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Abstract: The microstructure development in the semi-solid state of AM60B magnesium alloy prepared by strain induced melt
activation (SIMA) was described. In the SIMA route, cyclic extrusion compression (CEC) and conventional compression were used
to predeform as-cast AM60B, respectively. Partial remelting and thixoforming were also carried out within the semi-solid zone. The
results showed that coarse-grained structure disappeared and a fine-grained structure resulted in the CEC formed alloy. However,
coarse grains and recrystallized grains co-existed in the compression formed alloy. During partial remelting, the alloy treated by CEC
exhibited ideal, fine microstructure, in which completely spheroidized grains contain little entrapped liquid. Polygonal grains were
spheroidized to some extent but the previous irregular shape was still obvious in the compression formed alloy. The mechanical
properties of the thixoformed AM60B produced by CEC plus partial remelting were better than those of the thixoformed alloy
produced by compression plus partial remelting.
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1 Introduction

Magnesium alloys are being increasingly used in
electronics, automobile and aerospace industries because
of their low density, high specific strength and excellent
machineability [1-6]. Although high pressure die casting
(HPDC) is the dominant method in manufacturing
components of magnesium alloys, semi-solid processing
offers significant advantages over HPDC because of
near-net shape processing, better mechanical properties,
less energy consumption and longer die life [7].
Thixoforming belongs to semi-solid processing and
describes the process where suitable material is heated
into the semi-solid state and then is held into the die for
processing [8,9]. Subsequently, the material in the
semi-solid state is extruded to form components. For
thixoforming to be possible, the microstructure of the
starting material must be non-dendritic [10]. There are
various routes to achieve this, including mechanical
stirring, magnetohydrodynamic stirring, sprayforming,
near-liquidus casting, cooling slope, semi-solid thermal

transformation (SSTT), strain induced melt activation
(SIMA) and recrystallization and partial remelting (RAP).
These are summarized by ATKINSON [11]. The SIMA
process involves severe hot working producing
directional grain structure in the alloy. A critical level of
strain must be introduced into the alloy either as an
integral part of the hot working, or by cold working as a
separate step subsequent to the hot working, prior to
heating to above the solidus temperature[12,13]. In the
RAP process, material which has been worked, such as
by extrusion at temperatures below the recrystallization
temperature, is then reheated into the semi-solid state
[14]. The main similarity between the SIMA process and
the RAP process is that a critical level of strain must be
introduced into the material through deformation.
Clearly, the difference between the SIMA and RAP
processes is the deformation temperature, hot working
opposed to warm working.

Several researchers [15—17] have reported the
microstructural evolution of SIMA processed magnesium
alloys. CHEN et al [15] have conducted on repetitive
upsetting-extrusion as a SIMA process for AZ§0
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magnesium alloy semi-solid processing. The results
showed that solid grain size decreased and the rate of
liquation was improved with increasing number of RUE
passes. Prolonging holding time resulted in grain
coarsening and the of degree of
spheroidization. The variation of the solid grains with
holding time obeyed the Lifshitz, Slyozov and Wagner
law. LUO et al [16] have reported the effects of
isothermal temperature and isothermal holding time on
the semi-solid microstructures of AZ91D alloys prepared
by the SIMA route. The results indicated that
recrystallization first occurred in deformed areas and
increasing isothermal temperature shortened the time of
complete recrystallization in the semi-solid state. JI et
al [17] reported the formation process of AZ31B
semi-solid microstructures through the SIMA process.
They found that increasing the heating temperature could
accelerate the spheroidizing process, resulting in
semi-solid microstructures containing small spheroidal
particles; with a longer holding time, the solid content
slightly changed and the solid particles became irregular
in shape. Although many researchers [15—17] have
reported semisolid processing of magnesium alloys,
including AZ80, AZ91D, AZ31B, only limited work has
been reported on semi-solid processing of AM60B
magnesium alloy [18].

In the SIMA process, conventional compression was
used to predeform as-cast magnesium alloy. However,
due to the limited degree of deformation, the
microstructure  treated by  compression  was
in-homogeneous, which exerted disadvantage influences
on the formation of spheroidal grains and mechanical
properties of final components [19-21]. To overcome
this disadvantage mentioned above, the cyclic extrusion
compression (CEC) process was firstly introduced
by CHEN et al [15] into a SIMA process for semi-solid
forming. Because magnesium alloys are subjected to
severe plastic deformation (SPD), fine, spherical and
homogeneous solid grains are obtained during partial
remelting.

The CEC process is a promising technique to induce
a great strain in bulk metals. The principle of the CEC
process is represented schematically in Fig. 1. In the
CEC process, a sample is contained within a chamber
and then extruded repeatedly backwards and forwards.
This process was invented to allow arbitrarily large strain
deformation of a sample with preservation of the original
sample shape after n passes. The accumulated equivalent
strain is approximately given by

g:4nln(§j (D)

where D is the chamber diameter; d is the channel
diameter; »n is the number of deformation cycles. Since

improvement

the billet in the CEC process is compressed from the
both ends, a high hydrostatic pressure is imposed.

Fig. 1 Schematic of cyclic extrusion compression (CEC)

Based on the above analysis, the present paper aims
to employ CEC and conventional compression to
predeform as-cast AM60B magnesium alloy in the SIMA
process. The microstructural evolution of AMG60B
magnesium alloy treated by CEC and compression
during partial remelting is studied. Furthermore, this
paper also presents recent new results on mechanical
properties of AM60B magnesium alloy thixoformed
from the starting material treated by CEC and
conventional compression after partial remelting.

2 Experimental

The feedstock material used in the present study
was an cast AM60B magnesium alloy with the measured
composition (mass fraction, %) of 6.2Al, 0.31Mn and
0.12Zn. The as-cast AM60B magnesium alloy was
machined into billets with a diameter of 80 mm and a
length of 160 mm for CEC. Therefore, the true strain of
the billet for a single CEC operation, which includes
extrusion and compression, was 2.77 according to
equation (1). Before CEC, as-cast AM60B billets were
preheated at 380 °C for 60 min. A heating jacket was put
around the die, and the extrusion temperature was
controlled within +5 °C of the set temperature. During
CEC, the die was first set as 380 °C; the samples were
then inserted into the die, staying in the die for about 3
min to allow the samples to reach 380 °C. Both the die
and billets were lubricated with molybdenum disulphide



WANG Li-ping, et al/Trans. Nonferrous Met. Soc. China 22(2012) s435—s444 s437

(MoS,). As-cast billets were processed two passes and
the true strain of the billet treated by two-pass CEC was
5.54. For comparison, some as-cast billets were
subjected to deformation by compression at 380 °C with
a compression ratio of 50%. The compression ratio was
defined as the relative reduction of height of the sample,
which was (Hy—H)/H,, where H, is the original height
and H is height after compression. Therefore, the true
strain of the billet treated by compression was 0.69.

The solidus and the liquidus temperatures for the
AMG60B magnesium alloy were obtained at 540 °C and
618 °C from a differential scanning calorimetry (DSC)
experiment at 5 °C/min. Theoretical solid fractions were
calculated according to the Scheil equation [22]:

1

T, T k!

where T}, is the melting temperature of pure metal, 7} is
the liquidus temperature of the alloy and k, is the
equilibrium distribution coefficient.

In this study, T}, 71 and ky are taken as 650 °C, 618
°C and 0.34, respectively. Therefore, the expected solid
fraction (f;) of AM60B magnesium alloy was 0.70 at 580
°C. The partial remelting experiments were carried out to
gain some insight into the microstructural development.
The microstructure evolution during partial remelting
was done on CEC and compression formed samples with
a diameter of 10 mm and a length of 15 mm. The
samples were heated into the semi-solid state in a vertical
infrared tube under a protective gas flow (argon
atmosphere), isothermally held and quenched in water to
0 °C. A thermocouple placed in a hole of I mm in
diameter and 5 mm in depth in the centre of the sample
ensured accurate temperature measurement and feedback
control. After the predetermined holding time, the sample
was immersed into the quencher.

Before thixoforming, the CEC and compression
formed billets were machined into some bars with a
diameter of 60 mm and a length of 70 mm. The
diagrammatic sketch of component is shown in Fig. 2.
The die used in thixoforming is shown in Fig. 3.
Thixoforming was carried out on an oil hydraulic press.
The temperature of the slug was monitored by a K-type
thermocouple embedded in the slug. After the required
temperature was reached, the thermocouple was removed
and the heated slug was held into the cartridge receiver
die for thixoforming. The bar was heated in an argon gas
environment to reduce oxidation. The preheating of bar
was carried out at 580 °C for 10 min isothermal holding.
The preheating temperature of die used for thixoforming
was 350 °C. The speed rate of punch was about 15 mm/s
to prevent the heating loss of billets in the semi-solid
state .

Fig. 2 Diagrammatic sketch of component

Y,

NN

Fig. 3 Diagrammatic sketch of die used in thixoforming

Preparation of metallographic sample consisted of
grinding with SiC paper of different fineness and
subsequently polishing with 3 pm and 1 pm-diamond
paste and colloidal 0.05 pm-alumina. The microstructural
characterization was carried out using imaging system
software connected to an optical microscope. Samples
for tensile testing were machined from the side wall of
thixoformed components and were tested using an
Instron 5569 material testing machine at a cross head
speed of 1 mm/min. Mean size and shape factor (F) of
solid grains were calculated in each case by Egs. (3) and
(4 [23-25],

M=

44/n

— 1
A== 3)

=
I

4nA
Z?
F =Nl
N

“

where 4 and P are area and perimeter of grains
respectively; N is the number of grains.
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3 Results and discussion

3.1 Microstructure formed by CEC and compression

Figure 4 shows the microstructure of as-cast AM60
magnesium alloy. The microstructure of as-cast AM60
magnesium alloy consisted of a-Mg matrix and eutectic
compounds. The eutectic compounds precipitated as
discontinuous network at grain boundaries. Eutectic
compounds precipitated as discontinuous network at
grain boundaries. XRD analysis indicates that as-cast
AMO60B magnesium alloy consisted of a-Mg matrix and
p-Mg,;Aly, phase (Fig. 5).

*—@g-Mg matrix
=— f-Mg,,Al,,
20 20 60 80 100

26/(%)
Fig. 5 XRD pattern of as-cast alloy

Figure 6 shows the microstructure of CEC and
compression formed AMG60B magnesium alloys.
Compared Fig. 4 with Fig. 6(a), it is indicated that
coarse-grained structure disappeared and a fine-grained
structure resulted in the CEC formed alloy, which
indicated that dynamic recrystallization had been
completed. However, in the compression formed alloy, a
large number of fine grains appeared at the initial grain
boundaries, especially at triple junctions, which indicated
the occurrence of dynamic recrystallization during hot
compression. Furthermore, non-recrystallized regions of
old grains remained and the mean grain size was about

50 um. Therefore, the refinement of grains was initially
not uniform, as there were coarse grains surrounded by
fine ones. This was “bimodal” microstructure and was
also observed by CHEN et al [26]. Note that after CEC
or compression, eutectic compounds were deformed.
Magnesium alloys contained high level of aluminum,
e.2.>3% Al (mass fraction), and the grain boundaries
were often obscured by the eutectic phase. The eutectic
phase, Mg;;Al;;, was created by non-equilibrium
solidification. Processing temperature was within the
single-phase field a-Mg for the investigated AM60B
magnesium alloys and the intermetallic Mg;,Al;, got
partially dissolved [27]. However, the time was too short
to allow complete homogenization during processing,
namely, segregation was only reduced but not eliminated
[28]. On cooling from the processing temperature (380
°C), the intermetallic Mg;;Al;, occurred only in the areas
of high Al-content since diffusion of Al in Mg was rather
slow. As shown in Fig. 6, after CEC or compression,
intermetallic Mgj;Al;; phase appeared in the
microstructure of Mg alloy [29].

Fig. 6 Microstructures of CEC formed (a) and compression
formed (b) alloy

3.2 Microstructure evolution of CEC and
compression formed AM60B magnesium alloys
during partial remelting

The semi-solid microstructures of the CEC formed

AMG60B alloys after partial remelting at 580 °C for

different holding time: 10 min, 20 min, 40 min and 80

min, are shown in Fig. 7. With increasing temperature up
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Fig. 7 Optical micrographs of as-cast AM60B magnesium alloys treated by CEC and then isothermally held at 580 °C for 10 min (a),

20 min (b), 40 min (c) and 80 min (d)

to 580 °C and holding for 10 min, deformed
microstructure was replaced by spheroidal grains
surrounded by liquid phases (Fig. 7(a)). The process
(CEC plus partial remelting) has been shown to produce
ideal, fine semi-solid microstructure, in which
completely spheroidal grains are essentially free of
entrapped liquid. With increasing isothermal holding
time, liquid fraction increased and grain boundaries were
completely penetrated by liquid film (Fig. 7(b) and Fig.
7(c)). With further increasing holding time, the
segregation of liquid was more obvious. At the same
time, obvious grain coarsening occurred (Fig. 7(d)).
Figure 8 shows microstructure of compression formed
AMO60B magnesium alloy partially remelted at 580 °C
for different holding time: 10 min, 20 min, 40 min and
80 min. When heated to 10 min, intermetallic Mg;Al;,
disappeared and changed into liquid among solid grains.
The “bimodal” microstructure was also replaced by
polygonal grains. Although most of grains were irregular
in shape, some solid grains surrounded by liquid had
undergone a significant degree of spheroidization
(Fig. 8(a)). When the holding time was extended to 20
min, most of the edges of polygonal solid grains melted,
which resulted in the spheroidization of polygonal solid
grains and the increase in the amount of liquid phase. It
can be concluded that the spheroidization of polygonal
grains was the main event occurring at 40 min. As the
holding time was prolonged, grains coarsened and the

degree of spheroidization was further improved.
Simultaneously, liquid fraction was slightly increased.

It is interesting to note that liquid droplets were
present in the most of grain cross-sections in all samples,
as shown in Fig. 7 and Fig. 8. The intragranular liquid
droplets were present in a large number of the solid
particles, appeared to coarsen with time, reducing the
number and increasing average size. The formation of
liquid droplets inside grains can be attributed to chemical
segregation and grain coalescence [30—35]. During
heating, the regions of higher Al and Mn contents lead to
the solid state precipitation of Mg;;Al;, intermetallic or,
at higher temperatures, the formation of so-called
“entrapped liquid” pools as a result of partial remelting
[16,20]. Moreover, to reduce interface energy between
solid phase and liquid phase, grains tend to aggregation
in certain directions because of the relatively low energy
grain boundaries along certain directions. It has been
shown that a grain boundary was not penetrated by liquid
when y,, <2y, where y is surface energy and subscripts
gb and sl stand for solid—solid and solid—liquid interface,
respectively. Some grains, whose grain boundaries were
not wetted, became interconnected by coalescence and
formed agglomerates. Under this condition, it was
inevitable that some liquid was entrapped into the new
formed grains [8]. With increasing holding time, some
contiguous intragranular liquid droplets gradually
merged into some big intragranular liquid droplets by
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Fig. 8 Optical micrographs of as-cast AM60B magnesium alloys treated by compression and then isothermally held at 580 °C for 10

min (a), 20 min (b), 40 min (c) and 80 min (d)

coalescence. To minimize the solid—liquid interface
energy inside grains, liquid droplets diffused through
solid grains and then merged into some irregular liquid
pools. Furthermore, some liquid droplets or liquid pools
inside grains also migrated to the liquid phase by
diffusion through solid grain. With further increasing
holding time, these new formed liquid droplets inside
grains became spheroidal in appearance with reduction
of solid—liquid interfacial energy [8].

Figure 9 shows that the results from the grain size
as a function of the holding time in the semi-solid state
for CEC and compression formed AM60B magnesium
alloys. As shown in Fig. 9, with the increase in holding
time,

1201 .

1001

60+ *

Grain size/um
-

o, . *—CEC
*— Compression

0 20 40 60 80
Holding time/min

Fig. 9 Plot of solid grain size as function of holding time

grain coarsening occurred both in CEC and compression
formed AMG60B magnesium alloys during partial
remelting. However, grain size in the compression
formed alloy was larger than that in the CEC formed
alloy. For many diffusion controlled coarsening system,
including solid—liquid mixtures, coarsening kinetics can
be described by the equation:

D" -D} =Kt (5)

where D and D, are the final and initial grain sizes,
respectively; ¢ is the isothermal holding time; K is a
coarsening rate constant; » is the power exponent. It is
generally believed that n is 3 for volume diffusion-
controlled coarsening, n is 4 for grain boundary diffusion
controlled coarsening, and n is 2 for interfacial
reaction-controlled coarsening [8]. Many studies
investigating solid—liquid coarsening of metals in the
semi-solid state generally reported an exponent of n=3
[5,6,10]. To evaluate coarsening kinetics of CEC and
compression formed AM60B magnesium alloy during
partial remelting, it was assumed in the present study that
coarsening was controlled by diffusion in the liquid and
was cubic, i.e. n=3. The cubic coarsening rate constant,
K in Eq. (5) is given experimentally by the gradient of
the best fit straight lines shown in Fig.10, and was 121
and 348 um’/s for CEC and compression formed samples
partially remelted at 580 °C respectively.
During the CEC and compression process, internal
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Fig. 10 Plot of solid grain size cubed as function of holding
time for AM60B magnesium alloys treated by CEC and
compression partially remelted at 580 °C for different holding
time

strain energy was stored in the form of crystal lattice
distortion, dislocation multiplication and vacancies,
which provided the driving force for subsequent recovery
and recrystallization. Compared Fig. 6(a) with Fig. 6(b),
it was indicated that the alloy formed by larger
equivalent strains gave a finer recrystallized grain size.
The larger the degree of deformation is, the greater the
overall grain boundary and sub-grain boundary area are.
This led to greater potential for the development of
recrystallization nuclei, and therefore a finer recrystallized
grain size. Increasing the amount of deformation increased
the driving force for recrystallization, since a heavily
deformed sample contained more stored energy
necessary for the recrystallization process. During partial
remelting, coalescence and Ostwald ripening generally
control grain coarsening [10]. Coalescence and Ostwald
ripening operated simultaneously and independently as
soon as liquid was formed. However, the relative
contribution of coalescence and Ostwald ripening to
grain coarsening also maintained a matter of controversy
[16]. In accordance with our observations, there was a
limitation to the role of diffusion because of thin liquid
film in the early stage of partial remelting (Fig. 6). Under
this condition, coalescence mainly controlled the grain
coarsening, which led to rapid particle growth. With
increasing holding time, liquid fraction increased and
therefore the liquid film was thicker. Ostwald ripening
was thought to be the dominant mechanism for
coarsening in the semi-solid state. Compared Fig. 6(a)
with Fig. 6(b), it can be found that the liquid formation
rate of CEC formed alloy was faster than that of
compression formed alloy. The reason might be analyzed
as follows: during reheating, the liquation of eutectic
firstly occurred at grain boundaries with high distortion
energy [20]. Compared with compression formed alloys,

because of severe deformation during CEC, CEC formed
alloys have higher distortion energy, which enhances the
rate of liquation. The liquid formation rate determines
the thickness of liquid film, which further determines the
mechanism of grain growth in the semi-solid state. As for
CEC formed alloys, because of high liquid formation
rate, relatively thick liquid films surrounding solid
particles reduce the contribution of coalescence ripening
to the total coarsening mechanism. Therefore, as
expected, a lower coarsening rate was obtained in the
CEC formed alloy.

Figure 11 shows the shape factor plotted as a
function of holding time at 580 °C. The change of shape
factor both in CEC and compression formed AM60B
magnesium alloys almost followed the same tendency.
With increasing the holding time, the shape factor
increased rapidly. For example, with increasing the
holding time from 10 min to 40 min, the shape factor in
CEC formed alloy increased from 0.82 to 0.86 and the
shape factor in compression formed alloy increased from
0.62 to 0.72. Two possible explanations were proposed
for the higher shape factor value obtained in the CEC
formed alloy. The first was that Ostwald ripening
mechanism driven by the presence of variable curvature
on the surface of each grain contributed to a large extent
to grain spheroidization. In other words, Ostwald
ripening mechanism promoted the spheroidization of
grains. Second, more likely explanation was that fine and
homogeneous recrystallized grains were ontained in the
CEC formed alloy. During partial remelting, it was easy
for these fine and homogeneous recrystallized grains to
be surrounded by liquid. However, in the compression,
due to limited stored energy, “bimodal” microstructure
which includes coarse and fine grains, resulted in
irregular grains during partial remelting. Therefore, the
grains of CEC formed alloy were more spheroidal in
appearance than those of compression formed alloy
under the same isothermal holding conditions. It is of
interest to note that further increase in holding time

0.85} " .

0.80f
S
& 0.75F
¥
% -
% 0.65F

»—CEC
0.60- o *— Compression
0 20 40 60 80

Holding time/min

Fig. 11 Plot of solid shape factor as function of holding time
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resulted in a slight reduction in shape factor. This can be
attributed to coalescence, which led to the formation of
irregular grains for long isothermal holding.

3.3 Thixoforming and mechanical properties of

thixoformed AM60B magnesium alloy

Figure 12 presents photographs of successfully
thixoformed components. The components of starting
materials were AM60B magnesium alloy produced by
the SIMA route (CEC plus partial remelting and
compression plus partial remelting). The trial results
indicated that the thixoformed components had a very
good surface and no problem was experienced in filling
the lateral walled sections. Each tensile value was the
average of at least three measurements. The results show
that the ultimate tensile strength (UTS), yield strength
(YS) and elongation of thixoformed AMG60B alloy
produced by CEC plus partial remelting were 305 MPa,
176 MPa and 13%, respectively (Fig. 13). The UTS, YS
and elongation of thixoformed AM60B alloy produced
by the compression plus partial remelting were 242 MPa,
123 MPa and 9%, respectively (Fig. 13). The larger the
degree of deformation is, the greater the overall grain
boundary and subgrain boundary are. This led to greater
potential for the development of recrystallisation nuclei,
and therefore a finer recrystallized grain size when
reheating. Another effect of CEC on alloy was that
misorientation of sub-grain boundaries may increase,
leading to an increase in the amount of stored energy in
the alloy and increased driving force towards
recrystallisation [36,37]. Recrystallization was favorable
for improving the grain structure of the CEC formed
billet. Once it is heated to semi-solid temperature range,
ideal, fine semi-solid structures are produced, in which
completely globular solid grains have a small number of
intragranular ~ liquid  droplets [38,39]. Such
microstructures, with spheroids of solid in a liquid matrix,
are ideal for thixoforging.

Fig. 12 Photos of successfully thixoformed AM60B
magnesium components (Starting materials were produced by
CEC plus partial remelting (left) and by compression plus
partial remelting (right))
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Fig. 13 Tensile mechanical properties of components
thixoformed from starting materials produced by path 1 CEC
plus partial remelting and by path 2 compression plus partial

remelting
4 Conclusions

1) After cyclic extrusion compression, fine and
homogeneous recrystallized grains were obtained in
AMG60B alloy. However, the microstructure of
compression processed AM60B alloy was nonuniform
with a bimodal grain size distribution.

2) During the partial remelting, the alloy treated by
CEC exhibits ideal, fine microstructures, in which
completely spheroidized grains contain little entrapped
liquid. While the grains of AM60B alloy treated by
compression are spheroidized to some extent but the
previous irregular shape is still obvious. As holding time
increases, grain coarsening occurs both in CEC and
compression formed alloys during the partial remelting.
The cubic coarsening rate constants, K, were 121 and
348 um’/s for CEC and compression formed samples
partially remelted at 580 °C, respectively.

3) The AM60B alloy treated by CEC plus partial
remelting is more suitable for thixoforming. Ultimate
tensile strength, yield strength and elongation of
thixoformed AM60B alloy produced by CEC plus partial
remelting are 305 MPa, 176 MPa and 13%, respectively.
The UTS, YS and elongation of thixoformed AM60B
alloy produced by the compression plus partial remelting
are 242 MPa, 123 MPa and 9%, respectively.
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