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Abstract: AZ91 Mg alloy recycled by a solid state process and equal channel angular pressing (ECAP) exhibited a superior strength. 
The mechanical properties of AZ91 Mg alloy recycled from machined chips by extrusion at 623 K and ECAP at 573 K and 623 K 
were compared with those of the reference alloy which was produced from an as-received AZ91 Mg alloy block under the same 
conditions as the recycled alloy. The recycled specimens show a higher strength at room temperature than the reference alloy. The 
improvement of the tensile properties is attributed not only to the small grain size, but also to the dispersed oxide contaminants. 
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1 Introduction 
 

Mg alloys are currently the lightest alloys used as 
structural materials, and Mg products have been applied 
for structural uses such as automobile parts and electric 
appliance cases[1−2]. In order to meet the increasing 
demand of Mg alloys, it is necessary not only to attain 
high material performance characteristics (high strength 
and high ductility, etc), but also to develop useful 
recycling processes. Some recycling processes, such as 
remelting[3], electrorefining[4] and vacuum distillation[5] 
have been proposed and carried out. However, the 
recycled Mg alloys often exhibit poor properties 
compared with virgin Mg alloys due to contamination[6]. 

Recently, solid state recycling by hot extrusion has 
been proposed as a new method for recycling Mg alloy 
chips[7−10]. In this process, metal chips are directly 
recycled by hot extrusion. The solid Mg alloy recycled 
from machined chips shows high strength due to the 
grain refinement and dispersion of the oxide layer 
originated from the surface of scraps. 

Equal channel angular pressing (ECAP) is a novel 
metal forming process that introduces heavy shear strains 
into massive material billet without changing its 
cross-section during the multi-pass shearing deformation 
through a special die[11]. ECAP is capable of refining 
bulk materials with coarse grain structures, so ECAP can 

be applied for solid recycling of Mg alloy to achieve 
higher material performance[12−15]. However, up to 
now, very few studies have been performed on the 
recycling of Mg alloys using ECAP. In this work, the 
effect of extrusion and ECAP on the microstructures and 
mechanical properties of the AZ91 Mg alloy chips is 
investigated. 
 
2 Experimental 
 

The machined chips of Mg-9.3Al-0.7Zn (mass 
fraction, %) alloy with average dimensions of 17 mm×4 
mm×0.1 mm were prepared as scraps by machining an 
as-received block in a lathe. The chips were placed in a 
container with a diameter of 60 mm, cold pressed at 
room temperature and hot pressed at 673 K, then 
extruded at 623 K with an extrusion ratio of 121׃. For 
comparison, a reference alloy was processed by 
extruding an as-received AZ91 Mg alloy block under the 
same condition. Rectangular billets with dimensions of 
10 mm×10 mm×70 mm were machined from the two 
kinds of extruded rod for ECAP. The ECAP die had a 
channel angle of 90˚ and a curvature angle of 37˚. ECAP 
was carried out at 573 K and 623 K for 1 pass. The 
recycled and reference samples after ECAP were designed 
as Chips+Ex+ECAP and Billet+Ex+ECAP, respectively. 

The microstructures of specimens were examined 
using an Olympus DP11 optical microscope (OM). The 
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crystallographic features of the alloy were determined by 
XRD using a Philips X’Pert diffractometer. Tensile tests 
were carried out at room temperature. The tensile 
direction was parallel to the extrusion direction. 
 
3 Results and discussion 
 
3.1 Microstructure 

Fig.1 shows the microstructures of the specimens 
before hot extrusion. As for the recycled AZ91 
magnesium alloy, the surfaces of chips can still be 
observed, which indicates the weak bond between chips, 
and the grain size was smaller than that of the reference 
specimens. This may be caused by dynamic 
recrystallization during hot pressing. 
 

 
Fig.1 Microstructures of specimens before hot extrusion: (a) 
Recycled AZ91 Mg alloy; (b) Reference AZ91 Mg alloy 
 

The microstructures of the specimens after hot 
extrusion are shown in Fig.2. The grain sizes of both 
recycled and reference specimens after extrusion were 
refined. And the grain size of the recycled specimen was 
decreased to about 6 µm, much smaller than that of the 
reference specimen. In addition, the surfaces of the chips 
cannot be resolved, indicating an improved bonding 
between chips. 

The microstructures of the recycled and reference 
AZ91 magnesium alloy specimens after 1 pass of ECAP 
at 573 K and 623 K are shown in Fig.3. The average gain 

size of both the recycled and reference specimens after 
ECAP at 573 K was much smaller than that at 623K, due 
to the dynamic recrystallization at lower temperature. 
Compared with the reference specimens, the average 
grain size of the recycled specimens was about 2 µm, 
much smaller than that of the reference specimens. This 
was due to not only the shear deformation introduced by 
ECAP, but also the dispersed oxide contaminants. 
 

 
Fig.2 Microstructures of as-extruded specimens along 
transverse direction: (a) Recycled AZ91 Mg alloy; (b) 
Reference AZ91 Mg alloy 
 

Fig.4 shows the XRD spectra of the recycled AZ91 
magnesium alloy specimens. It can be seen that the alloy 
consisted of Mg and Mg17Al12, and there was no obvious 
difference in phase composition of the alloy under four 
different conditions. The strong basal plane texture 
formed in the recycled AZ91 alloy during extrusion, but 
after 1 pass of ECAP, the intensity of basal plane peak 
was decreased, which indicated that the basal-plane 
textures of the alloy were weakened after ECAP. It has 
been reported that the as-extruded Mg alloy generally 
exhibited an ED//〈 0101 〉 fiber texture, while in the 
as-ECAPed alloy, basal planes tended to be inclined at 
about 45˚ to the extrusion direction[16−18]. 
 
3.2 Mechanical properties 

Tensile properties of the recycled specimens at 
room temperature are summarized in Table 1. The  
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Fig.3 Microstructures of recycled (a, b) and reference (c, d) AZ91 magnesium alloy specimens after 1 pass of ECAP: (a, c) At 573 K; 
(b, d) At 623 K 
 

 
Fig.4 XRD spectra of recycled AZ91 magnesium alloy specimens: (a) Before extrusion; (b) After extrusion; (c) ECAP at 573 K; (d) 
ECAP at 623 K 
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Table 1 Mechanical properties of recycled and reference 
specimens  

State 
UTS/ 
MPa 

YS/ 
MPa 

Elongation/
% 

As-cast 163 110 3.9 
Chips+extruded 285 202 11.0 

Chips+Ex+ECAP-300 ˚C-1P 347 287 12.3 
Chips+Ex+ECAP-350 ˚C-1P 323 253 10.9 

Billet+extruded 296 212 13.0 
Billet+Ex+ECAP-300˚C-1P 329 263 13.1 
Billet+Ex+ECAP-350˚C-1P 305 226 11.1 

 
recycled specimens after ECAP at 573 K showed a good 
combination of high ultimate tensile strength of 347 MPa, 
yield strength of 287 MPa and large elongation to failure 
of 12.3%. These values were much larger than those of 
the extruded recycled specimen. Note that ECAP is a 
good way to achieve higher material performance. 
Although the basal plane texture was weakened after 
ECAP, the YS and UTS were increased. This was due to 
the grain refinement. 

Compared with the reference specimens, the YS and 
UTS of the recycled specimens were both larger than 
those of the reference specimens. This was correspondent 
to the smaller grain size of the recycled specimens 
 
5 Conclusions 
 

1) The grain sizes of recycled specimens after 
extrusion and ECAP are smaller than those of the 
reference specimens. This is due to the dispersed oxide 
contaminants. The interfaces of the chips disappear after 
extrusion and ECAP, which indicates the improvement of 
the bonding between chips. 

2) Although the basal plane texture is weakened 
after ECAP, the YS and UTS values of ECAPed 
specimens are much larger than those of extruded 
specimens, indicating that the grain refinement plays a 
more important role than texture. 

3) After ECAP, the recycled specimens show 
comparable mechanical properties to those of the 
reference specimens due to the dispersed oxide 
contaminants and grain refinement. 
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