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Abstract: Microstructure and mechanical properties of AZ61 Mg alloy during isothermal multi-axial forging (MAF) were studied. 
The mechanisms of grain refinement and relationship between the microstructures and mechanical properties were discussed. The 
results show that the average grain size decreases with increasing the number of MAF passes. The grains are significantly refined at 
the lst and 2nd MAF passes, and gradually refined at higher MAF passes. The initial grain size of 148 μm decreases to about 14 μm 
after 6 MAF passes. The grain refinement occurs mainly by continuous dynamic recrystallization. With increasing the MAF passes, 
both the tensile strength and the elongation to failure of the alloy are significantly enhanced. 
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1 Introduction 
 

Mg alloys, well known as lightweight high-strength 
material, are very attractive in applications for the 
automotive, railway and aerospace industries [1−5]. 
However, due to their hexagonal close-packed (HCP) 
structure and low stacking fault energy, they generally 
present limited ductility and strength at ambient 
temperature [6−9]. An effective tactic to minimize these 
disadvantages is to develop Mg alloys with fine-grained 
microstructures [10−13]. 

Several SPD processes such as equal channel 
angular extrusion (ECAE), accumulative roll bonding 
(ARB) and torsion under high pressure (HPT), 
multi-axial forging (MAF), have been proposed for 
fine-grained materials producing [14−19]. Among these 
SPD techniques, MAF is a more versatile technique 
because it can be scaled relatively easily to produce large 
bulk samples and the process is readily amenable to 
simplification [20,21]. YANG et al [22,23] reported that 
MAF under decreasing temperature conditions can 
accelerate the evolution of fine-grained structures in 

AZ31 Mg alloy. GUO et al [24] reported that a main 
mechanism of grain refinement in as-cast AZ80 Mg alloy 
can be directly associated with grain splitting due to 
formation of microbands. Such microbands intersect 
each other during hot MAF, resulting in continuous 
subdivision of coarse grains into misoriented fine 
domains. To the most our knowledge, most 
investigations of MAF have concentrated on using this 
procedure to process aluminum alloys, ferroalloys and 
titanium alloys [25−29]. However, little research has 
been conducted on this issue in Mg alloys. 

The present investigation was initiated to evaluate 
the effect of isothermal MAF on microstructure and 
tensile properties of AZ61 Mg alloy. The mechanisms of 
grain refinement and the relationship between 
microstructures and mechanical properties were also 
discussed. 
 
2 Experimental 
 

The alloy used in the present study was AZ61 Mg 
alloy. Rectangular samples with dimensions of       
80 mm×80 mm×160 mm were cut from the as-cast AZ61  
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Mg alloy ingot. The MAF was carried out at the 
isothermal temperature of 350 °C and pressing speed of 
4 mm/s, and the MAF die was preheated to 350 °C 
before deformation. The schematic diagram of 
multi-axial forging is shown in Fig. 1. The dimensional 
ratios of the samples were kept at 1:1:2 during MAF, 
while the loading direction was turned by 90° from pass 
to pass. Oil lubricant was used as lubricant during MAF. 
The MAF die configuration imposed the equivalent 
strain εe of 0.693 on samples during each pass according 
to the following equation [21]: εe=|ln(h0/h)|, where h0 and 
h are the initial and final height of samples, respectively. 
After deformation the samples were water quenched 
immediately. 

Vickers micro-hardness was measured on the plane 
perpendicular to the axis of the final forging for the 
MAF-processed alloy. For each measurement, a load of 
1.96 N was applied for 15 s. Seven measurements were 
taken on each sample at randomly selected points and 
then averaged to give the Vickers microhardness. Tensile 
samples having dimensions of 1.5 mm × 5.5 mm in 
cross-section and 10 mm in gauge length were cut 
perpendicular to the final forging axis of the MAF. 
Tensile testing was carried out at room temperature at a 
constant displacement rate equivalent to an initial strain 
rate of 1×10−4 s−1. The microstructures were observed 
using Olympus metallographic microscope (OM). 
Samples for microscopic examination were carried out in 
the central part of specimens parallel to the final forging 
axis. After mechanical polishing, samples were etched 
for 3 s using a solution of 100 mL ethanol, 6 g picric acid, 
5 mL acetic acid and 10 mL water. The mean grain sizes 
were calculated using the linear intercept method. 

 
3 Results 
 
3.1 Microstructural evolution during MAF 

The microstructure of the as-cast AZ61 Mg alloy is 
shown in Fig. 2. The as-cast sample exhibits a 
microstructure consisting of α-Mg matrix and 
intermetallic network phase β-Mgl7Al12, which is 
produced by divorced eutectic phase. Most of the 
β-Mgl7Al12 distributes along the grain boundaries, and 
some appears as particles and exists inside the grains. 
The average grain size of matrix is about 148 μm. 

Figure 3 shows the microstructures of MAF 
processed AZ61 Mg alloy with different MAF passes 
during the isothermal temperature processing. It can be 
seen from Fig. 3 that significant dynamic 
recrystallization takes place during MAF process. After 1 
pass of MAF processing, coarse grains are elongated 
vertical to compression direction, a limited number of 
new small grains nucleate at the original grain 
boundaries due to dynamic recrystallization (DRX), 
especially at the grain boundary triple junctions, and the 
reason is that the stress concentration at triple junctions 
is higher than other place. The original coarse grains and 
DRX fine grains can be clearly recognized, which is 
called the necklace dynamic recrystallization (necklace 
structure) as shown in Fig. 3(a). The microstructure is 
rather heterogeneous and typically incompletely 
recrystallized. With increasing the number of MAF 
passes, as shown in Fig. 3(b), the volume fraction of the 
fine recrystallized grains is increased. It also can be seen 
that in some grains the original grain boundary shows  
no evidence of DRX. This highlights that there is an  

 

 
Fig. 1 Schematic diagram of multi-axial forging 
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Fig. 2 Optical microstructure of as-cast AZ61 Mg alloy 
 
inhomogeneity in the DRX process. With further 
increasing the number of MAF passes, more fine grains 
nucleate at the boundaries of the newly formed fine 
grains. In this way, recrystallized fine grains are formed 

and broaden as dynamic recrystallisation proceeds. 
Eventually, recrystallized fine grains replace the original 
coarse grains. After 6 passes of MAF processing, a 
homogeneous equiaxed grain structure with an average 
grain size of approximately 14 μm is achieved, and the 
volume fraction of the fine recrystallized grains comes to 
95%. 
 
3.2 Mechanical properties 

Figure 4 shows the yield strength, ultimate tensile 
strength and elongation to failure of the samples before 
and after different MAF passes. It can be observed that 
the yield strength, ultimate tensile strength and 
elongation to failure of MAF processed AZ61 Mg alloy 
are gradually improved with increasing the MAF passes, 
which indicates that MAF process might be useful to 
enhance the mechanical properties of AZ61 Mg     
alloy. The yield strength, ultimate tensile strength and 

 

 

Fig. 3 Optical microstructures of MAF processed AZ61 Mg alloy with different passes: (a) 1 pass; (b) 2 passes; (c) 3 passes; (d) 4 
passes; (e) 5 passes; (f) 6 passes 
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Fig. 4 Mechanical properties of AZ61 Mg alloy after MAF 
 
elongation to failure of AZ61 Mg alloy after 6 passes 
reach 286.6 MPa, 183.0 MPa and 16.1%, which are 1.4 
times, 2.8 times and 1.8 times of the as-cast AZ61 Mg 
alloy, respectively. 

Figure 5 shows the change of Vickers hardness at 
room temperature of MAF processed AZ61 Mg alloys 
with different passes. It is obvious that the hardness 
increases rapidly with a low number of MAF passes and 
then more slowly with a high number of MAF passes. 
 

 
Fig. 5 Change of Vickers hardness at room temperature of 
MAF processed AZ61 Mg alloy with each pass 
 
4 Discussion 
 
4.1 Grain refinement during MAF 

Figure 6 shows the grain size of the AZ61 Mg alloy 
during MAF. The results indicate that the grain size is 
influenced by MAF passes, which could be divided into 
two stages. In the first stage, the grain size obviously 
decreases with increasing the number of MAF passes. 
For instance, as the MAF pass increases from 0 to 2, the 
grain size of alloy decreases from 148 to 54 μm. In the 
second stage, at higher MAF passes, the grain size of 
AZ61 Mg alloy is slightly improved with the increase of  

 

 
Fig. 6 Grain size of AZ61 alloy after different MAF passes 
 
MAF passes. In the present study, the change of grain 
size during MAF process could be attributed to the 
following aspects. On one hand, the discovery of a 
bimodal distribution of grain size after one pass and the 
nucleation of fine grains at original grain boundaries 
indicate that the dynamic recrystallisation occurs (Fig. 3). 
Dynamic recrystallization process is classified into either 
continuous or discontinuous one. In general, continuous 
recrystallization is considered a recovery process where a 
progressive increase in boundary misorientation and the 
conversion of low angle boundaries into the high angle 
boundaries may be realized [30]. In the present study, the 
dynamic recrystallization can be attributed to continuous 
recrystallization, it is well known that continuous DRX is 
one of the most important DRX mechanisms in Mg and 
Mg alloy. At the early stage of deformation, new 
strain-free grains nucleate at the original grain 
boundaries (Fig. 3(a)). With increasing the number of 
MAF passes, dislocations can also accumulate at the 
newly formed DRX grain boundaries then some 
substructures followed by DRX grains occur, finally new 
small grains form on the surface of the first necklace 
layer [31], and the initial grain size of 148 μm decreases 
to about 14 μm after 6 MAF passes. However, it can be 
seen from Fig. 3(b) that the dynamic recrystallization 
does not take place in some grains. This is because that 
the only minority of grains which possess advantageous 
orientation deform preferentially during the 
recrystallization process. The density of the dislocations 
will improve enormously owing to deformation 
asynchronism of the grains, resulting in the nonuniform 
distribution of deformation, and with increasing the 
number of MAF passes, the grains which possess 
disadvantageous orientation have the advantageous 
orientation for deformation due to the change of the 
loading direction. The uniform distribution of 
deformation can be obtained. On the other hand, high 
migration of grain boundary at high processing 
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temperature can lead to rapid grain growth. However, the 
time is too short to allow obviously grain growth. 

The grain refinement is profoundly affected by 
variables such as deformation temperature, strain rate, 
and cumulative strains (number of MAF passes). 
Significant grain refinement could be achieved when the 
Zener−Hollomon parameter (Z=exp[Q/RT)] is high, i.e. 
using high strain rates or low temperatures [32,33]. The 
temperature selected for deformation has a significant 
effect on the grain refinement. MIURA et al [34] 
reported that the grains are refined by mechanical 
twinning and kinking in addition to grain refinement by 
dynamic recrystallization (DRX) at higher temperatures. 
However, the grain refinement at lower temperatures 
would be induced by mechanism of low temperature 
continuous dynamic recrystallization. In the present 
study, as discussed above, dynamic recrystallization is 
the main mechanism for grain refinement. The 
cumulative strains (number of MAF passes) also have 
important effects on grain refinement. GUO et al [24] 
reported that there is a critical strain when the total strain 
exceeds the critical strain; the grain size is almost 
keeping constant during the deformation. It is difficult to 
get more grain refinement further. It is evident from  
Fig. 6 that the reduction of the grain size appears not to 
be saturated. Therefore, it is expected that further grain 
refinement of AZ61 Mg alloy should be possible from 
prolonged MAF passes. 

Compared with the as-cast AZ61 Mg alloy, the 
amount of Mgl7Al12 is obviously reduced during MAF 
process. AZ61 Mg alloy is located in the α-Mg 
single-phase region at processing temperature. REN et al 
[35] suggested that the second phases is gradually 
dissolved in the α-Mg matrix when the alloy is 
isothermally treated or thermomechanically processed at 
300 °C. But as we known, the dissolution of Mgl7Al12 

during isothermal treatment needs a long holding time. In 
the present study, the Mgl7Al12 is obviously reduced 
during MAF process in a short time. This could be 
attributed to the formation of high-density dislocations 
and vacancies during MAF process, which provides a 
high diffusion path of Al atoms. 
 
4.2 Effect of microstructure on mechanical properties 

Grain refinement has great potential to improve 
both strength and ductility of Mg alloys [36,37]. The 
yield strength of the alloy varies with the grain size and 
the relationship follows the Hall−Petch equation of 
σy=σ0+κd−1/2, where σy is the yield strength, σ0 and κ are 
material constants, and d is the mean grain size. The 
value of κ is dependent on the number of slip systems 
[38]. The micromechanism could be understood in terms 
of pile-up of dislocations in the vicinity of the grain 
boundary. In addition, the texture resulting from the SPD 

processes at high temperature has an obvious effect on 
the mechanical properties due to the restricted number of 
slip systems available in the HCP lattice of magnesium. 
KIM et al [39] studied the texture development and its 
effect on mechanical properties of AZ61 Mg alloy 
fabricated by equal channel angular pressing. They 
observed that the yield strength did not fit the standard 
Hall−Petch relationship due to the texture modification 
during ECAP, and the texture softening appreciably 
overwhelms the strengthening due to grain refinement. 
Figure 7 shows the relationships between yield strength 
or room-temperature hardness and grain size. It can be 
seen that the results fit on a line described by the 
Hall−Petch relation. This indicates that the texture is no 
significant changes with the change of MAF passes and 
no obviously effect on the mechanical properties and the 
increase of mechanical properties is mainly induced by 
grain refinement. 
 

 
Fig. 7 Hall−Petch relation of hardness (a) and yield strength (b) 
in MAF formed AZ61 Mg alloy 
 
5 Conclusions 
 

1) Microstructure of AZ61 Mg alloy during 
isothermal multi-axial forging was studied. The average 
grain size decreases with increasing the number of MAF 
passes; the grains are significantly refined at the lst and 
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2nd MAF passes, and gradually refined at higher MAF 
passes. The initial grain size of 148 μm decreases to 
about 14 μm after 6 MAF passes. 

2) The yield strength, ultimate tensile strength and 
elongation to failure of MAF processed AZ61 Mg alloy 
are gradually improved with increasing the MAF passes. 
The yield strength, ultimate tensile strength and 
elongation to failure of AZ61 Mg alloy after 6 passes 
reach 286.6 MPa, 183.0 MPa and 16.1%, which are 1.4 
times, 2.8 times and 1.8 times of the as-cast AZ61 Mg 
alloy, respectively. 

3) The relationships between yield strength or 
room-temperature hardness and grain size fit the standard 
Hall−Petch relationship. The texture is no obvious effect 
on the mechanical properties and the increase of 
mechanical properties is mainly induced by grain 
refinement. 
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摘  要：研究 AZ61 镁合金在等温锻造过程中的显微组织及力学性能变化，讨论晶粒细化机理及显微组织与力学

性能的关系。结果表明：合金的平均晶粒尺寸随着多向锻造道次的增加而减小，在初始的 1、2 道次变形过程中，

晶粒急剧细化，随着变形道次的增加，晶粒细化能力减弱，经过 6 道次变形后，晶粒尺寸由初始的 148 μm 细化

到 14 μm。晶粒细化主要是由于合金在锻造过程中发生了连续动态再结晶。随着变形道次的增加，合金的抗拉强

度、屈服强度和伸长率逐渐增加。 

关键词：镁合金；多向锻造；显微组织；力学性能 
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