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Abstract: The microstructures and properties of ZK60 alloy were evaluated under four different conditions: extrusion; extrusion and 
4 passes of equal channel angular pressing (ECAP); extrusion, 4 passes of ECAP and secondary extrusion; and extrusion, 4 passes of 
ECAP, annealing and secondary extrusion. Secondary extrusion at ambient temperature was successfully processed to produce 
ultrafine-grained ZK60 alloy. The results show that ECAP introduces significant grain refinement and there is additional refinement 
in secondary extrusion. High yield strength of 342 MPa is achieved after secondary extrusion at room temperature, but the elongation 
to failure is only 0.8%. However, by applying annealing before secondary extrusion, the ductility of ZK60 could be greatly improved 
to 4.5%, meanwhile the yield strength almost remains the same, and the ultimate strength of up to 388 MPa is obtained. 
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1 Introduction 
 

Magnesium alloys are currently the lightest alloys 
used as structural metals [1,2]. Mg products have been 
used for structural applications, such as automobile parts. 
Although the demand for Mg alloys used by the 
industries is increasing, their applications are still quite 
limited due to the poor workability at room temperature. 
In order to improve the workability of Mg alloys, it is 
necessary to refine their grain size [3]. As one of the 
most effective ways to produce ultrafine-grained 
materials, equal channel angular pressing (ECAP) has 
attracted considerable attention in recent years [4−6]. 
During ECAP, the sample is pressed through a die 
containing two intersecting channels of equal 
cross-section, which indicates the work piece can be 
deformed repeatedly, so very high strain can be 
accumulated [7,8]. 

A few works have been reported on the texture 
evolution in Cu alloys heavily deformed by ECAP and 
then rolled [9,10]. Such studies are quite demanding 
because some applications, such as sputtering targets 
[11], require additional processing steps after ECAP. 
However, little information is available about the 

additional processes after ECAP of Mg alloys. In this 
study, a three-step processing route involving an initial 
extrusion step, subsequent processing by ECAP and 
finally secondary extrusion was used to produce ultrafine 
grain (UFG) Mg alloys. The effect of secondary 
extrusion on the microstructures and mechanical 
properties was mainly investigated. 
 
2 Experimental 
 

The experiments were conducted using a 
Mg−6.0Zn−0.5Zr alloy (mass fraction, %). Cylinder 
as-cast ZK60 alloy was extruded at 623 K with extrusion 
ratio of 20:1, and then cut into bars. ECAP processing 
was performed using a solid die having an angle of 
Φ=90° between two channels and an additional angle of 
ψ=20° at the outer arc of curvature where the two 
channels intersect. Route Bc [12], which rotates the work 
piece 90° clockwise along its longitudinal axis between 
adjacent passes, was used to process the ZK60 billets. 
During ECAP, molybdenum disulphide (MoS2) was used 
as a lubricant and up to 4-pass of ECAP was carried out 
at 523 K. After ECAP, the samples were secondary 
extruded with an extrusion ratio of 3.9 at room 
temperature and 373 K through a die, respectively, as  
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shown in Fig. 1. To get better ductility, the samples were 
annealed at 523 K for 30 min after ECAP and then 
secondary extruded under the same condition. 
 

 
 
Fig. 1 Schematic diagram of secondary extrusion die 
 

The tensile specimens were machined from billets 
prepared under four different conditions. First, for the 
as-cast ZK60 alloy after extrusion, henceforth the 
“extruded” condition was designated; second, for the 4 
pass-ECAPed samples after extrusion, henceforth the 
“ex+ECAPed” condition was designated; third, for the 
secondary extruded materials directly following ECAP, 
henceforth the “ex+ECAP+extruded” condition was 
designated; finally, for the secondary extruded samples 
with annealing after ECAP, henceforth the “ex+ECAP+ 
anneal+extruded” condition was designated. The 
dimensions of tensile specimens after secondary 
extrusion are shown in Fig. 2, while other tensile 
specimens had gauge lengths of 50 mm and 
cross-sectional areas of 2 mm×10 mm. Tensile test was 
carried out on an Instron Series 5569 test machine at 
room temperature at a tensile rate of 0.5 mm/min. 
 

 

Fig. 2 Dimensions of tensile specimens after secondary 
extrusion 
 

Microstructure observation was carried out by an 
Olympus DP11 optical microscope (OM) and FEI− 
TECNAI G2 F30 transmission electron microscope 

(TEM). The specimens for OM were ground, polished 
and then etched in acetic picral (5 mL acetic acid + 6 g 
picric acid + 10 mL H2O + 100 mL ethanol (95%)). 
Specimens for TEM were prepared by grinding-polishing 
to produce a foil with 50 μm thickness and then 
ion-thinned. The orientations of the basal plane were 
qualitatively analyzed by a Philips X’Pert X-ray 
diffractometer (XRD). 
 
3 Results and discussion 
 
3.1 Microstructures 

Figure 3 shows the optical microstructures for the 
samples under four conditions. Figure 3(a) shows the 
microstructure under the extruded condition, where the 
sample was extruded at 623 K. Figure 3(b) shows the 
microstructure under the ex+ECAPed condition, where 
the sample was extruded at 623 K and then processed by 
ECAP for four passes. Figures 3(c) and (d) show the 
microstructure under the ex+ECAP+extruded condition, 
where the samples were first extruded and ECAPed and 
then secondary extruded at room temperature and 373 K, 
respectively. Figures 3(e) and (f) show the 
microstructure under the ex+ECAP+anneal+extruded 
condition, where the samples were first extruded and 
ECAPed and then annealed at 523 K for 30 min, finally 
secondary extruded at room temperature and 373 K, 
respectively. The extrusion and ECAP pressing 
directions are horizontal. In Fig. 3(a), the grains of ZK60 
after extrusion are elongated along the extrusion 
direction, and compared with the ex+ECAPed condition 
shown in Fig. 3(b), the grain size is much larger. After 4 
passes of ECAP at 523 K, no obvious shear band occurs 
and the grains are too small to be visible. As for the 
ex+ECAP+extruded condition, secondary extruded 
samples at room temperature and 373 K shown in Figs. 
3(c) and (d) show a similar structure with grains aligned 
along the extrusion direction as shown in Fig. 3(a), but 
the grains are further refined. The grain size of samples 
under ex+ECAP+anneal+extruded condition, which 
means annealing between the process of ECAP and 
secondary extrusion, is a little larger than that of the 
ex+ECAP+extruded ones, this is due to the 
recrystallization and grain growth during annealing. 

To obtain more detailed information on the 
microstructural development associated with the ECAP 
and secondary extrusion processes, the TEM 
micrographs of the alloy are shown in Fig. 4. In Fig. 4(a), 
the grains of the sample after extrusion and ECAP are 
refined to about 2 μm, and most of them are equiaxed 
due to the dynamic recrystallization during ECAP. In 
contrast, the grains of sample after secondary extrusion  
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Fig. 3 Optical micrographs of ZK60 alloys under different conditions: (a) Extruded; (b) Ex+ECAPed; (c) Ex+ECAP+extruded at 
room temperature: (d) Ex+ECAP+extruded at 373 K; (e) Ex+ECAP+anneal+extruded at room temperature; (f) Ex+ECAP+anneal+ 
extruded at 373 K 
 
at 373 K (Fig. 4(b)) exhibit irregular shapes, which are 
attributed to the low processing temperature of secondary 
extrusion. The SAED pattern taken from the ex+ECAP+ 
extruded sample exhibits the rings of diffracted spots, 
indicating the presence of boundaries have high angles of 
misorientation. The grains of the sample after secondary 
extrusion are further refined to about 1 μm. Compared 
with Fig. 4(b), more large grains are found in the sample 

with annealing between processes of ECAP and 
secondary extrusion (Fig. 4(c)), which is due to the grain 
growth during annealing. 
 
3.2 Texture evolution 

Figure 5 shows the X-ray diffraction spectra of 
ZK60 alloys under four different conditions. Compared 
with the X-ray diffraction spectra of the as-extruded  
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Fig. 4 TEM images and SAED pattern of ZK60 alloys: (a) 
Ex+ECAPed; (b) Ex+ECAP+extruded; (c) Ex+ECAP+anneal+ 
extruded 
 
ZK60 alloy, the peak of basal plane is much lower after 
ECAP, which means that the strong basal plane texture 
formed during extrusion [13−15] is weakened after 
ECAP processing. This may be due to the dynamic 
recrystallization during ECAP. 

In order to study the effect of secondary extrusion 
on the change of the basal plane texture, I(0002) and 

)0110(I  were chosen to denote the intensity of basal 
plane peak and pyramidal plane peak, respectively. So 
the relative intensity of basal plane peak could be got  
by )0110((0002)/II [16]. Table 1 lists the )0110()0002( /II  of 
ZK60 alloy under four conditions. The )0110()0002( /II  
value of basal plane after secondary extrusion is much 

higher than that under the ex+ECAPed condition, which 
indicates the restoration of strong basal plane texture, but 
the intensity of basal plane is much lower than that under 
the extruded condition. The )0110()0002( /II  values of 
basal plane in ZK60 alloy with or without annealing 
before secondary extrusion are almost the same. Though 
the annealing process may weaken the basal plane 
texture through static crystallization, this can be ignored 
because of the low temperature of secondary extrusion. 
 
Table 1 )0110()0002( /II value of ZK60 alloys 

Condition )0110()0002( /II  

Extruded 20 
Ex+ECAPed 1.5 

Ex+ECAP+extruded 
at room temperature

5.5 

Ex+ECAP+extruded at 373 K 4.0 
Ex+ECAP+anneal+extruded 

at room temperature
5.4 

Ex+ECAP+anneal+extruded at 373 K 3.6 
 
3.3 Mechanical properties 

The tensile properties of ZK60 alloy under four 
conditions are listed in Table 2. Though the grain size is 
significantly refined after 4 passes of ECAP, the yield 
strength of the sample does not increase according to the 
Hall-Petch relationship because of the texture evolution 
of ZK60 alloy after 4 passes of ECAP mentioned above, 
the non basal slip systems are activated and the basal 
texture intensity is lowered. As for the sample under ex + 
ECAP + extrusion condition, the yield strength increases 
dramatically after secondary extrusion. This is due to the 
further grain refinement and restore of strong basal 
texture [3]. But the elongation to failure of the sample is 
rather low when secondary extruded at room temperature 
due to the high dislocation density. By applying 
annealing before secondary extrusion, the ductility can 
be greatly improved to about 4.5%, and high ultimate  
 
Table 2 Tensile properties of ZK60 alloys 

Condition 
Yield 

strength/ 
MPa 

Ultimate 
tensile 

strength/MPa

Elongation/
% 

Extruded 263 318 10.4 
Ex+ECAPed 183 291 9.6 

Ex+ECAP+extruded 
at room temperature 342 350 0.8 

Ex+ECAP + 
extruded at 373K 313 377 8.2 

Ex+ECAP+anneal+ 
extruded at room 

temperature 
332 388 4.5 

Ex+ECAP+anneal+ 
extruded at 373 K 328 344 13.8 
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Fig. 5 XRD patterns of ZK60 alloy: (a) Extruded; (b) Ex+ECAPed; (c) Ex+ECAP+extruded at room temperature; (d) Ex+ECAP+ 
extruded at 373 K; (e) Ex+ECAP+anneal+extruded at room temperature; (f) Ex+ECAP+anneal+extruded at 373 K 
 
tensile strength of 388 MPa and yield strength of    
332 MPa are obtained. Compared with the sample 
extruded at room temperature, the sample secondary 
extruded at 373 K shows a good combination of high 
strength and good ductility. 
 
4 Conclusions 
 

1) The grain size of ZK60 alloy decreases 
significantly after ECAP, and the grains are further 

refined to 1 μm after subsequent secondary extrusion. 
With annealing between ECAP and secondary extrusion, 
the grain size is a little larger. Irregular shape of grains 
and high angle grain boundaries occur after secondary 
extrusion. 

2) The strong basal plane texture formed in the 
extruded ZK60 alloy is weakened by ECAP, and restored 
after secondary extrusion, but the intensity of basal plane 
peak after secondary extrusion is not as high as that of 
the extruded ones. 
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3) The yield strength of ZK60 decreases after ECAP 
due to the texture evolution after ECAP, and then 
increases dramatically to 342 MPa after secondary 
extrusion at room temperature. The increase of yield 
strength is attributed to the grain refinement and strong 
basal plane texture restoration. By applying annealing 
before secondary extrusion, a good combination of high 
strength and good ductility can be achieved. 
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二次挤压对挤压和 ECAP 变形后 ZK60 镁合金 
显微组织和力学性能的影响 
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摘  要：测试四种状态下 ZK60 合金的显微组织和力学性能，四种状态分别为：挤压；挤压+4 道次 ECAP；挤压

+4 道次 ECAP+二次挤压；挤压+4 道次 ECAP+退火+二次挤压。在室温下成功地进行 ZK60 的二次挤压，得到超

细晶组织。结果表明：ECAP 和二次挤压可以显著细化晶粒。挤压+4 道次 ECAP+二次挤压后的 ZK60 合金的屈服

强度为 342 MPa，但是其伸长率只有 0.8%。在二次挤压之前进行退火，ZK60 合金的伸长率可以提高到 4.5%，而

屈服强度基本不变，抗拉强度达到 388 MPa。 

关键词：ZK60 镁合金；挤压；等通道角挤压；二次挤压 
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