 μm. After 
four-pass cyclic upsetting-extrusion, a large strain 
accumulation of billets occurred in the process of  
 

 
Fig. 4 Optical microstructure of as-cast AZ91D magnesium 
alloy 

 

 
Fig. 5 Optical microstructure of extruded AZ91D magnesium 
alloy 
 
recovery and recrystallization. Because of the 
accumulation strain induced, many sub-grain boundaries 
and dislocations appeared. After a constant strain 
induced, new grain boundaries produced in new grains, 
and the grains were refined. The dark areas in Fig. 5 
consist of α-Mg solid solution and lamellar precipitates 
of β-Mg17Al12 [22,23]. 
 
3.2 Influence of remelting temperature 

Figure 6 shows the partial remelting microstructures 
of semi-solid billets by SIMA at different melting 
treatment temperatures after four-pass cyclic 
upsetting-extrusion. The holding time was 20 min for all 
temperatures. The morphologies show that melting 
treatment temperatures have a great influence on the 
remelting microstructures. The spheroidization 
phenomenon did not occur completely at 550 °C. 
However, the spheroidization traces were observed at the 
grain boundaries. When the heating temperatures were 
560 °C and 565 °C, the grain boundaries were clearly 
melted, the solid phase grains grew up gradually and 
were surrounded by the surrounding liquid. When the 
heating temperature went up to 570 °C, the solid phase 
grains grew up seriously and the liquid phase also 
increased. With the increase of melting treatment 
temperature, low-melting point particles at the grain 
boundaries were gradually melted and increased. As a 
result the degree of coalescence between solid grains was 
reduced. 

Figure 7 shows the solid fraction of AZ91D alloy at 
different temperatures. The solid fraction of AZ91D alloy 
was reduced with the increase of temperatures. It can be 
seen from Fig. 7 that the solid fractions were 0.63 (550 
°C), 0.53 (560 °C), 0.5 (565 °C) and 0.438 (570 °C), 
respectively. Figure 8 shows the effects of melting 
temperatures on solid grain size and shape factor of 
AZ91D billets produced by SIMA after holding for    
20 min. It can be seen that the average grain size is 
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Fig. 6 Partial remelting optical microstructures of AZ91D billets produced by SIMA holding for 20 min at different temperatures: (a) 
550 °C; (b) 560 °C; (c) 565 °C; (d) 570 °C 
 

 
Fig. 7 Solid fraction of AZ91D alloy under different 
temperatures 
 

 
Fig. 8 Solid grain size and shape factor of AZ91D billets 
produced by SIMA at different melt treatment temperatures for 
20 min 

increased with the increase of melting temperatures. The 
values of average grain size were 95 μm (550 °C), 109 
μm (560 °C), 114 μm (565 °C) and 120 μm (570 °C), 
respectively. The effect of melting temperature on shape 
factor of the particles was similar to the particle size. The 
values of shape factor were 0.52 (550 °C), 0.58 (560 °C), 
0.61 (565 °C) and 0.65 (570 °C), respectively. With the 
increase of the amount of liquid phase, the corners and 
edges of the solid grains melted and the distance between 
solid grains increased, thus the probability of 
coalescence decreased. As a result, the degree of 
spheroidization was improved [17]. 
 
3.3 Influence of holding time 

Semi-solid microstructures of AZ91D during 
isothermal holding at 560 °C are illustrated in Fig. 9. It 
can be found that the microstructure evolved obviously 
with the increase of holding time. With the holding time 
of 10 min, spheroidization of solid grains occurred. With 
the increase of holding time, the solid phase grains were 
significantly separated by the grain boundaries, and 
surrounded by the liquid phase. When the holding time 
was 25 min, the solid phase grains grew up. Figure 10 
shows the relationship of solid grain size and shape 
factor of AZ91D obtained by partially remelting at 560 
°C for different time. The size of the solid grains was 
determined to be 101, 109, 115 and 138 μm for holding 
time of 10, 20, 30 and 40 min, respectively. The shape 
factor of the particles increased from 0.47 to 0.68 for 
holding time of 10, 20, 30 and 40 min. 
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Fig. 9 Semi-solid optical microstructures of AZ91D obtained under partially remelting at 560 °C for different time: (a) 10 min; (b) 20 
min; (c) 30 min; (d) 40 min 
 

 
Fig. 10 Solid grain size and shape factor of AZ91D obtained 
under partially remelting at 560 °C for different time 
 
3.4 Tensile mechanical properties of AZ91D 

magnesium alloy under different processes 
The mechanical properties of AZ91D magnesium 

alloy under different processes are shown in Table 1. In 
this study, the SIMA route (four-pass cyclic 
upsetting-extrusion plus partial remelting) has been 
shown to produce ideal, fine semi-solid state structure, in 
which globular primary phase particles have a little 
amount of entrapped liquid. It is reasonable to expect 
relatively high yield strength (YS) as shown in Table 1. 

Before the thixoextrusion, as-cast AZ91D 
magnesium alloy was subjected to four-pass cyclic 

Table 1 Mechanical properties of AZ91D magnesium alloy 
with different processes 

Process YS/MPa UTS/MPa δ/% Ref.

Die-casting 59.6 106.5 1.62 [24]

Cyclic 
upsetting-extrusion 215.6 325.9 16.6 This 

work

New SIMA method 162 301 12.3 [25]

Semi-solid die-casting 140-145 230-248 5.1-6.5 [26]

Thixoextrusion 153.2 303.6 12.6 This 
work

 
upsetting-extrusion. Under this condition, the four-pass 
cyclic upsetting-extrusion alloy is free from porosity 
with a uniform microstructure. Therefore, good 
elongation to fracture (16.6%) was obtained for cyclic 
upsetting-extrusion processed AZ91D magnesium alloy, 
with a yield strength of 215.6 MPa and a tensile strength 
of 325.9 MPa. Good elongation to fracture has beneficial 
effects on the grain refinement before thixoextrusion for 
the AZ91D magnesium alloy by the introduction of 
SIMA. After four-pass cyclic upsetting-extrusion plus 
partial remelting, good elongation to fracture (12.6%) 
was obtained for thixoextrusion processed AZ91D 
magnesium alloy component, with a yield strength of 
153.2 MPa and a tensile strength of 303.6 MPa. 

Figure 11 shows the AZ91D magnesium alloy 
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components thixoformed from starting produced by 
SIMA route. Although the good tensile mechanical 
properties of thixoextrusion AZ91D alloy were achieved, 
thixoextrusion resulted in the decrease of tensile 
mechanical properties, as shown in Table 1. This can be 
attributed to the grain coarsening during the partial 
remelting. However, the mechanical properties of 
AZ91D magnesium alloy were improved by SIMA route 
compared with other process routes [24−26]. 
 

 
Fig. 11 AZ91D magnesium alloy components thixoformed 
from starting produced by SIMA route 
 
4 Conclusions 
 

1) Cyclic upsetting-extrusion followed by partial 
remelting is an effective route to produce semi-solid 
AZ91D magnesium alloy for thixoforming. During the 
cyclic upsetting-extrusion, with the increase of the 
equivalent strain, coarse grains are refined and tensile 
mechanical properties are improved. However, with 
further increasing equivalent strain, it is difficult to get 
more grain refinement and tensile mechanical properties 
change a little. 

2) During the partial remelting, with the increase of 
the remelting temperature, the solid grain size decreases 
and the degree of spheroidization tends to be improved. 
And with the increase of the holding time, the solid grain 
size decreases. At the same time, the rate of liquation is 
also slightly increased. Increasing the reheating 
temperature is favorable for obtaining the spheroidal 
semi-solid microstructure and decreasing the probability 
of calescence among solid grains. However, prolonging 
holding time results in grain coarsening. 

3) The tensile mechanical properties of 
thixoextrusion AZ91D magnesium alloy components 
strongly depend on the tensile mechanical properties of 
cyclic upsetting-extrusion formed billets before 
thixoforming. Good elongation to fracture (12.6%) is 
obtained for thixoextrusion AZ91D magnesium alloy 
component, with a yield strength of 153.2 MPa and a 
tensile strength of 303.6 MPa. 
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摘  要：研究 AZ91D 镁合金在循环往复镦挤和局部重熔过程中的组织演变，研究重熔温度和保温时间对 AZ91D

镁合金半固态组织的影响，测试触变挤压 AZ91D 镁合金构件的力学性能。结果表明：对于触变成形制备半固态

AZ91D 镁合金，循环往复镦挤和局部重熔是一种有效的方法。在局部重熔过程中，随着重熔温度的升高和保温时

间的延长，固相晶粒尺寸增大，晶粒球化效果较好。比起其他铸态 AZ91D 镁合金，循环往复镦挤和半固态重熔

制备的 AZ91D 镁合金的力学性能得到显著提高。 

关键词：AZ91D 镁合金；半固态工艺；循环镦挤；力学性能；组织  
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