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Abstract: The microstructural evolution of AZ61 magnesium alloy predeformed by equal channel angular extrusion (ECAE) during
semisolid isothermal treatment (SSIT) was investigated by means of optical metalloscopy and image analysis equipment. The process
involved application of ECAE to as-cast alloy at 310 °C to induce strain prior to heating in the semisolid region for different time
lengths. The results show that extrusion pass, isothermal temperature and processing route have an influence on microstructural
evolution of predeformed AZ61 magnesium alloy during SSIT. With the increase of extrusion pass, the solid particle size is reduced
gradually. When isothermal temperature increases from 530 °C to 560 °C, the average particle size increases from 22 pm to 35 pum.
When isothermal temperature is 575 °C, the average particle size decreases. The particle size of microstructure of AZ61 magnesium
alloy predeformed by ECAE at B¢ during SSIT is the finest.
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1 Introduction

The combination of low density, high specific
strength and stiffness, and excellent damping capacity
qualifies magnesium alloy as ideal materials for
lightweight constructions. The methods of manufacturing
magnesium alloy components mainly involve die-casting
(DC), high-pressure die-casting (HPDC), squeeze casting
(SQC) and semisolid processing(SSP), and so on [1].
Compared with DC, HPDC and SQC, SSP has been paid
more attention by many researchers from all over the
world due to a lowered forming temperature, increased
die life, reduced porosity and solidification shrinkage,
improved mechanical properties, etc. SSP is divided into
two categories, rheoforming and thixoforming. Three
procedures, i.e., preparing the semisolid ingots, reheating
the semisolid ingots and forming the semisolid ingots,
are involved in thixoforming process. How to prepare
high-quality semisolid billet is the key procedure of

thixoforming process. Research on preparation of the
semisolid ingots and the microstructural evolution of
semisolid ingots (slurries) has been done by some
researchers due to the importance to the quality of the
final thixoformed parts. Various routes had been
developed for fabricating the non-dendritic spheroidal
microstructure, such as, semisolid isothermal treatment
(SSIT) [2], mechanical stirring [3], electromagnetic
stirring [4], strain induced melt activated (SIMA) [5],
continuous semisolid extrusion process (CSEP) [6,7],
and vibrating wavelike sloping plate process (VWSP) [8].
Various predeformation technologies were used in strain
induction procedure of SIMA. Extrusion was a typical
example of predeformation of AZ91D magnesium alloy
[9]. Hot or cold upsetting predeformation also was
employed to induce strain of AZ61 magnesium alloy
[10—12]. In addition, some novel methods of preparation
of semisolid billet (or slurry) were proposed. JI et al [13]
reported preparation of semisolid slurry of Mg—9Al-Zn
alloy by twin-screw slurry maker and found fine and
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spherical particles undergoing a coarsening process
under low constant shear rate. JIANG et al [14, 15]
developed firstly a new method called “new SIMA” in
which equal channel angular extrusion (ECAE) was
applied in predeformation of magnesium alloy.
Processing parameters had an influence on the
microstructure of ECAE-formed AZ91D magnesium
alloy in the semisolid state [16]. AM60 magnesium alloy
semisolid slurry with fine particles was also prepared by
SSIT of predeformed material [17]. ASHOURI et al [18]
and HOSSEIN-NEDJAD et al [19] employed the ECAE
predeformation to prepare aluminum alloy semisolid and
found that sphericity of particles increases with the
increase of strain.

The above mentioned literatures show that the
semisolid billet with fine spherical microstructure is key
during the thixoforming technology. ECAE is a desirable
predeformation technology of magnesium alloy, by
which the microstructure can be refined well and good
strain induction can be achieved. Moreover, semisolid
isothermal treatment of as-cast predeformed by equal
channel angular extrusion (ECAE) is a novel technology
to fabricate high-quality AZ61 semisolid billet. It is
required to know the characteristics of microstructural
evolution of AZ61 magnesium alloy predeformed by
ECAE in SSIT. It is beneficial to improve the
mechanical properties and microstructure of the
thixoformed parts. Research on microstructural evolution
of AZ61 magnesium alloy predeformed by ECAE during
SSIT was reported little.

Therefore, the present work was aimed to employ
equal channel angular extrusion (ECAE) to predeform
AZ61 magnesium alloy and study effects of extrusion
pass, processing route and isothermal temperature on
microstructural evolution of AZ61 magnesium alloy
predeformed by ECAE during SSIT.

2 Experimental

Commercial AZ61 magnesium alloy ingots were
used for experimental materials. The composition
obtained from spectroscopic analysis was Mg—6.5%Al—
0.35%Zn—0.26%Mn—-0.1%Si—0.01%Ni—-0.02%Cu—
0.003%Fe. Equal channel angular extrusion (ECAE) was
employed to predeform the as-cast ingots of AZ61
magnesium alloy. Firstly, the as-cast ingots were
machined into cylindrical samples with the diameter of
57 mm and the height of 110 mm. And then they were
processed 1 pass to 6 passes at 310 °C by an
equal-channel die that consisted of two equal
cross-section channels, intersecting at an angle of 90°.
The cylindrical specimens were predeformed by ECAE
at four processing routes, which were termed as A, By,
B¢ and C according to the rotation angle about the

longitudinal axis of sample or extrusion direction. Route
A referred to pressing the billet repetitively without any
rotation. Routes B, and B referred to rotation of 90° in
the opposite sense and in the same sense between
consecutive passes, respectively. And route C referred to
rotating by 180° between consecutive passes. The
samples processed by ECAE were machined into some
cylindrical specimens with the diameter of 10 mm and
height of 10 min along the extrusion direction. Two
materials including the AZ61 magnesium alloy
predeformed by ECAE and original as-cast AZ61
magnesium alloy all were isothermally treated in the
semisolid state in order to compare their difference in
microstructure  morphology. Specimens of AZ61
magnesium alloy predeformed by ECAE were
isothermally treated for 10 min at 530, 545, 560 and 575
°C, respectively. Specimens of original as-cast AZ61
magnesium alloy also were isothermally treated in the
semisolid state for 10 min at 530, 545, 560 and 575 °C,
respectively.

After being isothermally treated in the semisolid
state, the samples were quickly quenched into water to
keep the microstructure morphology of the semisolid
ingots. Samples used for microstructure observation were
fabricated by the standard metallurgical technique,
followed by etching in a solution of 4.2 g picronitric acid,
10 mL ethanediol, 70 mL ethanol and 10 mL distilled
water. The microstructure of the alloy was observed by
using an Olympus optical microscope. The average
particle size and shape factor of the solid phases were
measured using a digital image analysis system. Average
particle size and shape factor (Fis) of solid particles are
calculated in each case by applying Egs. (1) and (2) [20].
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where D, Fg, A, N and P are the average particle size,
shape factor, area, number and perimeter of solid
particles, respectively. Fg is a value close to 1,
corresponding to better globularity of solid particles.

3 Results and discussion

3.1 Microstructure evolution of as-cast alloy during
SSIT
Figure 1 shows the morphological evolution of
a-Mg particles of original as-cast AZ61 at various
temperatures during SSIT. From the beginning of
isothermal treatment (Fig. 1(a)), the distribution of solid
particles was non-uniform and particle size was
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Fig. 1 Morphological evolution of original as-cast AZ61 durin
(d) 575 °C

obviously different from each other. Some coarse particle
and fine particle coexisted in microstructure. The size of
some coarse solid particles was above 200 pm. However,
the particle size of some relatively fine solid particles
was only below 50 pum. The nonuniformity of particle
size has an adverse effect on the thixotropic behavior of
semisolid ingots. In addition, the semisolid ingot’s ability
of filling into die cavity could be reduced due to coarse
particle. More seriously, the qualities of the final
thixoformed component such as mechanical properties
and microstructure will be influenced by the poor
semisolid ingots. With the increase of isothermal
temperature (Figs. 1(b)—(d)), more liquid phase occurred
in surrounding or inside the primary solid particles.
Coalescence was found in some solid particles due to
unstable energy state, which led to quick coarsening of
primary solid grains. It could have an adverse effect on
the thixoforming process. On the contrary, some solid
particles became smaller and smaller, and disappeared
finally (Fig. 1(d)). Average particle size and shape factor
are shown in Fig. 2. As indicated in Fig. 2, with the
increase of isothermal temperature, average particle size
was firstly increased and followed by a decrease.

When isothermal temperature was 530 °C, the
average particle size was about 138 um. When samples
were heated to 545 °C and held for 10 min, the average
particle size reached about 145 pm. With continuous
elevation of isothermal temperature, the average particle
size increased to about 160 pum. However, when samples
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Fig. 2 Average particle size and shape factor of original as-cast
AZ61 at various temperatures during SSIT

were heated to 575 °C and held for 10 min, the average
particle size became a little smaller. Shape factor of
as-cast ingot during SSIT varied from 0.4 to 0.75,
indicating undesired spheroidization degree (Fig. 2). An
important conclusion could be drawn that high-quality
semisolid ingots, i.e., the semisolid ingots with fine and
spherical solid particles, is difficult to be prepared by
directly SSIT of as-cast AZ61 magnesium alloy.

3.2 Microstructural evolution of AZ61 magnesium
alloy predeformed by ECAE during SSIT
Figure 3 shows microstructure morphology of AZ61
magnesium alloy predeformed by ECAE for various
extrusion passes during SSIT. As indicated in Fig. 3, with
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Fig. 3 Microstructures of AZ61 magnesium alloy predeformed by ECAE for various extrusion passes during SSIT: (a) 1 pass; (b) 2

passes; (c) 3 passes; (d) 4 passes; (e) 5 passes; (f) 6 passes

the increase of extrusion pass, the solid particle size of
AZ61 magnesium alloy processed by ECAE during SSIT
was reduced gradually. Furthermore, the distribution of
solid particles also became uniform with the increase of
extrusion passes. When one-pass or two-pass
ECAE-processed AZ61 magnesium alloys were
isothermally treated for 10 min (Figs. 3(a)—(b)), the
distribution of solid particles was more uniform and the
particle size was smaller than that of original as-cast
during SSIT. With the increase of extrusion pass
(Figs. 3(c) — (1)), the particle size was reduced gradually
and most of the solid particles were spheroidized very
well. In particular, when extrusion passes were more than
4, the microstructure of semisolid billet prepared by
SSIT of predeformed material was very uniform and the
particle size was very fine.

Figure 4 shows the average particle size and shape
factor of predeformed AZ61 magnesium alloy during
SSIT. It was demonstrated accurately that the average
particle size of predeformed AZ61 magnesium alloy
during SSIT was reduced gradually with the increment of
extrusion passes. When AZ61 magnesium alloy was
extruded one pass in the ECAE process, the 58 pm
average particle size of semisolid billet could be obtained
during the SSIT. When AZ61 magnesium alloy was
processed 2 passes to 6 passes in ECAE process, the
average particle sizes are 46, 38, 23, 22 and 24 pm,
respectively. It is demonstrated that the average particle
size of predeformed AZ61 magnesium alloy during SSIT
was much finer than that of as-cast alloy.

Moreover, it could be found that when extrusion
passes reach 5 or 6, the average particle size was only a
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Fig. 4 Average particle size and shape factor of predeformed
AZ61 magnesium alloy extruded various passes during SSIT

little changed, indicating that furthermore plastic
deformation could not influence effectively the particle
size of semisolid ingots. With the increase of extrusion
passes, shape factor of predeformed AZ61 magnesium
alloy during SSIT was changed obviously. When
extrusion pass increased from 1 to 4, shape factor
increased evidently. When extrusion passes were 4, the
shape factor reached 0.91, indicating desired
spheroidization effect of solid particles in semisolid
ingots. When extrusion passes increased continuously to
5 or 6, the shape factor was changed little, indicating that
plastic deformation had little impact on spheroidization

Loy

of solid particles in semisolid ingots. Grains refinement
of ECAE to the microstructure of as-cast ingots paves a
wise way for obtaining a lot of fine and spherical solid
particles in semisolid ingots. The total accumulated
strain, or equivalent strain, also increased with the
increment of extrusion passes, which resulted in increase
of dynamic recrystallization velocity and further
refinement of grains in processed materials [21].

With increasing the extrusion passes, more and
more fine equiaxed grains occurred in the microstructure
of processed materials by ECAE and the homogeneity of
microstructure became better and better. Effective
induced strain could be produced by the predeformation
of ECAE technique [17]. The ECAE-processed material
with fine and homogeneous microstructure is beneficial
to prepare semisolid ingots with fine and spherical solid
particles. In other word, it is easy to fabricate
high-quality semisolid billets. Furthermore, thixoformed
parts with high mechanical properties could be formed
with the high-quality semisolid billets.

3.3 Microstructural evolution of AZ61 magnesium
alloy predeformed by ECAE at various
temperatures during SSIT
Figure 5 shows the microstructural evolution of

predeformed AZ61 magnesium alloy at various

temperatures during SSIT. Compared with the
microstructure of semisolid billets fabricated by SSIT of
as-cast alloy (Fig. 1), the microstructure with fine and

Fig. 5 Microstructural evolution of predeformed AZ61 magnesium alloy during SSIT at various temperatures: (a) 530 °C; (b) 545 °C;
(c) 560 °C; (d) 575 °C
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uniform grain size could be found in the semisolid billet
prepared by SSIT of predeformed as-cast alloy.
Moreover, good spheroidization could be achieved in the
semisolid billet prepared by SSIT of predeformed as-cast
alloy. It is demonstrated that predeformation of ECAE is
very beneficial to obtain high-quality semisolid ingots
with fine and spherical solid particles. Isothermal
temperature has an important influence on thixotropic
behavior of semisolid ingots. High isothermal
temperature could reduce the retaining and carriage
ability of semisolid ingots during the thixoforming
process. On the contrary, low isothermal temperature
could lead to the increment of viscosity of semisolid
billets. As a result, high deformation resistance increased
evidently during thixoforming process. As shown in
Fig. 5, semisolid billet with fine and spherical solid
particles is suitable to be prepared at isothermal
temperature ranging from 530 to 575 °C. The average
particle size and shape factor are shown in Fig. 6. As
indicated in Fig. 6, with the increase of isothermal
temperature, the average particle size was firstly
increased and then decreased. When isothermal
temperature increased from 530 to 560 °C, the average
particle size of predeformed AZ61 magnesium alloy
during SSIT also increased from 22 pm to 35 um. When
isothermal temperature was 575 °C, the average particle
size decreased. When isothermal temperature increased,
two trends, i.e., coarsening trend and melting trend,
coexisted in the microstructure of semisolid ingots [14].
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Fig. 6 Average particle size and shape factor of predeformed
AZ61 magnesium alloy at various temperatures during SSIT

When predeformed AZ61 magnesium alloy was
treated isothermally for 10 min at 530, 545 and 560 °C,
coarsening trend was predominant, which led to
increment of average particle size. When AZ61
magnesium alloy processed by ECAE was treated
isothermally at 575 °C for 10 min, melting trend was
predominant. As a result, average particle grain size was
reduced. Shape factor also was affected by isothermal

temperature (Fig. 6). Shape factor varied from 0.85 to
0.91. The value of shape factor was close to 1, indicating
closing ideal spheroids. Although the average particle
size of predeformed AZ61 magnesium alloy during SSIT
was changed with increase of isothermal temperature,
they still varied from 22 um to 35 um.

Without ECAE, the grains evolved in the AZ61
magnesium alloy by SSIT are almost 6 times larger than
ones predeformed by ECAE. It is revealed that the
isothermal treatment of AZ61 magnesium alloy under
certain condition, i.e., after ECAE, in semisolid region
(temperature and time), produced very fine equiaxed
grains with near globular shapes. It is demonstrated that
SSIT of AZ61 magnesium alloy predeformed by ECAE
is an ideal method for preparing high-quality semisolid
ingots.

3.4 Microstructural evolution of AZ61 magnesium
alloy predeformed by ECAE under various
processing routes during SSIT
Figure 7 shows the microstructure morphology of

predeformed AZ61 magnesium alloy at various
processing routes during SSIT. The isothermal
temperature was 530 °C. It was found that the particle
size of microstructure of AZ61 magnesium alloy
predeformed by ECAE at route B, during SSIT is the
finest and the distribution of solid particles is the most
uniform among the microstructures of AZ61 magnesium
alloy predeformed by ECAE at four processing routes
during SSIT.

Different microstructures achieved at various
processing routes in ECAE result in various semisolid
microstructure of AZ61 alloy in SSIT. When as-cast
materials were processed by ECAE, fine grains were
achieved due to dynamic recrystallization relative to
severe plastic deformation [18]. Furthermore, at route B,
the velocity of dynamic recrystallization was higher than
that of materials at other processing routes. It had been
demonstrated that the most effective method of forming
a fine-grain structure by severe plastic deformation is to
maintain route B¢ [22]. With a constant clockwise 90°
rotation (route Bc) the sample was also deformed on two
alternate shear planes and in this case each shear was
reversed out of sequence after deforming the billet on the
alternate shear plane. This appeared to be much more
effective means of forming new high angle boundaries
than other processing routes. Hence route B¢ could
enhance the degree of dynamic recrystallization
effectively. As a result, the finest grains could be
obtained at route B¢. High-quality semisolid billets with
fine and spherical solid particles could be prepared
successfully by treating isothermally the AZ61
magnesium alloy predeformed by ECAE at processing
route Bc.
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Figure 8 shows the accurate values of the average
particle size and shape factor of AZ61 magnesium alloy
predeformed by ECAE at various processing routes
during SSIT. As shown in Fig. 8, the average particle
sizes of AZ61 magnesium alloy predeformed by ECAE
at processing route A, route B, route B¢ and route C
during SSIT were 38 pum, 26 pm, 21 um and 28 pm,
respectively. The shape factors were 0.86, 0.90, 0.87,
0.88, respectively. The results of average particle size
and shape factor indicated that ECAE-processed
predeformation at route B¢ could be beneficial to prepare
high-quality semisolid billets in the following SSIT
process.

4 Conclusions

1) Coarse and non-uniform microstructure is found
in the semisolid billets prepared by SSIT of as-cast AZ61
magnesium alloy. The average particle size is more than
138 um. On the contrary, high-quality semisolid billets
with fine and spherical solid particles can be prepared
successfully by isothermally treating the ECAE-
processed AZ61 magnesium alloy. When AZ61
magnesium alloy predeformed by ECAE 4 passed at
route B¢ is isothermally treated at 530 °C for 10 min,
high-quality semisolid ingots with 21 pm average size
and spherical particles can be prepared successfully.
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Be By
Processing route
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Fig. 8 Average particle size and shape factor of predeformed
AZ61 magnesium alloy at various processing routes during
SSIT: (a) Average particle size; (b) Shape factor
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2) Extrusion pass has an influence on
microstructural evolution of AZ61 magnesium alloy
predeformed by ECAE during SSIT. With the increase of
extrusion pass, the solid particle size of AZ61
magnesium alloy predeformed by ECAE during SSIT is
reduced gradually. Furthermore, when extrusion passes
increase, the distribution of solid particles also becomes
more uniform.

3) With the increment of isothermal temperature,
the average particle size firstly increases and then
decreases. When isothermal temperature increases from
530 to 560 °C, the average particle size of predeformed
AZ61 magnesium alloy during SSIT also increases from
22 to 35 pum. When isothermal temperature is 575 °C, the
average particle size decreases. When isothermal
temperature increases, coarsening trend and melting
trend coexisting in the microstructure of semisolid ingots
lead to first increment and following decrease.

4) Processing route also has an influence on the
quality of semisolid billets by isothermally treating AZ61
magnesium alloy predeformed by ECAE in semisolid
state. The particle size of microstructure of AZ61
magnesium alloy predeformed by ECAE at B¢ during
SSIT is the finest and the distribution of solid particles is
most uniform among the microstructures of AZ61
magnesium alloys predeformed by ECAE at four
processing routes during SSIT.
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