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Abstract: A mini-type rolling machine was employed for multi-passes rolling of a Mg-5Zn-3Nd(-Zr)(mass fraction, %) wrought 
alloy. For the sake of providing experimental basis for magnesium alloy rolling process, optical microscopy, SEM and TEM 
observations were used to study the microstructure evolution of magnesium alloys subjected to different rolling reductions before and 
after annealing. Investigations show that multi-passes can be achieved for this alloy at ambient temperature, but 330 ˚C, 15 min 
annealing was needed for next pass rolling, and total deformation degree was 66%. With the increase in total deformation degree, 
rolling streams form and the average grain size decreases gradually. The microstructure after rolling is mainly composed of twining, 
and multiple twining in parallel distribution is also observed. The average grain size in the as-cast condition is about 50 µm and 
decreases to about 10−20 µm after rolling, whereas the twinning spacing is limited to 1−2 µm. SAED analysis in the twinning area 
indicates that twinning takes place at {10 1 1} plane. Complete recrystallization can occur in Mg-5Zn-3Nd(-Zr) alloys with various 
rolling reductions and after 200 ˚C, 120 min or 300 ˚C, 10 min annealing. Meanwhile, grain growth is apparent under heat treatment 
at 300 ˚C. 
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1 Introduction 
 

Magnesium is one of the lightest metal, and its 
alloys as structural material have huge potential to solve 
the energy crisis and environmental problems[1−2]. At 
the same time, magnesium alloys have low density, high 
specific strength and specific stiffness, good damping 
capacity, electromagnetic shielding effectiveness and are 
easy to be recycled, so they have important application 
value and wide application prospects in the electronic, 
electrical appliances, transportation, aviation, aerospace 
and other fields. Magnesium alloy is known as the 21st 
century’s most promising metal structural material[3]. 
However, at present, no more studies on the impact of 
deformation parameters on deforming resistance of 
magnesium alloy as well as its microstructure were 
reported[4−7]. ZK60 magnesium alloy as the typical 
representative of Mg-Zn-Zr system of wrought 
magnesium alloys has higher strength, better plasticity 
corrosion resistance, and a wider range of 
applications[8−9]. While these alloys also have the 

disadvantage of low room temperature mechanical 
properties compared with other alloys. In order to 
improve the strength of ZK60 magnesium alloy, rare 
earth elements Nd and Y were added into the ZK60 
alloy[10]. Therefore, the basic research on the wrought 
magnesium alloy focuses on adding refiner to the 
magnesium alloy or making the grain refined by 
deformation process, the plastic deformation mechanism 
of hexagonal close-packed structure, and dynamics 
recrystallization behavior. The research on wrought 
magnesium alloy processing focuses on the deformation 
process of certain components of the wrought 
magnesium alloy, etc[11−14]. 

In this work, the microstructures of the as-cast 
Mg-5Zn-3Nd(-Zr)(mass fraction, %) magnesium alloy 
after plastic deformation under different deformation 
degrees were investigated, and compared with those of 
cast Mg-5Zn-3Nd alloy under different deformation 
degrees after rolling. In order to provide experimental 
data and technical support for further research and 
development of the alloy material, the performance 
changes of the magnesium by adding Zr contents were  
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also studied. 
 
2 Experimental 
 

The magnesium cast ingot of Mg-5Zn-3Nd(-Zr) 
(mass fraction, %) was adopted as experimental 
component (the content of Zr is 0.25%−0.50%). A 
spark-cutting machine was employed to get sheets with 
width of 40 mm, length 90 mm, and thickness of 6 mm, 4 
mm, 3 mm, respectively. The sheets were heated in the 
box-type resistance furnace at 330 ˚C for 0.5 h, and then 
rolled on a mini-type rolling machine under the speed of 
1.2 m/min. The rolling reduction of every pass was about 
0.5 mm, and 330 ˚C, 15 min annealing was needed for 
next pass rolling, finally 2 mm-thick rolled sheet with a 
total deformation of 33%, 50%, 66% were obtained. 

An optical microscope was used to observe and 
analyze the microstructure of magnesium alloys 
subjected to different rolling reductions. The etchant was 
composed of 20 mL acetic acid, 1 mL nitric acid, 60 mL 
glycol and 20 mL water. 

An S-3400N scanning electron microscope was 
used to observe and analyze compositions of the samples. 
A JEM2010 transmission electron microscope was used 
to observe and analyze the phase morphology. 
 
3 Results and discussion 
 
3.1 Microstructure of rolled Mg-5Zn-3Nd(-Zr) 

magnesium alloy 
Fig.1 shows the as-cast microstructure of 

Mg-5Zn-3Nd-Zr and Mg-5Zn-3Nd alloys. Observation 
shows that the grain size of Mg-5Zn-3Nd alloy is 
relatively larger (Fig.1(a)); the grain size becomes 
significantly smaller after adding element Zr (Fig.1(b)), 
but the grain size is not uniform. The microstructure 
evolution on longitudinal direction of rolled magnesium 
alloys after different total deformation degrees is shown 
in Fig.2. With the increase of deformation degree, rolling 
streams form gradually. The grain size is non-uniform 

when the deformation degree is small, and the average 
grain size decreases with increase in deformation degree. 
At the same time, the grain size becomes more uniform, 
and a large number of twining lines are observed in the 
interior grains. 
 
3.2 Electron microscopy analysis of rolled Mg-5Zn- 

3Nd(-Zr) alloys 
Fig.3 shows the selected area electron diffraction 

(SAED) pattern and the TEM images of the 
Mg-5Zn-3Nd(-Zr) alloy subjected to a total reduction of 
66%. Analysis shows that microstructure is composed of 
a light-colored matrix phase of Mg-based solid solution 
and the dark second phase. According to an analysis of 
selected area electron diffraction (insert in Fig.3(a)), the 
dark of the second phase is MgZn2. From Fig.3(b), the 
microstructure after rolling is mainly composed of 
twining, and multiple twining in parallel distribution is 
also observed. At the same time, many small granules of 
the second phase exist in the matrix, and the structure of 
the phase needs further study. Different microstructure 
morphologies indicate that the average grain size in the 
as-cast condition is about 50 µm and decreases to about 
10−20 µm after rolling, whereas the twinning spacing is 
limited to 1−2 µm. 

The selected electron diffraction patterns of 
Mg-5Zn-3Nd(-Zr) alloy twins with the total deformation 
degree of 66% are shown in Fig.4. Fig.4(a) shows the 
TEM microstructures of twin and the positions of 
selected electron diffraction. Fig.4(b) and 4(c) shows the 
electron diffraction results of A and B points in Fig.4(a), 
respectively. 

A TEM was used to analyze diffraction pattern of 
the twin. According to the structure of crystallography 
and the orientation relationship between twinning and 
matrix of magnesium alloy, the inter-planar distance and 
the separation angle of crystal plane were used to index 
crystallographic plane of diffraction spot, so that the twin 
type was confirmed, as shown in Fig.4(b) and 4(c). 

The twins of magnesium alloy usually are {10 1 2} 
 

 

Fig.1 As-cast microstructures of Mg-5Zn-3Nd (a) and Mg-5Zn-3Nd-Zr (b) alloys 
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Fig.3 TEM micrographs and SAED pattern of 
Mg-5Zn-3Nd(-Zr) alloy with total reduction of 66%: (a) 
Selected area electron diffraction patterns; (b) Twins 

and {10 1 1}, and {10 1 1} is compression types[15]. The 
indices of crystallographic plane of a3 and b3 are both 
(0 1 11), so it can be concluded that in this experiment, 
the twining of Mg-5Zn-3Nd(-Zr) alloy is based on 
{10 1 1} plane. 
 
3.3 Influence of annealing on rolled Mg-5Zn-3Nd(-Zr) 

magnesium alloy 
Fig.5 shows the microscopic structures of annealed 

Mg-5Zn-3Nd(-Zr) alloy with different total deformation 
degrees. The annealing was conducted at 200 ˚C or 300 
˚C for 120 min. Observation shows that after 200 ˚C, 
120 min annealing, twinning is observed clearly in the 
magnesium alloys with total deformation degree of 33%, 
and only a small amount of recrystallization occurs. A 
larger number of twinning can be observed in 
magnesium alloys with total deformation degree of 50%. 
At the same time, recrystallization also occurs and 
recrystallization grain size becomes smaller. The twining 
completely disappears after the total deformation degree 
of 66%, while the recrystallization appears in large 
numbers and the recrystallized grains significantly grow 
bigger than those with the total deformation degree of 
50%. When the annealing temperature is increased to 
300 ˚C, the texture changes of the alloy with total 
deformation degree of 33% are basically the same with 
those with annealing at 200 ˚C. While a large number of 
twining in alloy with the total deformation degree of 
50% has been ruptured, and recrystallization occurs. The 

 

 

 

 

Fig.2 Microstructure evolution on longitudinal 

direction of rolled Mg-5Zn-3Nd-Zr alloy with 

different total deformation degrees: (a) 33%;  

(b) 50%; (c) 66% 
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Fig.5 Microstructures of annealed Mg-5Zn-3Nd(-Zr) alloy after different total rolling reductions: (a) Total rolling reduction 33% 
after 200 ˚C, 120 min annealing; (b) Total rolling reduction 50% after 200 ˚C, 120 min annealing; (c) Total rolling reduction 66% 
after 200 ˚C, 120 min annealing; (d) Total rolling reduction 33% after 300 ˚C, 120 min annealing; (e) Total rolling reduction 50% 
after 300 ˚C, 120 min annealing; (f) Total rolling reduction 66% after 300 ˚C, 120 min annealing 

 

 

 

Fig.4 TEM micrographs and SAED 

patterns of twins of Mg-5Zn-3Nd(-Zr) 

alloy with total reduction of 66%: (a) 

Twins; (b) Electron diffraction at point A; 

(c) Electron diffraction at point B 
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twining completely disappears with total deformation 
degree of 66%. Furthermore, the crystal grain size is 
smaller than the same deformation alloy annealed at 200 
˚C, and grain sizes are uniform. 

The experimental results should be directly related 
to the annealing temperature. With the deformation 
increasing, the strain energy of material also increases, 
and the strain energy could enhance the occurrence of the 
process of recrystallization during annealing process. 
Since the annealing temperature is higher, the release of 
strain energy is much more obvious. The alloy annealed 
at 300 ˚C with 66% of the total deformation degree 
releases a larger strain energy, so the driving force of 
recrystallization is larger, and a smaller grain size is 
obtained due to the larger recrystallization nucleation 
rate. 
 
4 Conclusions 
 

1) With the deformation of Mg-5Zn-3Nd(-Zr) (mass 
fraction, %) alloy increasing, rolling streams form and 
the average grain size decreases gradually. Twinning 
lines are observed in interior grain. The grain size in the 
as-cast condition is about 50 µm and decreases to about 
10−20 µm after rolling, whereas the twinning spacing is 
limited to 1−2 µm. 

2) SAED analysis in the twinning area indicates that 
twinning takes places at {10 1 1} plane. 

3) Complete re-crystallization can occur in 
Mg-5Zn-3Nd(-Zr) alloys with various rolling reductions 
and after 200 ˚C, 120 min or 300 ˚C, 10 min annealing. 
Meanwhile, grain growth is apparent under heat 
treatment at 300 ˚C. 
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