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Abstract: Mg−1Mn−0.5Al−0.5Ca−0.5Zn (wt.%) alloy was fabricated by conventional extrusion at 673 K with an 
extrusion ratio of 25:1, followed by aging at 473 K. The microstructure was characterized by scanning electron 
microscopy, electron back-scattered diffraction, and transmission electron microscopy. The mechanical properties were 
determined by the tensile test. The peak-aged sample shows fine recrystallized grains with an average grain size of 
1.7 μm. Area fraction of Al−Ca particles in the alloy increases significantly after peak aging. Meanwhile, both a and 
c+a dislocations were observed to remain in the alloy after hot extrusion. Thus, the peak-aged sample exhibits 
simultaneously high strength and good ductility with the ultimate tensile stress, tensile yield stress, and tension fracture 
elongation of 320 MPa, 314 MPa, and 19.0%, respectively. 
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1 Introduction 
 

Mg alloys are promising lightweight structural 
materials used in the automotive, aircraft,  
aerospace, and 3C industries, owing to the merits of 
low density, high specific strength, good casting 
ability, high damping capacity, and so on [1,2]. 
However, several challenges, such as low strength 
and poor ductility at the ambient temperature, are 
urgent to overcome for the broad applications of 
Mg alloys [3,4]. 

The poor room-temperature formability of 
magnesium alloys is due to the inherent closed- 
packed hexagonal (hcp) structure of magnesium 
alloys with a c/a ratio of 1.624, and the lack of 
sufficient independent slip systems to fulfill the 
requirement of uniform deformation (von Mises 

criterion). The low critical resolved shear stress 
(CRSS) of basal a slip and tension twinning is 
also responsible for the low strength of the alloys. 
By contrast, c+a dislocation can provide five 
independent slip systems. Its cross-slip and 
interaction with other deformation mechanisms are 
favorable for improving strength and ductility [5]. 
Therefore, research aimed to explore the 
mechanism of c+a slip and to promote the 
activation of c+a slip has been extensively carried 
out [6−8]. Whereas, twinning, especially tension 
twinning, is much more common than c+a slip in 
Mg alloys due to the very high CRSS of c+a slip. 
Recently, a transition of deformation mechanism 
has been observed both in pure Mg [9] and Mg 
alloy [10]. When the grain size is smaller than a  
critical size leading to the c+a and a slips- 
dominating deformation, twinning is inhibited. 
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Excellent ductility and high strength are achieved, 
accompanied by the slip-dominating deformation. 

Alloys produced by severe plastic deformation 
usually exhibit limited ductility due to remained 
high density of dislocations and grain boundaries in 
the alloys. Hot extrusion is a suitable way to solve 
this problem. With proper process parameters and 
alloy components, the results show that defects can 
be significantly decreased during deformation and 
fine-grained microstructure could be obtained. On 
this basis, a series of fine-grained Mg alloys have 
been designed and fabricated by low-temperature 
extrusion [11−13], exhibiting an excellent 
combination of strength and ductility. Deformation 
should be carried out at low temperature and high 
extrusion ratio to accumulate strain as much as 
possible to refine grain size. Thus, these extruded 
Mg alloys are added with some elements, such as 
Mn, to improve their extrudability [11]. The 
addition of Mn element can form nano α-Mn 
precipitates in the Mg alloy, significantly refining 
the grain size [14]. The co-addition of Mn and Al 
will result in Al8Mn5 precipitates providing a 
dispersion strengthening [11]. Otherwise, the high 
elongations of about 30% and 50% were achieved 
by Mg−0.4Al alloying with various Mn [11]. To 
further enhance the strength of the alloy, a small 
amount of Ca and Zn were added into the 
Mg−Al−Mn alloy to refine the grain size and 
promote the formation of GP zone (Al2Ca) during 
the artificially aging treatment [3,14−16]. 

In this work, an age hardening Mg−1Mn− 
0.5Al−0.5Ca−0.5Zn (wt.%) alloy was fabricated by 
conventional extrusion at 673 K with an extrusion 
ratio of 25:1. After aging treatment at 473 K for   
1 h, the alloy exhibits excellent comprehensive 
mechanical properties with a tensile yield stress of 
314 MPa and a tension fracture elongation of 19%. 
The developed alloy is expected to have a broad 
application prospect in the automotive industry. 
 
2 Experimental 
 

Mg−1Mn−0.5Al−0.5Ca−0.5Zn (wt.%) alloy 
was produced by high purity Mg (99.9%), Al 
(99.8%), Zn (99.9%), Mg−20Ca, and Mg−3Mn 
master alloys in a d89 mm cylindrical steel crucible, 
under the protection of mixture gas of CO2 and SF6 
(volume ratio of 100:1) at 993.5 K, followed by 
water chilling to about 373 K within 2 min. The 

casting ingots were homogenized at 623 K for 8 h 
and then machined into d80 mm billets. Next, the 
billets were preheated at 673 K for 30 min, 
followed by hot extrusion into d16 mm bars at 
673 K and air cooling subsequently. 

The cuboid samples with sizes of 10 mm × 
10 mm × 8 mm and dog-bone-shaped samples with 
a gauge length of 12.5 mm were machined from the 
center of the extruded bars along the extrusion 
direction (ED) for hardness and tensile tests. Aging 
treatment was conducted at 473 K after hot 
extrusion with different time, i.e., 20 min, 40 min, 
1 h, 2 h, 4 h, 8 h, 16 h, and 24 h. The hardness tests 
were carried out on a micro-hardness tester 
(HVS−50T). Tensile tests were carried out on a 
SANS CMT−5015 tension machine with a 
consistent strain rate of 0.5 mm/min. For simplicity, 
the samples were dubbed as Tex, T0.33, T1, and T8  
for as-extruded, 20 min, 1, and 8 h aging-treated 
alloy, respectively. 

Microstructure and texture were characterized 
by a scanning electron microscope (SEM, JEOL 
JSM−7800F) equipped with an Oxford Aztec EBSD, 
energy dispersive spectrometer (EDS) detector, and 
transmission electron microscope (TEM, JEM− 
2100). The samples for SEM and EDS observation 
were mechanically ground and then etched with a 
solution of picric acid (4 g), acetic acid (20 mL), 
ethanol (60 mL), and water (20 mL). Samples for 
EBSD mapping were prepared by mechanical 
grinding followed by electro-polishing at around 
253 K for 2 min with the solution mixed with  
5 vol.% perchloric acid and 95 vol.% alcohol. The 
EBSD mapping was acquired at 20 kV with a step 
size of 0.2 μm. TEM samples were prepared by ion 
milling, and observed under 200 kV accelerating 
voltage. The grain size, precipitate size, and the 
fraction of precipitates were measured using the 
Image-Pro. 
 
3 Results and discussion 
 
3.1 Microstructure 

Figure 1 shows the grain structure and the 
grain size distribution of Tex and T1. Both samples 
exhibited equiaxed dynamically recrystallized 
(DRXed) grains which are uniformly distributed. A 
few low angle boundaries (the white curves in 
Figs. 1(a) and (c)) are readily observed in some 
grains. The average grain sizes of Tex and T1 are 1.8 
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and 1.7 μm, respectively. The difference in the 
microstructure between Tex and T1 is negligible, 
attributing to the low artificial aging temperature. 

Figure 2 presents the pole figures (PFs) of Tex 
and T1. Both Tex and T1 exhibit a strong texture with 
basal planes of most grains approximately parallel 
to extrusion direction (ED), and the maximum 
intensities are 17.7 and 14.9, respectively. This type 
of texture has also been detected in other fully 
recrystallized Mg alloys after hot extrusion [11,17]. 
Except for the slight difference in texture intensity, 

the PFs of Tex and T1 are quite similar, which is 
consistent with Fig. 1. 

The Schmid factor (SF) of the main 
deformation modes were calculated based on the 
EBSD mapping, as shown in Fig. 3. Due to the 
strong texture of the investigated alloy, the SF of 
basal a slips for most grains is very low while 
those of nonbasal a and c+a slip are 
comparatively high, leading to the most grains 
deformed by activating the nonbasal a and c+a 
slip, as shown in Fig. 3(a). 

 

 
Fig. 1 EBSD IPF maps (a, c) and grain size distributions (b, d) of Mg−1Mn−0.5Al−0.5Ca−0.5Zn alloy: (a, b) Tex;    
(c, d) T1 

 

 
Fig. 2 PFs of Mg−1Mn−0.5Al−0.5Ca−0.5Zn alloy taken from plane perpendicular to ED of samples, showing texture 
structure of as-extruded condition (a) and aged at 473 K for 1 h (b) 



Guang-lin GU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 483−492 486

Figure 3(b) shows that the frequencies of 
grains with SF higher than 0.4 are 80.0% and   
56.0% for nonbasal a and c+a slip, respectively, 
while that is 5.8% for basal a slip. It should be 
noted that extension twinning usually plays an 
important role in the deformation of coarse-grained 
Mg alloys. However, the fine grains of the 
investigated alloys will significantly restrict the 
activation of extension twinning [11]. LUO et al [18] 
illustrated that extension twins are totally 
eliminated when the grain sizes are smaller than 

5 μm in Mg−3Gd. Moreover, the activation of 
nonbasal slips will cause a strong cross slip 
between basal and nonbasal slips, which is 
favorable to improving the strength and ductility of 
the alloy [11]. 

Figure 4 shows the morphology of the 
precipitates of Tex and T1, where the intermetallic- 
compounds particles marked by red arrows    
were analyzed by EDS (see Table 1). The particles 
are uniformly distributed in the images taken  
from ED (Figs. 4(a) and (b)), while the particles are 

 

 
Fig. 3 SF of different deformation modes in Mg−1Mn−0.5Al−0.5Ca−0.5Zn alloy under hot extrusion: (a) SF coloring 
maps; (b) SF distribution frequency of each deformation mode 
 

 
Fig. 4 SEM images taken from ED of samples Tex (a) and T1 (b) and taken from direction perpendicular to ED of Tex (c) 
and T1 (d) (The insets in the top right-hand corner of each micrograph are enlarged micrographs corresponding to boxed 
areas by dash lines in each image, where the numbered 7 intermetallic compounds were analyzed by EDS (The inserted 
dash yellow lines are ED) 
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Table 1 EDS elemental analysis results of intermetallic- 
compounds particles marked by red arrows in Fig. 4 
(at.%) 
Position No. Mg Mn Al Ca Zn Phase 

1 38.6 30.3 30.9 0.0 0.1 Al−Mn

2 53.2 20.5 25.8 0.3 0.2 Al−Mn

3 79.8 0.1 8.1 11.4 0.5 Al−Ca

4 65.1 19.0 15.4 0.2 0.4 Al−Mn

5 77.2 0.3 9.2 12.7 0.6 Al−Ca

6 61.1 17.7 20.9 0.1 0.2 Al−Mn

7 85.5 0.4 6.8 6.8 0.5 Al−Ca
 
necklace-shaped and distributed along with ED in 
the images taken from the direction perpendicular 
to ED (Figs. 4(c) and (d)). There are two kinds of 
particles, the brighter ones (particles 1, 2, 4, and 6) 
and the darker ones (particles 3, 5, and 7). The EDS 
results demonstrate that the brighter particles 
should be Al−Mn phase, while the darker particles 
should be Al−Ca phase, which are consistent with 
previous research [19]. The average diameters of 
Al−Mn particles are measured as 2.8 and 2.1 μm in 
the Tex and T1 samples, respectively. And the 
average diameters of Al−Ca particles are 1.9 and 
2.4 μm in the Tex and T1 samples, respectively. 

It can be found from Fig. 5 that a significant 
increase in quantity occurs in precipitates after 
aging treatments, especially the area fraction of the 
Al−Ca phase that is obviously increased from 0.9% 
to 6.3%. Also, it is noted that the EDS results 
presented in Table 1, show that Al−Mn phases are 
detected in most samples. Nevertheless, only 0.3% 
Al−Mn particles were observed in the T1 samples,  
 

 
Fig. 5 Area fraction of Al−Mn and Al−Ca phases in Tex 
and T1 samples, taken from SEM images shown in Fig. 4 

which is attributed to the formation of more Al−Ca 
precipitates after aging treatment that consumes 
more Al. In addition, the Mg17Al12 phase was rarely 
detected, indicating that it may dissolve into the 
matrix during the hot extrusion. 

It has been widely reported that alloying with 
Mn can result in nano-sized α-Mn precipitates in 
Mg−Mn-based alloys, and it will form Al8Mn5 
precipitates when Al and Mn are added to the alloy 
in the meantime [15]. The nano-sized precipitates 
morphology can be observed in Fig. 6(b). The 
formation of these precipitates will significantly 
refine the dynamically recrystallized (DRXed) 
grains of the investigated Mg alloy during hot 
extrusion. In addition, the precipitates can hinder 
the growth of recrystallization grain and promote 
the recrystallization nucleation [15,20]. What’s 
more, the growth of abnormal recrystallization 
grain is also dramatically restricted by the 
precipitates [21]. 

The TEM bright-field images of the equiaxed 
recrystallized grains and a high density of 
nano-sized precipitates are illustrated in Figs. 6(a) 
and (b), respectively. a dislocations and c+a 
dislocations can be clearly observed in Fig. 7. The 
grains are equiaxed (Fig. 6(a)), owing to the fully 
dynamic recrystallization, and a high density of 
dislocations accumulate inside the deformed grain 
(Fig. 6(a)). And some fine precipitates about 20 nm 
in diameter are formed in the matrix (Fig. 6(b)), 
which benefits the improvement of strength and 
ductility. According to the Orowan equation, 
τ=(GB)/λ, where T is the critical shear stress for the 
glide dislocations, G is the matrix shear modulus, B 
is the Burgers vector, and λ is the particle spacing. 
When the volume fraction of particles remains 
unchanged, the finer the particles are, the smaller 
the particle spacing is, and the greater the critical 
shear stress is. The critical shear stress (τ) for the 
glide dislocations to pass through barriers of hard 
particles is inversely related to the particle size. 
Therefore, the observed nano-sized precipitates in 
Mg−1Mn−0.5Al−0.5Ca−0.5Zn results in larger T 
and therefore high yield strength. 

The main deformation mechanisms for the 
hot-extrusion deformation of the investigated alloy 
were characterized with two-beam bright-field 
images and dark-field images to reveal the origin of 
good ductility in the as-extruded samples, as shown 
in Fig. 7. Two types of a and c+a dislocations  
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Fig. 6 TEM images of as-extruded Mg−1Mn−0.5Al−0.5Ca−0.5Zn alloy in condition of grain topography of Tex (a) and 
precipitate morphology (b) 
 

 
Fig. 7 TEM images showing dislocation morphology in as-extruded Mg−1Mn−0.5Al−0.5Ca−0.5Zn alloy: (a, b) TEM 
bright-field and dark-field images of c+a dislocations under g=0002, respectively; (c, d) TEM bright-field and 
dark-field images of a dislocations under g=10 11, respectively 
 
dominate in the as-extruded samples with a grain 
size of 1.8 μm. c+a dislocations can be clearly 
detected under g=0002, indicated by red arrows in 
Figs. 7(a) and (b), which generate c+a slips during 

the hot-extrusion deformation. A few a dislocations 
were observed under g =10 11, indicated by blue 
arrows shown in Figs. 7(c) and (d). It is owing to 
that the SF value of c+a and nonbasal a slip 



Guang-lin GU, et al/Trans. Nonferrous Met. Soc. China 32(2022) 483−492 489

systems in most grains is close to 0.45, as shown in 
Fig. 3. No twins are found in the as-extruded 
samples due to the fine grains with an average grain 
size of 1.8 μm. c+a slip and nonbasal a slip can 
be activated during the hot-extrusion deformation, 
instead of twinning and basal a slip which 
dominate in coarse grains larger than 10 μm. The 
transition of deformation mechanism occurs when 
grain size reduces below 5 μm, which is from a 
slip and twinning to a combination of a slip and 
c+a slip, contributing to the plastic deformation 
and improving the ductility for the investigated Mg 
alloy. 
 
3.2 Mechanical behaviors 

The mechanical properties and comparisons 
with existing research are shown in Fig. 8. The 
hardness of the Mg alloys is rapidly increased with 
increasing aging time and reaches the peak hardness 
at around 1 h. After that, the hardness almost keeps 
unchanged with the aging time increasing. 
Engineering tensile stress−strain curves of Tex, T0.33, 

T1, and T8 are exhibited in Fig. 8(b), where both 
strength and strain of T1 are increased compared 
with that of Tex. The tensile yield stress (TYS), 
ultimate tensile stress (UTS), and tension fracture 
elongation (εTF) of T1 are 314 MPa, 320 MPa, and 
19%, respectively (Table 2). As shown in Figs. 8(c) 
and (d), the mechanical properties of the peak-aged 
Mg alloy are extraordinary compared with RE-free 
Mg alloys and even comparable to those of 
RE-containing Mg alloys. Notably, these properties 
are achieved by the conventional extrusion with low 
alloying content (Fig. 8(c)). Table 2 shows the 
summary of the mechanical properties of the 
investigated alloys based on Fig. 8(b). 

The yield stress is usually related to grain size 
by the equation σy=σ0+kd−1/2, where σ0 is friction 
stress, and d is average grain size. The critical grain 
size (5 μm) was found both in Ti alloy [34] and Mg 
alloy [18,35], below which twinning was eliminated, 
c+a and a slips dominate the deformation, above 
which twinning and a slip dominate [36]. The 
critical grain sizes for Mg−3Gd and pure Mg are 

 

 
Fig. 8 Mechanical properties of alloy exhibited by aging hardening curve (a), engineering stress−strain curves (b), 
alloying content vs TYS (c), and strain vs TYS at room temperature with Mg−Al-based alloys [22,23], Mg−Zn-based 
alloys [24−27], Mg−Ca-based alloys [1,13,28], Mg−Sn-based alloys [29,30], and Mg−Bi-based alloys [31−33] (d) 
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Table 2 Summary of mechanical properties of 
investigated Mg alloys with various aging time of 20 min, 
1 h and 8 h 

Aging treatment TYS/MPa UTS/MPa εTF/% 

Tex 283±1 291±1 16.7±0.1

T0.33 289±2 293±2 17.2±0.3

T1 314±5 320±3 19.0±0.5

T8 304±3 313±1 14.9±0.3
 
~5 and 2.7 μm [10], which are significantly larger 
than the average grain size (1.8, 1.7 μm in Tex and 
T1 samples respectively) of the investigated alloy. 
Therefore, the deformation of the investigated Mg 
alloy is expected to be dominated by nonbasal a 
slips and c+a slips. After the extrusion process, 
the basal plane orientation of most grains is 
approximately parallel to ED, which is a hard 
orientation for basal a slip (i.e., low SF of   
basal slip). Thus, high stress is needed to operate 
the basal slip, following the equation of 
σs=τk/(cos φcos λ). On the other hand, the weak 
fiber texture is in a soft orientation for nonbasal a 
and c+a slips, which is favorable to the activation 
of nonbasal slips [37]. 

Moreover, a yield point phenomenon can be 
observed in all aging-treated samples (Fig. 8(b)), 
originating from a lack of mobile dislocations in the 
recrystallized refined grains [10]. The extra stress is 
needed to operate the plastic deformation and 
provide an additional strengthening mechanism 
[18,38]. It is confirmed that there is fine Al8Mn5 in 
the extruded sample, and the GP zone is composed 
of Al−Ca in the aging-treated samples, which are 
consistent with previous research [39,40]. The 
existence of precipitates will impede the gliding of 
dislocations and strengthen the alloys following the 
Orowan relationship [41]. After peak-aging 
treatment, there is a noticeable increment of 31 and 
29 MPa in TYS and UTS, respectively. Also, the εTF 
of the peak-aged specimen is increased by 2.3%, 
which is consistent with the previous study [42]. 
After aging, the improved ductility is attributed to 
the positive impacts of the GP zone on the 
strain-rate sensitivity avoiding the harmful effects 
of conventional strengthening strategies. 
 
4 Conclusions 
 

(1) The as-extruded sample is completely 

dynamically recrystallized with an average grain 
size of 1.8 μm. The grains are uniformly distributed, 
accompanied by a strong texture, which is almost 
unchanged after aging. 

(2) The peak-aged hardness of HV 65 could be 
obtained after aging at 473 K for 1 h, which is 
HV 10 higher than that of the as-extruded sample. 
Furthermore, EDS results confirm that the fine 
precipitates are composed of Al−Mn, Al−Ca, and 
Al−Ca phases, which increases significantly after 
peak aging treatment. 

(3) Fine grains can restrict the activation of 
twinning and promote the nonbasal slips and strong 
basal texture to orient towards a hard orientation for 
basal a slips, and the formation of fine precipitates 
is responsible for the excellent mechanical 
properties. 
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摘  要：采用常规热挤压方法制备 Mg−1Mn−0.5Al−0.5Ca−0.5Zn 合金，挤压温度为 673 K，挤压比为 25:1，并进

行 473 K 时效处理。采用扫描电镜、电子背散射衍射和透射电镜表征合金的显微组织，测试试样的温室拉伸性能。

结果表明，经 473 K、1 h 峰值时效后，试样出现细小等轴晶，平均晶粒尺寸为 1.7 μm，Al−Ca 颗粒面积分数明显

增多。热挤压后仍能观察到a位错和c+a位错。峰值时效态样品表现出高强度和良好塑性，其抗拉强度为 320 MPa，

屈服强度为 314 MPa，伸长率为 19%。 

关键词：Mg−Mn−Al−Ca−Zn 合金；细晶；析出相；强度；塑性 
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