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Abstract: Machined chips of Mg-Zn-Y-Zr alloy were consolidated by cold pressing and then hot extrusion under various processing 
temperatures and extrusion ratios. The results show that the microstructure of the chip-extruded alloy is marked by a large number of 
recrystallized grains and some unrecrystallized grains, which results in high strength but low ductility at temperatures below 320 °C. 
With increasing processing temperature up to 360 °C, entirely recrystallized and equiaxed grains are obtained. Mg-Zn-Y-Zr alloy 
with low strength but high ductility is obtained compared with the alloy processed at low temperature. At 420 °C, coarse and 
equiaxed grains are formed, which results in the drastic decrease of mechanical properties. With increasing extrusion ratio from 8 to 
16, the grain refinement is more obvious and the mechanical properties at room temperature are improved effectively. However, the 
yield strength and ultimate tensile strength are improved a little with further increasing extrusion ratio. 
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1 Introduction 
 

Magnesium alloys have been widely used in 
electronic, automotive and aerospace industries, due to 
their high specific strength and stiffness, superior 
damping capacity, high thermal conductivity, high 
dimension stability, good electromagnetic shielding 
characteristics and excellent machinability[1−4]. 
However, a large quantity of magnesium machined chips 
will be produced with an increase in the application of 
magnesium alloys[5]. To promote the contribution of 
magnesium alloys to reduce the environmental load, it is 
necessary to develop useful recycling processes. 
Recently, a solid recycling process was proposed as a 
new method of recycling magnesium alloys to overcome 
disadvantages of conventional recycling processes[6]. In 
the solid recycling process, chips and scraps are recycled 
by consolidation using plastic deformation processes 
such as cold or hot pressing followed by hot 
extrusion[6]. 

Only limited work has been reported on the 
microstructure and mechanical properties of magnesium 
alloys prepared by solid state recycling. WEN et al[7] 

studied the effect of extrusion ratio on microstructure 
and mechanical properties of Mg-Nd-Zn-Zr alloy 
prepared by the solid recycling process. NAKANISHI et 
al[8] studied the solid state recycling for ZK60 
magnesium and discussed the effect of recycling process 
on tensile properties and microstructure of the recycled 
materials. HU et al[9] determined the effect of chip size 
on mechanical property and microstructure of AZ91D 
magnesium alloy prepared by solid state recycling. 
FOGAGNOLO et al[10] reported the recycling of 
aluminium alloy and aluminium matrix composite chips 
by pressing and hot extrusion. They suggested that due to 
the refinement of the microstructure and the dispersion 
of the aluminium oxide caused by the extrusion process, 
the ultimate tensile strength (UTS) and the hardness were 
higher for the recycled material than the former 
composite. 

In previous studies[7−10], no evaluations of the 
effect of processing temperature on microstructure 
evolution and mechanical properties of recycled 
magnesium alloys were carried out. Furthermore, 
microstructure and mechanical properties of Mg-Zn-Y-Zr 
alloys prepared by the solid recycling process were not 
studied. Here, cold pressing was used to produce the 
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cold-compacted samples. Hot extrusion was carried out 
at different processing temperatures. Furthermore, the 
effects of extrusion ratio on microstructure and 
mechanical properties were also studied. 
 
2 Experimental  
 

The composition of the alloy used in the present 
study was Mg-5.75%Zn-0.73%Y-0.36%Zr (mass 
fraction). Chips with the average dimensions of        
5 mm×2.5 mm×1.5 mm were prepared by machining an 
as-received cast ingot in a lathe. Machined chips were 
filled into a cylindrical container with a diameter of   
80 mm and a length of 120 mm. Chips were pressed into 
some low-density samples using a pressure of 600 MPa 
at room temperature. Before extrusion, the die was 
preheated to 300 °C and the samples were heated up to 
the deformation temperature and held for 20 min. To 
avoid the oxidization of the old-compacted samples 
during preheating, Ar was used as a protective 
atmosphere. During extrusion, some samples were 
extruded with the extrusion ratio of 16 at temperatures of 
280, 320, 360 and 420 °C, respectively. Moreover, other 
samples were extruded into bars at 320 °C with extrusion 
ratios of 8, 16 and 32, respectively. For each extrusion, 
the semi-angle of conical die was 45° and the extrusion 
rate was 0.2 mm/s. Before extrusion, samples and the die 
were coated with a lubricant of molybdenum disulphide. 
After extrusion, all extruded samples were cooled in air 
to room temperature. 

Microstructures on the longitudinal cross-section of 
the chip-extruded samples were observed by optical 
microscope (OM). For OM, samples were ground with 
SiC paper, polished and etched in a solution of 4% 
(volume fraction) nitric acid in ethanol. Grain sizes were 
measured using a mean linear intercept method. Tensile 
samples with a dog-bone shape were cut from the 
chip-extruded samples with the tensile axes oriented 
parallel to the extrusion direction. The gauge dimensions 
of the tensile samples were 1.5 mm×3.0 mm×15 mm. 
Tensile experiments were performed on an Instron 5569 
testing machine at a constant crosshead speed of       
1 mm/min at room temperature. Each tensile value was 
the average of at least three measurements. 
 
3 Results 
 
3.1 Microstructures of as-received and extruded 

materials 
Fig.1 shows an optical micrograph of the 

as-received alloy. It can be seen from Fig.1 that the 
as-received alloy is composed of primary α(Mg) matrix 
and eutectic β phase. The β phase discontinuously 
distributes at grain boundaries as well as in the interior of 

 

 
Fig.1 Optical micrograph of as-received Mg-Zn-Y-Zr alloy 
 
grains. The mean grain size of the as-received alloy is 
about 85 μm. 

Fig.2 shows the typical optical micrographs of the 
chip-extruded alloy processed at different temperatures. 
The extrusion ratio was 16. It can be seen from the 
chip-extruded alloy processed at 280 °C (Fig.2(a)) that a 
large number of new and fine grains appeared in the 
microstructure, which was the consequence of dynamic 
recrystallization during hot extrusion. However, some 
non-recrystallised regions of old grains are remained and 
the mean grain size is about 40 μm. At 280 °C, the 
average of grain size is 21 μm. With increasing 
processing temperature (Fig.2(b)), more equiaxed and 
recrystallised grains exhibit. Close examination of the 
microstructure processed at 320 °C reveals that some 
unrecrystallised grains were elongated along the 
extrusion direction (Fig.3). At 320 °C, the average grain 
size is 24 μm. When the processing temperature 
increased to 360 °C, the microstructure exhibited the 
following characteristics (Fig.2(c)): 1) the shape of 
grains became more equiaxed-like; 2) the whole matrix 
of sample was taken up by new grains, which indicated 
that dynamic recrystallisation had been completed. At 
360 °C, the average grain size is 28 μm. Comparison of 
Figs.2(a)−(d) shows that grain coarsening had occurred 
at the processing temperature of 420 °C. The 
microstructure is composed of equiaxed grains with a 
mean linear intercept grain size of 48 μm. Fig.4 shows 
the optical micrographs of chip-extruded alloy processed 
with different extrusion ratios. As shown in Fig.4(a), the 
grain structure is inhomogeneous because there are some 
coarse and unrecrystallised grains surrounded by fine and 
recrystallised grains. This is the typical bimodal 
microstructure. When the extrusion ratio reaches 16, 
coarse grains are significantly refined. The 
microstructure is mainly composed of fine and 
recrystallised grains although there are still some 
elongated and unrecrystallised grains (Fig.4(b)). Further 
increasing extrusion ratio results in complete 
recrystallisation (Fig.4(c)). Comparison of Figs.4(a)−(c) 
shows that the mean grain size tends to decrease an 
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Fig.2 Optical micrographs of chip-extruded alloy processed at different temperatures: (a) 280 °C; (b) 320 °C; (c) 360 °C; (d) 420 °C 
 

 

Fig.3 Optical micrograph of chip-extruded alloys processed at 
320 °C with extrusion ratio of 16 
 
grain size is more homogeneous and equiaxed as 
extrusion ratio increases from 8 to 32. 
 
3.2 Mechanical properties 

Fig.5 shows the mechanical properties of the 
chip-extruded alloy as a function of processing 
temperature. For the chip-extruded alloy, there was 
strong dependence of mechanical properties on the 
processing temperature. At the processing temperature of 
360 °C, the elongation to fracture increased from 18.6% 
of the alloy processed at 280 °C to 24.8%. However, 
there was an more obvious decrease in the yield strength 
(YS) and the ultimate tensile strength (UTS) for the 
sample processed at 320 °C than the sample processed at 

280 °C. With further increasing the processing 
temperature, the elongation to fracture increases from 
24.8% to 27.6%, while the yield strength and ultimate 
tensile strength decreases continuously. It is interesting 
to note that the yield strength, the ultimate tensile 
strength and the elongation to fracture of the 
chip-extruded alloy decreases drastically with further 
increasing processing temperature. The best combination 
of both high yield strength and ultimate tensile strength 
took place at 280 °C. However, the best elongation to 
fracture was obtained at 360 °C. Fig.6 shows the 
mechanical properties of the chip-extruded alloy as a 
function of extrusion ratio. The results indicate that the 
elongation to fracture, yield strength and ultimate tensile 
strength were influenced by extrusion ratio, which could 
be divided into two stages. In the first stage, the 
mechanical properties increased remarkably with 
increasing extrusion ratio. For example, when the 
extrusion ratio increased from 8 to 16, the elongation to 
fracture, yield strength and ultimate tensile strength 
increased from 16.7%, 162.7 MPa and 272.2 MPa to 
24.8%, 196.5 MPa and 315.1 MPa, respectively. 
However, with further increasing extrusion ratio to 32, 
the elongation to fracture, yield strength and ultimate 
tensile strength increased to 29.17%, 207.6 MPa and 
327.6 MPa, respectively. The alloy extruded at the low 
extrusion ratio of 16 presents more efficient 
improvement of mechanical properties than that at the 
high extrusion ratio of 32. 
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Fig.5 Mechanical properties of chip-extruded alloy as function 
of processing temperature 
 

 

Fig.6 Mechanical properties of chip-extruded alloy as function 
of extrusion ratio 

3.3 Analysis of SEM fractograph 
Fig.7 shows the SEM fractographs of the 

chip-extruded alloy processed at different temperatures. 
It can be seen from Fig.7 that the fracture surface is 
mainly composed of tearing edges, dimples and cracked 
particles. Cracked particles are Mg-Zn-Y compounds. 
Because of the fragile characteristic of Mg-Zn-Y 
compounds, the particles broke during the tensile test and 
became a cracking source. Comparison of Figs.7(a) and 
(c) shows that more tearing edges and uniformly 
distributed dimples could be observed with increasing 
processing temperature from 280 °C to 360 °C. The most 
striking difference between Figs.7(c) and (d) is that the 
number of dimples decreased with increasing processing 
temperature. Figs.8 (a)−(c) show the SEM fractographs 
of the chip-extruded alloy processed at different 
extrusion ratios. It can be seen from Fig.8 (a) that 
dimples and cleavage planes can be observed, which 
indicates that the chip-extruded alloy had a mixed 
fracture mechanism. However, a large number of tearing 
ridges and dimples are observed in Figs.8 (b)−(c), which 
indicates that the material had undergone a significant 
plastic deformation before fracture. 
 
4 Discussion 
 

The increase of the processing temperature provides 
an effect similar to annealing observed in previous 
studies, which obviously decreases the dislocation 
density and internal stress, and then decreases the 
strength but increases the ductility[11−14]. Increasing 

 

 

 

Fig.4 Optical micrographs of chip-extruded 

alloys processed with different extrusion 

ratios: (a) 8; (b) 16; (c) 32 
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Fig.7 SEM fractographs of chip-extruded alloy processed at different processing temperatures: (a) 280 °C; (b) 320 °C; (c) 360 °C;  
(d) 420 °C 
 

 

 

 

 

Fig.8 SEM fractographs of 

chip-extruded alloy processed 

with different extrusion ratios:  

(a) 8; (b) 16; (c) 32 
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temperature, resulting in the decrease of the strength but 
the increase of the ductility can be explained by 
examining the microstructure evolution of the chip- 
extruded alloy processed at different temperatures. At 
low processing temperatures (Figs.2(a)−(c)), 
microstructures are mainly composed of fine 
recrystallised grains. Moreover, some elongated and 
unrecrystallised grains along extrusion direction are also 
observed. These elongated and unrecrystallised grains 
have high dislocation density. Therefore, high strength 
but low ductility is expected. In contrast, with further 
increasing processing temperature, more equiaxed 
recrystallised grains appeared in microstructures. The 
increase of processing temperature results in grain 
growth, which in turn results in the decrease of the 
strengths due to the Hall-Petch equation. On the other 
hand, coordinated movement among grains is improved 
because elongated grains are replaced by equiaxed and 
recrystallised grains. Therefore, these entirely 
recrystallised and equiaxed grains can supply relatively 
low strength but high ductility. Note that processing at 
420 °C results in the drastic decrease of strength and 
ductility. The observation of increasing grain size with 
increasing temperature is reasonable due to the advent of 
significant grain coarsening, which hence results in poor 
mechanical properties in the chip-extruded alloy. The 
previous study[5] revealed that high processing 
temperatures facilitated the plastic flow of an extremely 
plastic matrix into pores and voids. Increasing processing 
temperature is favorable for chip consolidation and for 
enhancing the bonding of individual chips, and thus for 
obtaining high strength and good ductility. However, if 
the processing temperature is too high, the deterioration 
in mechanical properties is caused by excessive grain 
growth. The trade-off relationship between the 
processing temperature and mechanical properties should 
be considered for practical use of the recycled 
magnesium alloy. 

It can be seen from Fig.4 that the higher extrusion 
ratio alloy gives a finer recrystallised grain size. 
Increasing the extrusion ratio increases misorientation of 
subgrain boundaries, leading to an increase in the amount 
of stored energy necessary for the recrystallisation 
process[15]. The greater the degree of deformation is, the 
higher the stored energy is and therefore the smaller the 
recrystallised grain size is. Furthermore, the higher the 
extrusion ratio is, the greater the overall grain boundary 
and sub-grain boundary areas are. This leads to greater 
potential for the development of recrystallisation nuclei, 
and therefore a finer recrystallised grain size[15]. A key 
question is why it is difficult for further refining grain 
size when the extrusion ratio increases from 16 to 32. 
This reason is likely to be attributed to the heating 
caused by extrusion. Because more heat is generated 

during extrusion to a high ratio than a low extrusion ratio, 
the tendency of grain coarsening is more obvious in the 
chip-extruded sample with a high extrusion ratio than 
that with a low extrusion ratio. This may counteract the 
effect of the increased extrusion ratio on the grain 
refinement. As shown in Fig.6, the mechanical properties 
of the chip-extruded alloy increase with increasing 
extrusion ratio. The good mechanical properties of the 
chip-extruded alloy can be attributed to grain refinement 
strengthening. Since grain boundaries are effective 
obstacles to dislocation motion, and small-grained 
materials will have a higher density of grain boundaries 
per unit volume, the tensile strength increases with 
decreasing grain size. The improved ductility is also 
obtained with increasing the extrusion ratio because 
more grains contribute to the macroscopic deformation 
and the stress concentration is accordingly reduced and 
spread over a wider area[16]. Another potential source of 
strengthening is Mg-Zn-Y phase, which is observed to 
exist as small particles and distribute unevenly (Fig.9). 
Mg-Zn-Y phase is favorable for hindering the movement 
of dislocation and therefore for improving strength of the 
chip-extruded sample. However, because the volume 
fraction of these small particles is likely less than 5% in 
the chip-extruded sample, strengthening by these 
particles is expected to be small. 
 

 
Fig.9 SEM image of chip-extruded alloy processed at 360 °C 
(Extrusion ratio is 16. Extrusion direction is labeled by arrow.) 
 
5 Conclusions 
 

1) When the processing temperature is below 320 
°C, the microstructure is characterized by mixture 
structures of recrystallised and elongated grains. The 
microstructure exhibits high strength but low ductility. 
With increasing processing temperature, dynamic 
recrystallisation entirely takes place and more equiaxed 
grains with 28 μm in size are obtained. Therefore, 
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relatively low strength but high ductility is obtained. 
However, with further increasing processing temperature 
to 420 °C, grain coarsening results in the drastic decrease 
of mechanical properties. 

2) Increasing extrusion ratio results in the grain 
refinement. The elongation to fracture, yield strength and 
ultimate tensile strength of the chip-extruded alloy 
increase obviously with increasing extrusion ratio from 8 
to 16, then the mechanical properties are little influenced 
by further increasing extrusion ratio. 
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摘  要：采用冷压法压实 Mg-Zn-Y-Zr 合金碎屑，在不同温度和不同挤压比下进行热挤压。结果表明：在低于 320 

°C 时挤压，微观组织由大量再结晶晶粒和少量未再结晶晶粒组成，合金具有较高的强度和较低的韧性；当挤压温

度升高到 360 °C 时，发生完全再结晶，微观组织由等轴晶组成，合金具有较低的强度和较高的韧性；当挤压温度

升高到 420 °C 时，微观组织由粗大的等轴晶组成，导致了合金的力学性能下降；当挤压比从 8 增加到 16 时，晶

粒明显细化，力学性能显著提高，然而，随着挤压比的进一步增加，屈服强度和极限抗拉强度升高幅度不大。 

关键词：Mg-Zn-Y-Zr 合金；挤压比；固态回收；成形温度 
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