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Abstract: The microstructure and mechanical properties of the Mg−6Zn−xEr alloys in the as-cast, as-extruded and extruded-T5 
states were investigated. It is found that the addition of Er has an obvious effect on improving mechanical properties of Mg−6Zn 
based alloys. The results suggest that the Mg−6Zn−0.5Er alloy in the peak aged state shows the best tensile strength. The ultimate 
tensile strength and the yield tensile strength of the peak-aged Mg−6Zn−0.5Er alloy are about 329 MPa and 183 MPa, respectively, 
companying with a good elongation of 12%. The addition of 0.5% Er into the Mg−6Zn based alloys has a great effect on improving 
ageing hardening response. The highest tensile strength of the peak-aged Mg−6Zn−0.5Er alloy is mainly due to the refinement of 
microstructure and the precipitation of β1 phase. 
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1 Introduction 
 

Magnesium alloys are considered one kind of the 
most important structural materials because of their high 
specific strength, good damping capacity and recycle. 
Significantly, the magnesium resource is so abundant 
that it can meet the needs for the aircraft, railway and 
automotive industries in future. The Mg−Zn based alloys 
are usually considered one of the promising candidate 
magnesium alloys because of cheap price and obvious 
ageing hardening. However, the mechanical properties of 
Mg−Zn binary alloys are low because of the existence of 
coarse Mg−Zn binary phase. Therefore, the rare earth 
(RE) elements are generally added in order to improve 
the mechanical properties of Mg−Zn binary alloys [1−4]. 
It should be noted that the RE additions always lead to a 
precipitation of some ternary phases, such as the 
W-phase and the I-phase [5−8]. Furthermore, both the 
I-phase and the W-phase usually form on the basis of the 
chemical compositions of the Mg−Zn−RE alloys [9−13]. 
As reported, the I-phase (Mg3Zn6RE) has good 
properties, such as high hardness and low surface energy, 
which are great beneficial to improve the tensile  
strength [14]. As reported by PARK et al [15], the yield 
tensile strength of Mg−Zn−Y−Zr alloys is ranging from 

150 MPa to 450 MPa at room temperature, depending on 
the content of the I-phase. However, the W-phase with a 
cubic structure is not coherent with the matrix, which is 
harmful to the mechanical properties [3,9,16,17]. 
According to the contributions [18−22], the I-phase had 
been found in Mg−Zn−Y, Mg−Zn−Gd, Mg−Zn−Er, 
Mg−Zn−Ho, Mg−Zn−Dy and Mg−Zn−Tb series alloys. 

However, the I-phase in as-cast Mg−Zn−RE alloys 
is usually coarse and distributed uniformly, which leads 
to an unobvious improvement of mechanical properties. 
So, thermomechanical process as well as heat treatment 
is usually adopted to refine the microstructure. The 
thermomechanical process mainly includes hot extrusion, 
hot rolling, equal-channel angular pressing and rapidly 
solidified powders, by which the microstructure is 
refined greatly, resulting in enhancement of the tensile 
strength and the elongation obviously [4,19,23−27]. 
Meanwhile, both the microstructure and the mechanical 
properties of the as-extruded Mg−Zn−RE alloys have 
been investigated directly without considering ageing 
process [4,28,29]. However, it is well known that the 
Mg−Zn based alloys usually display a better ageing 
response due to the presence of the 1β′  phase [30−33]. 
Therefore, it may be a possible way to further improve 
the mechanical properties of Mg−Zn−RE alloys via peak 
ageing process. 
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In the present work, microstructure and mechanical 
properties of Mg−6Zn−xEr (mass fraction, %) alloys 
(x=0.30, 0.50, 1.0, 1.5 and 2.0, which are identified as 
alloys A, B, C, D and E) were investigated. The ageing 
hardening behaviors of as-extruded Mg−6Zn−xEr alloys 
at 200 °C with time were studied and the strengthening 
mechanism in the peak-aged alloys was expatiated. 
 
2 Experimental 
 

The alloys with nominal compositions of 
Mg−6Zn−xEr (x=0.30, 0.50, 1.0, 1.5 and 2.0) were 
produced from high-purity Mg (99.5%), high-purity Zn 
(>99.9%) and Mg−20Er (mass fraction, %) master alloy 
in an electric resistance furnace at about 750 oC under a 
protective atmosphere. The melting in a graphite crucible 
was poured into an iron mold with dimensions of     
40 mm×100 mm×150 mm at 720 °C. The as-cast alloy 
blocks were homogenized at 400 °C and held for 10 h, 
and then quenched in 70 °C water. The homogenized 
blocks were machined into ingots with a diameter of   
35 mm. At last, the ingots were hot extruded into rods 
indirectly with a extrusion ratio of 10 at 300 °C. The rods 
were directly aged at 200 °C with time in order to 
investigate ageing hardening responses. Specimens for 
the tensile test were made into dog-bone with 5 mm in 
gauge diameter and 25 mm in gauge length. Tensile test 
was conducted on a DNS−20 uniaxial tensile testing 
machine at a rate of 1 mm/min. Vickers hardness was 
measured by a HVS−1000 hardness tester with a load of 
2.94 N and a dwelling time of 10 s, and 10 measurements 
were collected for each sample. Besides, the impact 
toughness test was carried out on a JB−5 pendulum 
impact tester (the measurement range of the impact 
absorbing energy Akv is 2.45−23.52 J). The impact 
toughness specimens were made into Charpy V notch 
type with 55 mm in gauge length, 10 mm in gauge height 
and 5 mm in gauge width, as shown in Fig. 1. The value 
of the Akv/A in the present investigation was the average 
of three measurements for each kind of alloys, where A is 
the cross-sectional area of the specimen. 
 

 
Fig. 1 Charpy V type notch specimen for impact toughness test 
(Unit: mm) 

The chemical compositions of alloys were analyzed 
by X-ray fluorescence (XRF) analyzer. The chemical 
compositions are shown in Table 1. Phase analysis of the 
alloys was conducted by X-ray diffractometer (XRD). 
The microstructures of alloys were observed by optical 
microscope (OM), scanning electron microscope (SEM) 
equipped with energy dispersive spectroscope (EDS) and 
transmission electron microscope (TEM) with selected 
area electron diffraction (SAED) pattern and EDS. The 
average grain size of the alloys was measured via the 
linear intercept method. The samples for OM and SEM 
observations were mechanically polished and then etched 
in a solution of 4 mL nitric acid and 96 mL ethanol. 
Specimens for TEM observation were prepared by 
electro-polishing and ion beam milling. 

 
Table 1 Chemical composition of Mg−6Zn−xEr alloys 

No. Nominal alloy Mg w(Zn)/% w(Er)/% w(Zn)/w(Er)

A Mg−6Zn Bulk 6.3 − − 
B Mg−6Zn−0.30Er Bulk 6.0 0.35 17.1 
C Mg−6Zn−0.50Er Bulk 6.0 0.53 11.3 
D Mg−6Zn−1.0Er Bulk 5.5 1.0 5.5 
E Mg−6Zn−1.5Er Bulk 6.0 1.4 4.3 
F Mg−6Zn−2.0Er Bulk 5.9 2.1 2.8 

 
3 Results 
 
3.1 Microstructure of as-cast alloys 

Figure 2 shows the OM images of as-cast alloys A, 
C and E. It suggests that the alloys are composed of 
dendrites of magnesium matrix as well as the secondary 
phases. The dendrites are separated by the secondary 
phases. The morphologies of the secondary phases are 
closely related with the addition of Er. The morphologies 
of the secondary phases are transforming from 
incontinuous network to continuous network as the 
addition of Er increases. In addition, the volume fraction 
of the compounds is also improved obviously with 
increment of Er addition. The XRD test was carried out, 
which is not shown in the present work. The results 
suggest that the phase compositions mainly depend on 
the content of Er in the alloys. When the addition of Er is 
less than 0.5, the alloys are mainly composed of α-Mg 
solid solution together with the secondary phases of 
I-phase and Mg7Zn3 phase. However, the further 
increment of Er leads to a precipitation of the W-phase. 
The phase constituents of the alloys C, D and E are 
mainly α-Mg solid solution, I-phase and W-phase. 

Figure 3 shows the TEM images obtained from the 
alloy E. Figure 3(a) shows an interesting result that the 
W-phase is surrounded completely by the I-phase, which 
has not been found in previous reports. The EDS results 
imply that the composition of the W-phase is about 
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Fig. 2 OM images of as-cast alloys with bright field (a,c,e) and with dark field (b,d,f): (a,b) Alloy A; (c, d) Alloy C; (e,f) Alloy E 
 

 
Fig. 3 TEM images of secondary phases obtained from as-cast Mg−6Zn−2.0Er alloy: (a) W-phase surrounded by I-phase and 
corresponding SAED patterns of W-phase and I-phase, respectively; (b) Block I-phase and corresponding SAED pattern; (c) Coarse 
W-phase and corresponding SAED pattern; (d) HRTEM image of interface between matrix and W-phase 
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Mg−39.4Zn−29.6Er (mole fraction, %), and the 
composition of the I-phase is about Mg−56.1Zn−11.7Er 
(mole fraction, %). Therefore, it indicates that the 
I-phase may be formed by the following equation in the 
as-cast alloy E [34,35]:  
 
L→L1+α-Mg1                                                (1)  
L1+α-Mg1→W-phase+L2+α-Mg2                         (2)  
L2+W-phase→I-phase+α-Mg3                            (3)  

Besides, both the I-phase and the W-phase which 
are present separately in the alloy E are found, 
respectively, as shown in Figs. 3(b) and (c). A separate 
I-phase with a size of ~ 3 μm is shown in Fig. 3(b). The 
composition of the I-phase is about Mg−62.3Zn−11.4Er 
(mole fraction, %), and the corresponding SAED pattern 
shows its own two-fold symmetry (see inset image in  
Fig. 3(b)). Furthermore, the HRTEM shows that the 
I-phase is coherent with the matrix, as shown in the inset 
image at the bottom right corner of Fig. 3(b). Meanwhile, 
it can clearly see that a kind of phase with a rod-like 
morphology locates near the I-phase. According to  
Refs. [3−6], the rod-like phase may be the 1β′  phase 
which is commonly observed in the peak-aged Mg−Zn 
based alloys. However, it is generally found that the 
Mg−Zn phase does not precipitate around the W-phase. 
As shown in Fig. 3(c), a coarse W-phase with a size of 
~1 μm in width is observed. Around the W-phase, we do 
not find the presence of the Mg−Zn phase obviously. The 
kind of the Mg−Zn precipitations may be related with the 
composition of the micro-area around which the coarse 
secondary phases formed during solidification. Therefore, 
the EDS test was conducted in order to investigate the 
composition of the micro-area around the coarse I-phase 
and W-phase. The average composition of the micro-area 
near the I-phase is Mg−(2.24±0.41) Zn (mole fraction, %) 
while the average composition near the W-phase is 
Mg−(1.22±0.13) Zn (mole fraction, %). They are the 
average composition values, and three measurement 
points are obtained near the W-phase and I-phase, 
respectively. This indicates that the micro-area where 
both the I-phase and the Mg−Zn binary phase 
precipitated have a higher content of Zn. Therefore, it is 
suggested that the formation of the I-phase may obey 
another reaction equation: 
 
L→L1+α-Mg1                                                (4)  
L1+α-Mg1→I-phase+α-Mg2                               (5) 
 

It is well known that the composition of the liquid 
of the alloys is not static during solidification at 
atmosphere. Therefore, the composition of micro-areas 
will be different via releasing solution of Er and Zn. If 
the composition of the area, where the content of Zn is 
richer, agrees well with the composition of the I-phase, it 
will result in the formation of the I-phase directly. 

However, if the composition of the micro-area agrees 
with the precipitation of W-phase well, it will lead to the 
precipitation of the W-phase directly. Besides, if the 
composition near the precipitation of the W-phase is rich 
in Zn, it will contribute to the formation of the I-phase at 
the interface of the W-phase. It is concluded that the 
formation of the I-phase in the as-cast Mg−6Zn−2.0Er 
alloy is related with the compositions of the micro-area 
closely. The area where the Zn is richer mostly leads to 
the precipitation of the I-phase. As a result, the 
precipitation of the I-phase can be depicted by the 
following equations: L+α-Mg1→I-phase+α-Mg2; 
L+W-phase→I-phase+α-Mg. 
 
3.2 Microstructure of as-extruded alloys 

Figure 4 shows the OM images of as-extruded 
alloys A, B and E. The coarse matrix and the secondary 
phase were broken instead of fine grains and relative 
uniform secondary phase. The average grain size of the 
alloy A is (10.6±2.0) μm and the boundaries are clear. A 
majority of coarse secondary phases were dissolved into 
the matrix companying with the precipitation of lots of 
tiny particles during hot extrusion. The average grain 
size of the alloy B is (9.2±1.9) μm. The grains tend to be 
equiaxed. The length of secondary phases is in a range of 
0−9.5 μm. The average grain size of the alloy E is 
(6.9±1.2) μm, and the size of the secondary phase is in a 
range of 0−6 μm. It is suggested that the average grain 
size of the as-extruded alloys is closely related with the 
content of Er. The higher addition of Er directly leads to 
a great deal of Mg−Zn−Er ternary phases, especially in 
the alloy E. Both the W-phase and the I-phase are 
considered main secondary phases, which have high 
melting points. These phases are still present after 
homogenization process and hot extrusion process. The 
thermodynamic stable phase will play an important role 
in dynamic recrystallization (DRX) via impeding 
dislocation movements, limiting the growth of both new 
recrystallized grains and primary grains during hot 
extrusion. As a result, the microstructure of the alloy E is 
finer than others after hot extrusion. 

Figure 5 shows the TEM images obtained from 
alloy C. It is found that the coarse secondary phase is 
broken. Figure 5(a) shows the broken I-phase, and its 
size is 0.5−2 μm. In addition, a new precipitation of 
particles in a circular morphology is found, as shown in 
Fig. 5(b). The diameter of the granular particle is about 
200 nm, which precipitated during hot extrusion [19,36]. 
The chemical compositions of the broken I-phase and the 
precipitated circular I-phase are Mg−66.4Zn−12.9Er 
(mole fraction, %) and Mg−23.8Zn−3.92Er (mole 
fraction, %), respectively. The mole ratio of Zn to Er is 
closed to 6, which confirms the presence of the I-phase. 
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Fig. 4 OM images of as-extruded alloys along transverse (extrude) direction (a,c,e) and along longitudinal (extrude) direction (b,d,f): 
(a, b) Alloy A; (c, d) Alloy B; (e, f) Alloy E 
 

 
Fig. 5 TEM images of secondary phases obtained from as-extruded alloy C: (a) Broken I-phase; (b) Precipitated I-phase during hot 
extrusion 
 
3.3 Ageing hardening behaviors of as-extruded alloys 

A, B, C, D and E 
Figure 6 shows the ageing hardening responses of 

as-extruded alloys A, B, C, D and E at 200 °C with time. 
It can be seen that the hardness mostly decreases at the 
beginning of ageing process, which is mainly due to a 

release of stress concentration via growth of grains or 
formation of new grains/secondary phases. Furthermore, 
the addition of Er delays the time of peak ageing 
hardening. The peak hardness of the alloy A is obtained 
after 5 h, and the peak hardness is about VHN 74. The 
peak hardness of the alloy B is about VHN 84, which is 
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obtained after 10 h. The peak hardness of the alloy C is 
about VHN 74 after 20 h. The peak hardness of the alloy 
D is about VHN 78 after 15 h. However, the ageing 
hardening response of the alloy E is unobvious. 
Conversely, the hardness of the alloy E decreases lightly, 
and its hardness is about 75 VHN after 25 h. As 
investigated above, the ageing hardening responses of 
the alloys generally increase as the addition of Er 
increases until 0.5%. The addition of 0.5% Er leads to a 
high ageing hardening response, and the increment of the 
hardness is about VHN 17 compared with the 
as-extruded one. 

 
3.4 Microstructure of peak-aged alloys 

Figure 7 shows the OM images of the peak-aged 
alloys A, B and E. It indicates that microstructure of the 
alloys in peak-aged state is different from that of the 
alloys in as-extruded state. The average grain size of the 
alloy A is (13.1±2.4) μm. This implies that the grain of 
the alloy A is inclined to grow during isothermal ageing 

 

 
Fig. 6 Ageing hardening responses of as-extruded alloys A, B, 
C, D and E at 200 °C with time 
 
process. It is mainly due to the few of secondary phases 
which may play an important role in limiting growth   
of grains during isothermal ageing process. However, 

 

 
Fig. 7 OM images of peak-aged alloys along transverse (extrude) direction (a,c,e) and along longitudinal (extrude) direction (b,d,f): 
(a, b) Alloy A; (c, d) Alloy B; (e, f) Alloy E 
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the average grain sizes of the alloys B and E are  
(8.9±1.6) μm and (5.3±2.1) μm, respectively. It should 
be noted that the average grain sizes of the alloys B and 
E after peak-aged process become smaller compared 
with the alloys in the as-extruded state. It is well known 
that the DRX usually happens in magnesium alloys 
during hot extrusion because of accumulation of the 
dislocations [37,38]. However, the DRX is not complete 
during hot extrusion process. As a result, the remaining 
stress will continue to be released via formation of 
subgrain structure or precipitation of secondary phases 
during ageing process [37,38]. The subgrain structures 
formed over the whole volume of the grains, and the 
subgrain structures grew via swallowing the primary 
grains. Therefore, the grain sizes of alloys B and E after 
peak ageing process decrease compared with the 
as-extruded one. 

Figure 8 shows the TEM images obtained from the 
peak-aged alloys B and C. It can be seen that the main 
precipitation in both of the alloys is the rod-like 1β′  
phase besides some blocky phases [32,39]. The size of 
the rod-like 1β′  phase in the alloy B is 50−300 nm in 
length along the [0001]α direction and 5−15 nm in width, 
as shown in Fig. 8(a). The number density of the rod-like 

1β′  phase is about 7.5×1013 m−2. However, the size of 
the 1β′  phases in the alloy C is larger than that in the 
alloy B (see Fig. 8(c). The size of the rod-like 1β′  phase 
in the alloy C is 75−500 nm in length and 10−20 nm in 
width. The number density of the rod-like 1β′  phase is 

about 1.8×1013 m−2. Therefore, the ageing hardening 
response of the alloy B is more obvious than that of the 
alloy C due to the higher density and the smaller size of 
the 1β′  phase. Additionally, a few of elliptical particles 
are seen in TEM images. The SAED patterns suggest that 
the elliptical particles may be the I-phase, which 
precipitated during hot extrusion [19,36]. The chemical 
compositions of the nano-sale I-phases shown in    
Figs. 8(a) and (c) are Mg−25.92Zn−4.77Er (mole 
fraction, %) and Mg−45.85Zn−10.22Er (mole fraction, 
%), respectively. 

 
3.5 Tensile properties of as-cast, as-extruded and 

peak-aged alloys at room temperature 
In the present work, the tensile properties of the 

as-cast Mg−6Zn alloy work were studied. However, the 
as-extruded Mg−6Zn alloy cannot be produced by hot 
extrusion indirectly at 300 °C because of hot crack. So, 
Table 2 shows the tensile properties of the alloys A, B, C, 
D and E in both as-cast and as-extruded states as well as 
the as-cast Mg−6Zn alloy at room temperature. 

As shown in Table 2, the results indicate that the 
mechanical properties of the as-cast alloys are improved 
with addition of Er. Significantly, the addition of 1.0% 
Er results in superior mechanical properties, and the 
ultimate tensile strength (UTS) and yield tensile strength 
(YTS) of the as-cast alloy C are about 224 MPa and 104 
MPa, respectively, with an elongation of 11%. However, 
the as-cast alloy E displays the highest YTS among all of  

 

 
Fig. 8 TEM images of peak-aged alloys: (a) Precipitates in peak-aged alloy B and corresponding SAED patterns; (b) EDS result of 
I-phase in alloy B; (c) Precipitates in peak-aged alloy C and corresponding SAED patterns; (d) EDS result of I-phase in alloy C 
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Table 2 Tensile properties of alloys in as-cast and as-extruded 
states as well as as-cast Mg−6Zn alloy at room temperature 

Alloy State 
UTS/ 
MPa 

YTS/ 
MPa 

Elongation/
% 

Mg−6Zn As-cast 170 63 6 
As-cast 210 72 12 

Mg−6Zn−0.3Er 
As-extruded 289 138 25 

As-cast 184 87 12 
Mg−6Zn−0.5Er 

As-extruded 310 155 17 
As-cast 224 104 11 

Mg−6Zn−1.0Er 
As-extruded 295 187 18 

As-cast 203 100 10 
Mg−6Zn−1.5Er 

As-extruded 296 175 17 

As-cast 198 110 6 
Mg−6Zn−2.0Er 

As-extruded 304 194 16 
 
the as-cast alloys, and the YTS is about 110 MPa while 
its elongation is about 6.0%. This suggests that the 
presence of a high volume fraction of the coarse W-phase 
leads to a failure early during deformation at room 
temperature. 

Hot extrusion process has a great effect on 
improving mechanical properties. The as-extruded alloy 
B displays its higher UTS of about 310 MPa. However, a 
better YTS of about 194 MPa is obtained in as-extruded 
alloy E. It should be note that the elongations of the 
alloys A, B, C, D and E are improved greatly after hot 
extrusion, which is mainly due to the refinements of 
microstructure. On the whole, the as-extruded alloy E 
has more attractive tensile properties compared with 
others, and the UTS and elongation are about 304 MPa 
and 16%, respectively. 

Table 3 shows the tensile properties of the 
peak-aged alloys A, B, C, D and E at room temperature. 
The tensile strength of the alloy B is improved obviously 
after peak ageing process. The UTS and YTS are 329 
MPa and 183 MPa, respectively, with an elongation of 
12%. However, the tensile strength of alloys C, D and E 
is not enhanced significantly. When the addition of Er is 
more than 1.0%, the tensile strength of the alloys after 
peak ageing is not heightened greatly. The UTS and YTS 
of peak-aged alloy C are about 302 MPa and 193 MPa, 
respectively, companying with an elongation of 14%. 
Furthermore, the tensile strength of the alloy E decreases  

 
Table 3 Tensile properties of peak-aged alloys A, B, C, D and E 
at room temperature 

Alloy UTS/MPa YTS/MPa Elongation/%

Mg−6Zn−0.3Er 291 157 18% 

Mg−6Zn−0.5Er 329 183 12% 

Mg−6Zn−1.0Er 302 193 14% 

Mg−6Zn−1.5Er 300 188 15% 

Mg−6Zn−2.0Er 301 193 12% 

after peak ageing, and the UTS and YTS are only 301 
MPa and 193 MPa, respectively. 

Table 4 shows the impact toughness of the alloys 
Mg−6Zn−0.5Er and Mg−6Zn−1.0Er in both as-extruded 
and peak-aged states at room temperature, respectively. 
It indicates that the higher content of the Er leads to an 
improvement of the impact toughness. As shown in 
Table 4, the impact toughnesses of as-extruded alloys 
Mg−6Zn−0.5Er and Mg−6Zn−1.0Er are ~11.49 J/cm2 
and 15.63 J/cm2, respectively. Meanwhile, the impact 
toughness decreases after peak ageing treatment. The 
tendency of the impact toughness is inverse of that of the 
tensile property after peak ageing treatment. The impact 
toughnesses of peak-aged alloys Mg−6Zn−0.5Er and 
Mg−6Zn−1.0Er are ~11.16 J/cm2 and 9.41 J/cm2, 
respectively. The great decrease in impact toughness of 
the Mg−6Zn−1.0Er alloy may ascribe to the precipitation 
of the coarse 1β′  phase, as shown in Fig. 8(c). 

 
Table 4 Impact toughness of Charpy V type notch specimens 

Alloy State Akv/J Akv2/(J·cm−2) 

As-extruded 4.60 11.49 
Mg−6Zn−0.5Er 

Peak-aged 4.46 11.16 

As-extruded 6.25 15.63 
Mg−6Zn−1.0Er 

Peak-aged 3.76 9.41 

 
As stated above, the addition of Er has a great 

influence on improving the mechanical properties of 
Mg−6Zn based alloys. Especially, the addition of Er 
leads to a large enhancement in YTS. The mechanical 
properties of the alloys are further promoted after hot 
extrusion, especially the improvement in the elongation. 
However, the tensile strength does not show a great 
difference among them. The mechanical properties of the 
as-extruded alloys after peak ageing process are not 
improved obviously except the as-extruded alloy B. The 
alloy B displays a better ageing hardening response and 
tensile strength after peak ageing process due to the 
precipitation of the 1β′ phase. However, the coarse 1β′  
phase in the alloy C in peak-aged condition may result in 
a great decrease in impact toughness. 
 
4 Discussion 
 

According to Ref. [10], when the mass ratio of Zn 
to Er is in a range of 6−10, the main ternary phase in 
Mg−Zn−Er series alloys was the I-phase that had a great 
effect on improving mechanical properties due to a close 
coherent interface between the I-phase and the α-Mg [4]. 
Therefore, the alloys A and B in the as-cast state 
displayed good tensile properties including a high UTS 
and a good elongation, compared with Mg−6Zn alloy. 
However, when the addition of Er is more than 1.0%, the 
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W-phase was present. As reported, the W-phase had an 
FCC (face-centered cubic) structure and it accounted for 
the decrement of mechanical properties [16,28]. In the 
present work, the inferior elongation of the alloy E in 
as-cast state was mainly ascribed to the presence of 
quantities of W-phase mostly. 

The alloys A, B, C, D and E exhibited good 
mechanical properties after hot extrusion [19]. However, 
the more Er was added, the less content of Zn in the 
matrix was left, which resulted in the decrement of 
critical resolved shear stress for basal slip of Mg-based 
alloys [40]. The solid solution strengthening effect of Zn 
would be reduced with increasing Er. It is interesting to 
note that the microstructure of the alloys in as-extruded 
state was refined mostly due to the DRX during hot 
extrusion. In addition, the quantities of ternary phases 
had a great important effect on activating DRX and 
limiting the grain growths. As a result, the grain size of 
the alloy E in the as-extruded state was the smallest. 
According to the Hall−Petch relationship, the YTS 
would be improved with decreasing grain size. So, the 
consumption of strength would be compensated by the 
refinement of microstructure. Therefore, the as-extruded 
alloy E exhibited a better YTS of 194 MPa companying 
with a high elongation of 16%. 

It has been reported that the precipitation sequence 
from a supersaturated solid solution (SSSS) in the 
Mg−Zn based alloys was generally as SSSS→solute 
clusters→GP zones→ 1β′ phase (rod- like and 
blocky-like compounds)→ 1β′ phase (coarse plates and 
laths)→β equilibrium phase. The peak-ageing was 
mainly ascribed to the presence of the rod-like 1β′  
phase. The main strengthening phase in peak-aged alloys 
was the rod-like 1β′  phase. The 1β′  phase precipitated 
densely and uniformly during ageing process if the 
content of Zn in the matrix was high enough. However, 
the addition of Er led to a reduction of Zn in the matrix 
via transforming I-phase/W-phase and depressing the 
solid solubility of Zn. The results suggested that the 
volume fraction of Mg−Zn−Er ternary phases increased 
with the addition of Er increasing. As a result, the 
content of Zn left in the matrix got lower and lower, 
which suppressed the precipitation of the 1β′  phase. So, 
the as-extruded alloys C, D and E did not show peak 
ageing hardening obviously. The similar results were 
reported by YANG et al [16]. Additionally, the results 
suggested that 0.5% Er was suitable to improve the 
ageing hardening responses of the Mg−6Zn based alloys. 
Besides, the alloy containing 0.5% Er after peak-ageing 
exhibited the best tensile strength. The better tensile 
properties of the alloy B containing 0.5% Er after peak 
ageing process were mainly accounted for by refinement 
of microstructure, precipitation of the 1β′  phase and 

dispersion of the broken I-phase. However, compared 
with the alloy B, the alloy A with 0.3% Er did not show 
obvious ageing hardening response and the time to peak 
ageing was short. Although the content of Zn in the 
matrix of alloy A was high, the trace of Er addition may 
not depress the solid solution of Zn in Mg effectively. As 
a result, the 1β′  phase precipitated rapidly and then got 
coarse fast, which did not result in a significant 
improvement in ageing hardening responses [31,33]. 
Besides, the grain of the alloy A was easier to be coarse 
during hot extrusion and isothermal ageing process, 
which was harmful to improve the tensile strength. 
Therefore, addition of 0.5% Er into Mg−6Zn based 
alloys was suitable to get a as-extruded alloy which had 
good mechanical properties and ageing response. 

 
5 Conclusions 
 

1) The formation of the I-phase which was 
precipitated during solidification obeys two kinds of 
equations: L+W-phase→I-phase+α-Mg; L+α-Mg1→ 
I-phase+α-Mg2. However, the area near the I-phase 
usually has a higher content of Zn than the area in which 
the W-phase precipitates. 

2) The hot extrusion process plays an important role 
in refining microstructure of Mg−6Zn−xEr alloys. 
Additionally, the average grain size of the as-extruded 
alloy decreases with increasing Er addition. The 
as-extruded alloy containing 2.0% Er has the smallest 
grain, and the size of grain is about 6.89 μm. 

3) The as-extruded alloy containing 0.5% Er 
presents better ageing hardening response at 200 °C with 
time. The tensile strength of the alloy after peak ageing 
process is advanced, and the UTS and YTS are about 329 
MPa and 183 MPa, respectively. 
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挤压态 Mg−6Zn−xEr 合金的微观结构和力学性能 
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摘  要：研究铸态、挤压态和挤压峰值态的 Mg−6Zn−xEr 合金的微观组织和力学性能。结果表明，Er 的加入可显

著改善 Mg−6Zn 合金的力学性能，经过峰值时效后合金的力学性能得到进一步提高；挤压态 Mg−6Zn−0.5Er 合金

经过峰值时效处理后具有最佳的拉伸强度。该合金的抗拉强度和屈服强度分别为 329 MPa 和 183 MPa，伸长率为

12%。这表明添加 0.5% Er 可显著提高 Mg−6Zn 合金的时效硬化行为。挤压峰值态 Mg−6Zn−0.5Er 合金较好的力

学性能归因于结构的细化和 1β′相的析出强化。 

关键词：镁合金；Mg−Zn−Er 合金；热挤压；动态重结晶 
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