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Abstract: New strain induced melt activated (new SIMA) method for preparing AZ91D magnesium alloy semi-solid billet is
introduced by applying equal channel angular extrusion into strain induced step in SIMA method, by which semi-solid billet with
fine spheroidal grains and average grain size of 18 pum can be prepared. Furthermore, average grain size of semi-solid billet is
reduced with increasing extrusion pass of AZ91D magnesium alloy obtained in ECAE process. By using semi-solid billet prepared
by new SIMA., thixoforged magazine plates component with high mechanical properties such as vield strength of 201.4 MPa,
ultimate tensile strength of 321.8 MPa and elongation of 15.3%, can be obtained.
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1 Introduction

AZ91D magnesium alloy has received more
attention due to its high specific strength, specific
rigidity and good dimensional stability and so on[l].
Thixoforming is one of the best methods with regard to
forming AZ91D magnesium alloy components because
of its low resistance of deformation compared with solid
metal forging, and high mechanical properties compared
with liquid metal die casting[2—-5]. Thixoforming is one
branch of semi-solid processing of alloy, which forms
alloys in the semi-solid state to near net shaped products.
It relies on the thixotropic behavior of alloys which have
a spheroidal rather than a dendritic microstructure in the
semi-solid state[6—9].

For thixoforming of magnesium alloy, the most
important step is to prepare semi-solid billets, that is, to
obtain alloy with non-dendritic, or spheroidal micro-
structure. SIMA, strain induced and melt activated
method, is a good technology with regard to preparing
magnesium alloy semi-solid billets with high solid
fraction[10—12]. In general, there are two important steps
in SIMA, strain induced step and melt activated step.
However, for magnesium alloy, coarse and non-globular
gains often exist in the microstructure of semi-solid

billets prepared by common SIMA method, ie.,
semi-solid isothermal treatment(SSIT) of upsetted
magnesium cast materials. This is due to difficulties of
magnesium alloy in obtaining severe deformation in
strain induced step in SIMA because of the limited slip
system in a close-packed hexagonal crystal structure.
Therefore, a new strain induced procedure for SIMA is
needed to obtain severe deformation, in which two
advantages such as obtaining large deformation and
refining grains of material should be included. Equal
channel angular extrusion(ECAE) is a promising
technique for obtaining ultra-fine grained bulk materials
with increased strength and ductility through severe
plastic deformation. During ECAE, a billet is extruded
through a die that consists of two channels with equal
cross-section, p[13-18].
Studies on commercial and engineered application of

intersecting at an angle

ECAE are rarely reported, compared with microstructure,
mechanical properties and texture of material processed
by ECAE[19].

In the present study, a new method called new
SIMA is introduced firstly by the application of ECAE
into strain induced procedure in SIMA, which will
promote the commercial and engineering application of
ECAE and accelerate the application of thixoforming
into forming magnesium alloys components.
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2 Experimental

The alloy used in the present study was a
commercial AZ91D magnesium alloy. Three materials
processed by casting, conventional upsetting and ECAE
were used. The material by casting was produced using
continuous casting technique, donated as cast material.
The upsetted material was cast material upsetted by 30%
deformation degree at 573 K[20]. The material by ECAE
was processed ranging from 1 pass to 4 passes at 573 K
by an equal channel die that consists of two channels
with equal cross-section, intersecting at an angle of 90°.
During ECAE, the billet was rotated by 90" in the same
direction between each pass. Fig.1 shows the die for
ECAE. The diameter of equal cross-section channel is 58
mm. Three AZ91D magnesium alloys processed by
casting, conventional upsetting and ECAE, were
machined into samples with the height of 10 mm and
diameter of 10 mm, which were isothermally treated in
semi-solid state.
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Fig.1 Schematic diagram of ECAE: 1 AZ91D magnesium alloy
cast ingots; 2 Half die of ECAE

Based on differential scanning calorimetry (DSC)
experimental result, isothermal treatment temperature
was varied from 788 K to 853 K, corresponding to
fraction solid from 0.85 to 0.28. Holding time varies
from 10 min to 20 min. After the samples were
isothermally treated, they were quenched quickly in
water to keep the microstructure. Average gain size and
shape factor were determined by image analysis
equipment. When the shape factor value approaches to 1,
it suggests that the real grain shape reaches spheroidal
one. In order to demonstrate advantages of new SIMA in
preparing AZ91D magnesium alloy semi-solid billets,
thixoforging test for AZ91D magnesium alloy magazine
plate component was employed to compare the
difference in mechanical properties of thixoforged
components using semi-solid billets prepared by three

methods. During thixoforging, the technological
parameters involved: holding the billet for 20 min at 818
K, die preheating temperature of 723 K and pressure of

2 000 kN.
3 Results and discussion

3.1 Microstructures of AZ91D magnesium alloy in

three states

Fig2 shows the of AZ91D
magnesium alloys in three states before semi-solid
isothermal treatment. As shown in Fig.2, microstructures
are composed of a phase (Mg matrix) and S phase
(Mg;,Al;,). However, the evident difference in grain size
occurs in microstructures of AZ91D magnesium alloys in

microstructures

three states. As to cast material, coarse grains of above
250 pm occur in microstructure. Compared with cast
material, upsetted material consists of relatively small

Fig.2 Microstructures of AZ91D magnesium alloy in three
states before SSIT: (a) Cast; (b) Upsetted; (¢) ECAE for 4

passes
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grains ranging from 100 pum to 200 pm due to some
plastic deformation. After the cast AZ91D magnesium
alloys are extruded for 4 passes by ECAE, fine grains
with the average size of 10 um occur in microstructure
because of severe plastic deformation. The micro-
structure with fine grains will build foundations for
obtaining finer globular grains in semi-solid billets
during the following semi-solid isothermal treatment.

3.2 Microstructures of semi-solid billets of AZ91D
magnesium alloy prepared by three methods
Here,

materials in three states, three methods for preparing

semi-solid of AZ91D magnesium alloy are entitled:
semi-solid isothermal treatment(SSIT) of cast material,
common SIMA, that is, SSIT of upsetted material, and
new SIMA method involving SSIT of processed material
by ECAE.

Fig.3 shows the microstructures of semi-solid billets
of AZ91D magnesium alloy prepared by three methods

based on microstructure evolution of

50 pm

—

Fig.3 Microstructures of semi-solid billet by three methods:
(a) SSIT of cast material, (b) Common SIMA; (¢) New SIMA

at 833 K. Fig.3(a) presents microstructure of semi-solid
billet prepared by SSIT of cast material. It can be noted
that coarse and non-globular grains occur in the
microstructure. An important conclusion can be drawn
that SSIT of cast AZ91D magnesium alloy is very
difficult to prepare desirable semi-solid billet with fine
globular grains. Microstructure of semi-solid billet
prepared by common SIMA is shown in Fig.3(b).
Compared with SSIT sample of cast material, semi-solid
billet prepared by common SIMA consists of relatively
small globular grains. However, the microstructure is
inhomogenous due to limited plastic deformation during
upsetting. Fig.3(c) shows microstructure of semi-solid
billet prepared by new SIMA. It is very evident that the
microstructure of semi-solid prepared by new SIMA is
composed of finer globular grains. There exist two
important characteristics in the microstructure. Firstly,
the microstructure is very homogeneous. Secondly, the
gain is very fine and shape of grain is close to globular.

Table 1 lists the average grain size and shape factor
of microstructures of semi-solid billets prepared by three
methods. Average grain sizes of semi-solid billets
prepared by three methods correspond respectively to
246 pm, 189 pm and 18 pm. It shows that compared with
previous two methods, average grain size of AZ91D
magnesium alloy semi-solid billet prepared by new
SIMA decreases obviously, which will be beneficial to
the following thixoforging process of components. The
shape factors of microstructures of semi-solid billets also
decrease obviously, corresponding to 3.4, 1.8 and 1.1,
respectively, which implies spheroidization effect of
grain becomes better and better. The results show that
new SIMA method is a good method for preparing
semi-solid billet of AZ91D magnesium alloy. By this
method, semi-solid billet with fine globular grains and
the gain size of 18 pm can be obtained.

Table 1 Average grain size and shape factor of semi-solid

billets of AZ91D magnesium alloys prepared by three methods

Methods Average grain size/um  Shape factor
SSIT of
cast material 26 St
Common SIMA 189 1.8
New SIMA 18 1.1

The reason for the difference in grain size and
globurizing effect of semi-solid billets prepared by three
methods lies in microstructures with different grain sizes
before SSIT. The microstructure of cast material consists
of coarse dendrites with average grain size of above 250
pm, which are difficult to become globular grains in the
following SSIT. Though some globular grains occur in
the microstructure, grain size is still very large, which
leads to increased viscosity of semi-solid slurries. When
cast material is upsetted by 30% deformation degree,
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grain size becomes relatively small because of limited
plastic deformation, which leads to some relatively fine
globular grains during the following semi-solid
1sothermal treatment. However, it 1s difficult to obtain
finer globular grains in the microstructure during SSIT
due to limited deformation ability of cast AZ91D
magnesium alloy in upsetting process. When cast
material 1s extruded for 4 passes by ECAE, fine-grain
alloy with a grain size of 10 pum is created due to severe
plastic deformation, which will accelerate formation of
finer globular grains during SSIT.

3.3 Influence of extrusion pass in ECAE on

microstructure evolution

In this paper, equal channel angular extrusion
(ECAE) technology is used as strain induced operation in
new SIMA method. Therefore, extrusion pass during
ECAE has an influence on microstructure evolution of
semi-solid billet during SSIT. Fig.4 shows microstructure
evolution of semi-solid billet during SSIT with different
extrusion passes of AZ91D magnesium alloy in ECAE.
The observed samples are held for 10 min at 843K. As
indicated in Fig4, with increasing extrusion pass in
ECAE, grain size of semi-solid billet becomes smaller
and smaller, and more and more globular grains are
created. Increasing extrusion pass corresponds to
increasing deformation degree of processed material by
ECAE. It fully demonstrates that severe plastic
deformation created by ECAE is beneficial to formation

of fine globular grains in the following SSIT. It implies
that new SIMA method, that is, SSIT of processed
material by ECAE, is a very good method for preparing
AZ91D magnesium alloy semi-solid billet.

3.4 Thixoforging of AZ91D magnesium alloy
magazine plate component

Fig.5 shows the AZ91D magnesium alloy magazine
plate components by thixoforging the semi-solid billets
prepared by three methods, including SSIT of cast
AZ91D magnesium alloy, common SIMA and new
SIMA. In Fig.5, components (a) and (d) are thixoforged
ones using AZ91D magnesium alloy semi-solid billet
prepared by SSIT of cast AZ91D magnesium alloy,
components (b) and (e) are thixoforged ones using
AZ91D magnesium alloy semi-solid billet prepared by
common SIMA, and components (c) and (f) are
thixoforged ones using AZ91D magnesium alloy
semi-solid billet by new SIMA. The difference among
them is not obvious in macroscopic view. However, as
indicated in Fig.6, the difference among them is very
obvious in microstructure. In Fig.6, observed samples are
obtained from the location 4 in Fig.5.

As shown in Fig.6, grains of thixoforged magazine
plate using semi-solid billet prepared by SSIT of cast
material are very coarse and their average grain size is
above 200 um. At the same time, shape of grain is not
close to globular one and microstructure is inhomo-
geneous. Average grain size of thixoforged magazine

Fig.4 Microstructure evolution of semi-solid billet under different extrusion passes of AZ91D magnesium alloy in ECAE (held for 10

min at 853 K): (a) 1 pass; (b) 2 passes; (¢) 3 passes; (d) 4 passes
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Fig.5 Thixoforged magazine plate components using semi-solid
billets prepared by three methods: (a) and (d) SSIT of cast
material; (b) and (¢) Common SIMA; (¢) and (f) New SIMA

Fig.6 Microstructures of thixoforged magazine plates using
semi-solid prepared by three methods: (a) SSIT of cast material;
(b) Common SIMA; (¢) New SIMA

plate component using semi-solid billet prepared by
common SIMA is about 100 pum and some globular
grains However, its
microstructure is inhomogenous and there is an obvious
Compared with

occur in the microstructure.

segregation 1in its microstructure.

previous two methods, there are fine globular grains with
grain size of about 20 pum in the microstructure of
thixoforged magazine plate component using semi-solid
billet by new SIMA.

Table 2 presents the mechanical properties of
thixoforged magazine plate components using semi-solid
billets prepared by three methods. It can be seen that the
mechanical properties of thixoforged magazine plate
components using semi-solid billets prepared by new
SIMA are enhanced greatly. By using semi-solid billet
prepared by new SIMA, mechanical properties of
thixoforged magazine plate components such as yield
strength(o;) of 201.4 MPa, ultimate tensile strength(oy,)
of 321.8 MPa and elongation of 15.3% can be obtained.
It is fully demonstrated that new SIMA is a desirable
method for preparing AZ91D magnesium alloy
semi-solid billet. Furthermore, it is found that applying
ECAE to strain induced step in SIMA is a good
engineering application to semi-solid processing of
magnesium alloy.

Table 2 Mechanical properties of thixoforged components

using semi-solid billets prepared by three methods

Mechanical properties

Method _ - -
preparing strer?gti/(i\/[Pa Uslttrltr:rrlggl};/r[lls’ge Elongation/%
Casstsrgtgfial 1237 179.6 2.1
C‘S’m” 1712 245.6 8.3
New SIMA 201.4 321.8 153

4 Conclusions

1) New strain induced melt activated (new SIMA)
method for preparing AZ91D magnesium alloy
semi-solid billet is introduced by applying equal channel
angular extrusion into strain induced step in SIMA
method.

2) Semi-solid billet with fine spheroidal grains with
grain size of 18 pm can be prepared by new SIMA.
Furthermore, average grain size of semi-solid is reduced
with increasing extrusion pass of AZ91D magnesium
alloy obtained in ECAE process.

3) By using semi-solid billet prepared by new
SIMA, high mechanical properties of thixoforged
magazine plate component, such as yield strength of
201.4 MPa, ultimate tensile strength of 321.8 MPa and
elongation of 15.3%, can be obtained.
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