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Abstract: Microstructural evolution of AZ91 magnesium alloy was investigated during homogenizing annealing treatment, hot 
extrusion and ageing treatment, respectively. The results exhibited that both the divorced eutectic β-Mg17Al12 and the precipitated 
β-Mg17Al12 phases appeared in the as-cast alloy. The β-Mg17Al12 phase dissolved into α-Mg matrix mostly and the structure kept fine 
after the optimized homogenization treatment at 380 °C for 15 h. Dynamic recrystallization and consequent grain refinement 
occurred during extrusion. The banded β-Mg17Al12 precipitates paralleled to the extrusion direction were observed after ageing 
treatment. The banded precipitation should be attributed to the solidification segregation which was elongated during the subsequent 
extrusion. Furthermore, the effects of temperature, holding time of homogenization and ageing treatment, and extrusion processing 
parameters on the microstructural evolution of AZ91 alloy were also discussed in details according to the experimental results. 
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1 Introduction 
 

Magnesium alloy is gradually becoming important 
since it has low density, high specific strength, high 
dimensional stability, and is recyclable [1]. As the 
lightest material for structural applications, magnesium 
alloy is a potential candidate for replacing steel and 
aluminum alloy, especially in some automotive areas 
[2,3]. Therefore, researches and applications on 
magnesium alloys have surged in recent years [4,5]. 

Nowadays, most magnesium alloy products are 
manufactured by industrial die casting or semi-solid 
forming, while the plastic work processing is seldom 
employed because of the limited ductility in the 
hexagonal close-packed (HCP) structure [6]. At room 
temperature, magnesium and its alloys deform essentially 
by basal slip and twinning, which limit their formability. 
Consequently, thermomechanical processing is 
frequently carried out at high temperature [7,8]. It is 
generally considered that additional slip systems 
(prismatic and pyramidal) contribute significantly to 

deformation when the temperature is higher than 300 °C, 
namely, when the associated critical resolved shear 
stresses are comparable [9]. Nevertheless, it has been 
also suggested that twinning may still be active even at 
high temperature [10]. 

Research on magnesium tends to focus on 
improving the plastic formability due to increased 
interest in application in the transportation industry for 
improving fuel efficiency through vehicle weight 
reduction [11,12]. HSIANG and KUO [13] investigated 
the mechanical properties of the hot extruded magnesium 
alloys AZ31 and AZ61 under the optimal processing 
conditions. YU e al [14] reported the stress—strain curve 
of AZ31 alloy obtained under various strain rates and 
temperatures, and established constitutive relationship of 
the alloy. NODA et al [15] investigated the transition of 
the deformation mechanism of AZ31 alloy during the 
high-temperature uniaxial tensile deformation and 
considered that the stable deformation behaviour was 
dominated by grain boundary sliding. 

However, it is still largely unknown about the 
microstructural evolution of AZ91 magnesium alloy 
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during the whole forming process, which includes 
previous homogenization, extrusion and subsequent 
ageing treatment [16,17]. Since the morphology of 
β-Mg17Al12 phase exerts a great influence on the ductility 
of Mg−Al alloys, the present study aims to explore the 
morphologies of β-Mg17Al12 obtained in the stated 
processes above. 
 
2 Experimental 
 

The AZ91 alloy, used in the present study, with 
composition of 8.4%Al, 0.88%Zn and 0.34%Mn, was 
supplied by General Research Institute for Nonferrous 
Metals, China. The alloy was provided in the form of 93 
mm-diameter bars. The as-cast bars were cut to 30 mm in 
diameter and 45 mm in length so as to be extruded. 

This study was performed in three experimental 
procedures which were homogenization, extrusion and 
ageing treatment, respectively. The homogenization 
followed by air cooling was carried out at 350, 380, 420 
and 450 °C for 5, 10, 15 and 24 h, respectively, in a 
tubular resistance furnace. The optimized 
homogenization temperature was determined after 
analyzing the microstructures to be 380 °C and the time 
was 15 h [18]. The extrusion without lubricant was 
performed at 320, 350, 380 and 400 °C with extrusion 
ratio of 10 and 40, respectively, after being applied to 
homogenization treatment with the optimized parameter. 
The exit speed of extrusion was 1.6 m/min. An ageing 
treatment of the extruded bar was carried out at 200 °C 
for 2, 5, 10 and 15 h, respectively. 

The microstructures of the specimens applied to 
heat treatment and deformation were observed by optical 
microscopy and scanning electron microscopy. The 
specimens were etched in an acetic glycol solution (20 
mL acetic acid, 1 mL HNO3, 60 mL ethylene glycol and 
20 mL water) before microstructure observation. The 
average grain sizes of the specimens were measured by 
the linear intercept method. 
 
3 Results and discussion 
 
3.1 Phases in as-cast AZ91 magnesium alloy 

The Mg−Al binary equilibrium phase diagram 
indicates the various solid solubility of aluminum in 
magnesium matrix at various temperatures [19]. The 
maximum solid solubility of aluminum is w(Al)=12.7% 
at the eutectic temperature of 437 °C, while the 
minimum solid solubility is about 2% at room 
temperature. Therefore, the microstructure of AZ91 alloy 
with aluminum composites of about 9% can be deduced 
to be a mixture structure of α-Mg solid solution matrix 
and precipitate of Al−Mg. 

Furthermore, since the real cooling rate is 

impossible to be slow enough to keep the equilibrium 
solidification, the real solidification will deviate from the 
phase diagram. In other words, both the eutectic 
temperature and the critical hypoeutectic content of 
aluminum will become lower under real condition than 
those at equilibrium state. The real solidification can be 
described using the dashed line in the non-equilibrium 
phase diagram, as shown in Fig. 1. Based on the 
statement, eutectic reaction will occur at the end of 
solidification of AZ91 alloy although its content of 
aluminum is lower than 12.7%. 
 

 
Fig. 1 Parts of Mg−Al binary non-equilibrium phase diagram 
 

The as-cast microstructure with an average grain 
size of 100 μm is shown in Fig. 2. It can be seen that 
α-Mg grains are surrounded by coarse and reticular 
β-Mg17Al12 phase which is black in Fig. 2(a) but white in 
Fig. 2(b). The scanning electron micrograph shown in 
Fig. 2(b) exhibits four phases: primary α-Mg, divorced 
eutectic α-Mg, divorced eutectic β-Mg17Al12 and 
precipitate β-Mg17Al12. As stated above, the cooling rate 
is too high to keep aluminum homogeneous during 
solidification. So, the remaining liquid was quite rich in 
aluminum at the end of solidification. Then the liquid 
with aluminum content close to the eutectic composition, 
transformed to the divorced eutectic (α+β). In the further 
cooling procedure, β-Mg17Al12 precipitates into α-Mg 
matrix, especially in the divorced eutectic α-Mg matrix 
for its high aluminum content. The formation of the 
phases can be deduced as follows: 
L → L + primary α → remaining L + primary α-Mg → 
divorced eutectic (α+β) + primary α-Mg → divorced 
eutectic (α+β) + precipitate β + primary α-Mg 
 
3.2 Solution of β-Mg17Al12 during homogenization 

Mg17Al12 phase is very brittle and its morphology, 
size, quantity and distribution have a great influence on 
the plasticity of Mg−Al alloys. The as-cast structure 
of α-Mg grains surrounded by coarse and reticular  
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Fig. 2 Optical (a) and scanning electronic micrographs (b) of 
as-cast AZ91 alloy 
 
β-Mg17Al12 phase leads to the limited ductility during 
deformation. In contrast, a structure of fine, homogenous 
and equiaxial β-Mg17Al12 distributing in α-Mg matrix 
improves the formability of magnesium alloys 
significantly. In order to obtain such a perfect 
morphology of β-Mg17Al12 phase, several 
homogenization experiments were carried out on AZ91  

alloy in this investigation. Since the solid solution point 
of AZ91 is about 360 °C and the solidus point is 437 °C, 
the experimental temperature was determined to be 350, 
380 and 420 °C, and holding time was 5, 10, 15 and 24 h, 
respectively. 

The optical microstructures of the homogenized 
specimens are shown in Fig. 3, in which the light 
background corresponds to α-Mg matrix and the black 
regions or lines represent the remaining β-Mg17Al12 
phase. It is obvious that the β-Mg17Al12 phase decreases 
as the temperature elevates and the holding time extends. 
As can be seen in Fig. 3(a1), no significant change is 
detected in the specimen after being treated at 350 °C for 
5 h compared with the initial micrograph described in 
section 3.1. As the holding temperature extends at 350 
°C, the grains gradually transform from dendritic shape 
to equiaxial ones, which results from the solid solution of 
β-Mg17Al12 phase existing in interdendritic regions into 
α-Mg matrix. But until holding for 24 h, the β-Mg17Al12 
phase keeps the reticular morphology, as shown in Fig. 
3(a4). 

When the thermal temperature is elevated to 380 °C, 
β-Mg17Al12 phase dissolves more quickly than at 350 °C, 
as seen in Figs. 3(b1−b4). Holding for 15 h at this 
temperature, the massive β-Mg17Al12 eliminates and 
changes to discontinuous linear existing at boundary of 
α-Mg grains. It suggests that most of the aluminum 
atoms dissolved into α-Mg matrix and the alloy became a 
supersaturated solid solution at room temperature. At this 
state, the grains with an average diameter of 130 μm still 
kept fine. However, when the holding time is extended to   

 

 
Fig. 3 Microstructures of AZ91 alloy homogenized at 350 °C (a1−a4), 380 °C (b1−b4) and 420 °C (c1−c4) for 5, 10, 15, 24 h, 
respectively 
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24 h, the gains grow up to over 200 μm. 

The third treatment temperature was 420 °C, results 
of which are shown in Fig. 3(c1-c4). Due to the high 
temperature, almost all the β-Mg17Al12 phase dissolves 
after holding for only 5 h. However, the grain coarsening 
is very hard to avoid. 

According to the results stated above, 
homogenization at 380 °C for 15 h exhibits the 
optimized microstructure morphology, the least 
β-Mg17Al12 phase and relatively fine structure, and high 
mechanical properties [20]. This treatment parameter 
was employed in the following extrusion test. 
 
3.3 Grain refinement and incomplete recrystallization 

during extrusion 
For magnesium alloys with HCP structure, the 

activation of slip systems greatly depends on the 
deformation temperature. Only the basal slip system is 
activated at room temperature; however, the slip systems 
(1011)[1120] and (1010)[1120] become activated when 
the temperature is beyond 300 °C. In this study, extrusion 
tests of AZ91 magnesium alloy were carried out at 380 
°C with various extrusion ratios after the optimized 
homogenization treatment at 380 °C for 15 h. The results 
demonstrate significant changes of microstructure. As 
shown in Fig. 4(a), although the extrusion ratio is only 
10, grains have got extreme refinement, grain boundary 
became wary and clear, recrystallized grains have been 
 

 
Fig. 4 Microstructures of AZ91 Mg alloys extruded at 380 °C 
with extrusion ratio of 10 (a) and 40 (b) 

visible along the initial grain boundary and the crystals 
had not been elongated. In addition, it can also be seen 
that the non-recrystallized grains mostly appear in the 
center of the extruded bar rather than at the edge because 
the deformation in the center was not sufficient for 
complete recrystallization. On the other hand, a finer and 
more equiaxial microstructure with an average grain size 
of 10 μm is obtained after extrusion at extrusion ratio of 
40, as shown in Fig. 4(b). 

Figure 5 shows the microstructures of AZ91 alloys 
extruded at various temperatures with the same extrusion 
ratio of 40. A typical banded structure and elongated 
α-Mg grains with diameter of 5−10 μm are observed 
along the extrusion direction in the specimens extruded 
at 320 °C and 350 °C. In addition, extremely fine 
recrystallized grains with diameter of about 1 μm appear 
at the initial grain boundary, as shown in Figs. 5(a) and 
(b). It should be attributed to incomplete recrystallization 
at low temperatures. When the extrusion temperature   
is elevated to 400 °C, an equiaxial, homogeneous and 
 

 
Fig. 5 Extruded microstructures of AZ91 alloys extruded at 320 
°C (a), 350 °C (b), 400 °C (c) with extrusion ratio of 40 
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completely recrystallized microstructure is obtained. 
However, the growth of new grain is observed and the 
average size of grain reaches 10 μm, as shown in Fig. 
5(c). 

Many researchers reported that the severe shearing 
deformation, such as equal channel angular 
extrusion(ECAE) [20], high pressure torsion(HPT) [21], 
can lead to grain refinement in metal alloys. The results 
obtained in this investigation suggest that significant 
grain refinement was possible in magnesium alloys using 
the traditional forming method, extrusion. It attributes to 
the low stacking fault energy (SFE) of magnesium, 
which has a value of 50−78 mJ/m2 [22], compared with 
titanium (>300 mJ/m2), aluminum (200 mJ/m2) [23]. The 
SFE is a material property on a very small scale and it 
modifies the ability of a dislocation in a crystal to glide 
onto an intersecting slip plane. When the SFE is low, the 
mobility of dislocations in a material decreases. This 
means that the dynamic recrystallization is easy to occur 
during the hot working, even at a relatively low 
temperature and small deformation, eg., temperature of 
320 °C and extrusion ratio of 10 in this investigation. 
Nevertheless, the recrystallization performed 
incompletely and a mixed crystal structure formed under 
the conditions of low temperature and small extrusion 
ratio. With elevating the working temperature or 
increasing the extrusion ratio, the fraction of 
recrystallized grains increased progressively. An 
equiaxial microstructure was obtained when the 
temperature and extrusion ratio reached 380 °C and 40, 
respectively. Consequently, the growth of the new grains 
occurred at the elevated temperature. 

3.4 Banded precipitation during ageing treatment 
After extrusion at 380 °C and extrusion ratio of 40 

accompanied with air cooling, the specimens of AZ91 
alloy were ageing treated at 200 °C for various time. 
Figure 6 shows the microstructural evolution of the 
specimens under the above conditions. Figure 6(a) shows 
that the block β-Mg17Al12 phase precipitates at grain 
boundary of AZ91 bar after ageing treatment for 2 h. In 
addition, the morphology is not homogeneous and some 
precipitation bands are observed. With increasing the 
holding time, the quantity of β-Mg17Al12 phases increases 
and they are parallel to each other gradually thereby a 
banded structure forms. Intense banded β-Mg17Al12 
precipitates are observed after being treated at 200 °C for 
15 h, as shown in Fig. 6(d). 

The banded precipitation observed here should be 
attributed to the banded distributions of aluminum atoms, 
in other words, composition segregation remaining in the 
extruded bars is prior to the ageing treatment. The 
development of structure and precipitation can be 
deduced as follows. As stated in section 3.1, severe 
aluminum segregation and divorced eutectic, namely, 
aluminum element was rich at interdendritic while poor 
in the center of dendrite, occurred during solidification of 
AZ91 alloy. In this investigation, the as-cast AZ91 alloy 
was homogenizing annealing treated firstly. In this 
processing, the divorced eutectic β-Mg17Al12 phase 
dissolved into the α-Mg matrix and a supersaturated solid 
solution as obtained during the subsequent cooling. 
However, aluminum and other alloy elements were  
hard to homogenize wholly in the matrix because         
the diffusion of alloy elements is quite difficult in  

 

 
Fig. 6 Microstructures of AZ91 alloys after ageing treated at 200 °C for 2 h (a), 5 h (b), 10 h (c) and 15 h (d) 
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magnesium matrix. This means that the dendrite 
distribution of aluminum atoms is maintained in the 
homogenized billet, although this segregation is not 
obvious in the optical micrographs, as shown in Fig. 3. 
And then the interdendritic regions rich in aluminum, are 
elongated parallel to the deformation direction during the 
extrusion. In other words, a banded segregation of 
aluminum forms. And then the segregation regions 
become the nuclei of the second β-Mg17Al12 precipitation 
during the subsequent ageing treatment. Moreover, the 
growth of β-Mg17Al12 phase is along the bands rich in 
aluminum with extending the holding time. Thus, the 
intense banded β-Mg17Al12 phase forms in the α-Mg 
matrix. 
 
4 Conclusions 
 

1) Both reticular divorced eutectic β-Mg17Al12 and 
precipitate β-Mg17Al12 are observed at the α-Mg grain 
boundary in the as-cast AZ91 alloy. 

2) Homogenizing treatment may improve the 
microstructure and morphology of AZ91 alloy. A 
structure with average grain size of 100 μm, which is 
β-Mg17Al12 phase scattered at the α-Mg boundary, is 
obtained after the optimized homogenization at 380 °C 
for 15 h. 

3) The recrystallization and refinement occur during 
extrusion. A mixed microstructure of remaining initial 
grains surrounded by fine recrystals is obtained when the 
extrusion temperature and ratio are 320 °C, or 350 °C 
and 10, respectively. Homogenous, equiaxial and fine 
grains with size of 10 μm are obtained at 380 °C, or 400 
°C with extrusion ratio of 40. 

4) Banded β-Mg17Al12 precipitates appear along the 
extrusion direction in α-Mg matrix during the ageing 
treatment. It can be deduced that the solidification 
segregation of aluminum element is elongated during 
extrusion, and the elongated segregation becomes the 
nuclei center and precipitates along growth direction of 
β-Mg17Al12. To lessen the segregation, divorced eutectic 
will be beneficial to eliminating banded structure and 
achieving a homogenous morphology. 
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摘  要：对 AZ91 镁合金在均质化热处理、热挤压和时效处理中的组织演化规律进行研究。研究结果表明，在铸

态组织中存在离异共晶和固态析出两种 β-Mg17Al12相。在最佳的均质化处理(380 ℃，15 h)过程中，β-Mg17Al12相

大部分溶解到 α-Mg 基体中，并且晶粒细小。在热挤压过程中发生动态再结晶以及由此产生的晶粒细化。而时效

处理之后则出现平行于挤压方向的带状 β-Mg17Al12相析出，这应该是由于在挤压过程中把原始铸造偏析挤扁拉长

而造成的。另外，根据实验结果，详细地讨论了均质化和时效处理的温度、保温时间以及挤压工艺参数对 AZ91

镁合金的组织变化产生的影响。 
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