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Abstract: The evolution and distribution of Al,Sm phase in as-extruded AZ61-xSm (x=0, 1.5, 2.0 and 2.5, mass fraction, %)
magnesium alloys during semi-solid isothermal heat treatment were investigated. The results showed that when as-extruded AZ61
magnesium alloys were modified with Sm, the smaller and rounder grains were obtained during semi-solid isothermal heat treatment.
When the Sm content is 2.0% (mass fraction), the average size of the globular grains reached the smallest value of 90 um. Although a
few Al,Sm particles existed in the a-Mg grains, most of Al,Sm particles solidified at the edge of the globular grains with the width of
~20 um. These phenomena are mainly attributed to the forces acting on Al,Sm particles in front of the solid—liquid interface, leading
to Al,Sm particles accumulating at the solid—liquid interface and then solidifying at the edge of the globular grains in the quenching

process.
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1 Introduction

As one of the lowest density structural materials,
magnesium alloy has the advantages of high specific
stiffness, high specific strength, good electrical
conductivity, easy mechanical processing and recycling,
allowing it to be one of the “Environment Friendly
Materials in Present and Future Generations” [1]. In
recent years, rare earth elements have been added into
the magnesium alloys to improve their poor creep
resistance, corrosion resistance, and their lack of fluidity
in the casting process, leading to the development of
various advanced magnesium alloy materials, such as
WES54 and AE44 [2—4]. However, magnesium alloy has a
hexagonal close-packed (hep) crystalline structure; this
particular structure only has three slip systems, which
negatively impacts the plastic forming abilities of
magnesium alloy.

In addition to offering significantly reduced forming
loads, thixoforming technology also provides the
opportunity to improve the plastic deformation ability of

the alloys, as well as the ability to produce complex
geometry components; such advantage provides a way to
solve the problems of traditional plastic forming of
wrought magnesium alloys, AZ31 and
AZ61 [5-7]. In general, thixoforming technology is
primarily composed of semi-solid material production,
partial remelting, and thixoforming, with the semi-solid
material production holding the most importance. Recent
reports suggest that semi-solid isothermal heat treatment
fulfills the semi-solid non-dendritic microstructure
during heating prior to thixoforming and could omit the
special procedure needed to fabricate the semi-solid
materials [8,9]. Therefore, semi-solid rare earth—
magnesium alloys prepared by semi-solid isothermal
heat treatment have been investigated. HU et al [10]
reported the rare earth metal Ce can hinder aggregation
and association of the primary solid particles, inhibit
solid particle growth, and form fine well-distributed
round semi-solid microstructures. In addition, NAMI
et al [11] revealed that the coarsening kinetics of the
solid globular particles in a semi-solid slurry of AZ91
alloy satisfied the Ostwald ripening theory. It was shown
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that by adding RE elements into AZ91 alloy, especially
at 580 °C, the coarsening rate of the solid particles
decreased, which resulted in smaller particle sizes.
During semi-solid isothermal heat treatment, Mg atoms
in the alloys would be rearranged and form solid globular
particles. However, the discussion about evolution and
distribution of RE-rich intermetallic compounds during
the rearrangement of Mg atoms is very limited.

In recent years, the microalloying effects of the
Mg—Al series magnesium alloys with the addition of Sm
had been widely reported [12—-14]. The AlLSm
intermetallic compounds that were formed in the Mg—Al
series magnesium alloys could cause heterogeneous
nucleation, effectively prohibit dislocation movement
and grain boundary sliding, and reduce the corrosion
potential between the S-Mgi;Al;; and a-Mg, thereby
improving the mechanical properties and corrosion
resistance of the alloys [15,16]. However, there still lacks
enough experimental evidences to prove that rare earth
atoms and their intermetallic compounds would enrich at
solid—liquid interface during solidification. ~The
microstructure of semi-solid metals both has solid and
liquid phase and could be maintained by quenching
process, which provides a new method to observe the
distribution of RE-rich phase in the alloys. Therefore, the
microstructure evolution of hot-extruded AZ61 wrought
magnesium alloys with the addition of Sm during
semi-solid isothermal heat treatment is investigated in
this work, focusing specifically on the evolution and
distribution of the ALSm phase during semi-solid
isothermal heat treatment.

2 Experimental

The chemical composition of AZ61-xSm (x=0, 1.5,
2.0 and 2.5, mass fraction, %) magnesium alloy is shown
in Table 1. Four alloy samples with a uniform, basic
composition of AZ61 magnesium alloy were melted at
750 °C in a steel crucible inside a resistant furnace for
20 min with an SF¢ and CO, atmosphere. Three of the
melts were added with 1.5%, 2.0%, and 2.5% Sm (in the
form of Mg—15%Sm master alloy), respectively; they
were then treated by high-energy ultrasound vibration for
2 min at 750 °C. The power of the ultrasonic generator
was 0.6 kW and the frequency was 20 kHz. The fourth
alloy (without Sm) served as the control, and was
prepared under the same condition throughout the entire
experiment. At 700 °C, the melts were poured into
metallic molds with dimensions of 150 mm in length and
40 mm in diameter. The AZ61 alloys were homogenized
at 400 °C for 10 h, and then hot-extruded after holding
for 1 h at 400 °C. The extrusion ratio and the extrusion
rate of the extruded bars were 6.25 and 2.5 m/min,
respectively. The samples with the dimensions of 10 mm

Table 1 Chemical compositions of AZ61—-xSm magnesium
alloys (mass fraction, %)

Alloy Al Zn Mn Sm Mg
AZ61 5.54 1.00 033 - Bal.
AZ61-1.5Sm 5.45 0.95 0.30 1.71 Bal.
AZ61-2.0Sm 5.59 1.07 032 213 Bal.
AZ61-2.5Sm 5.61 1.09 030  2.51 Bal.

in length and 16 mm in diameter were processed from
extruded bars for semi-solid isothermal heat treatment.

The semi-solid isothermal heat treatment was
performed in an electric resistant furnace under an SFg
and CO, atmosphere. When the furnace was heated to
570, 580, 590 and 600 °C, the different composition
samples were put into the furnace and held for 0, 10, 15,
20 and 25 min, respectively. After the isothermal heat
treatment, the samples were immediately quenched in
cold water.

The samples were prepared with standard
metallographic procedures. An etchant of 4% nitric acid
in an alcohol solution was used to reveal the
microstructures of the polished specimens. Another
1 mm-thick slice sample for TEM was perpendicularly
cut from hot-extruded AZ61-2.0Sm magnesium alloy
treated by isothermal heat treatment. The sample were
ground and polished on both sides to about 70 pum thick.
Then, ion beam thinning was carried out to ensure that
the thickness of the sample achieved the requirement of
TEM. Microstructure characterization was carried out
with optical microscopy (Nican M200). Precipitated
phases in the AZ61-xSm magnesium alloys were
characterized by scanning electron microscopy (SEM,
FEI Quanta 200F), energy dispersive spectroscopy
(EDS), and transmission electron microscope (TEM,
JEM-2100).

3 Results

3.1 Microstructural characterization

Figure 1 displays the SEM images and EDS
analysis results of the AZ61-2.0Sm magnesium alloy. It
could be seen in hot-extruded state (Fig. 1(a)) that all the
white phases distributed along the extrusion direction.
According to the EDS analysis result of Point 1, the
white phase was a type of Sm-rich phase. When the
hot-extruded AZ61-2.0Sm magnesium alloys were
treated by semi-solid isothermal heat treatment at 580 °C
for 10 and 15 min, the microstructure of the alloys
changed into fine, nearly spherical grains with the
average size of 90 um. Some small liquid pools formed
within the spherical grains, as shown in Fig. 1(b)
(marked as Point 2). Moreover, instead of distributing
only along the extrusion direction, white Sm-rich phases
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Fig. 1 SEM images (a—d) and EDS analysis result (e—g) of AZ61-2.0Sm magnesium alloy: (a) Hot-extruded; (b) Treated by
isothermal heat treatment at 580 °C for 10 min; (c) Treated by isothermal heat treatment at 580 °C for 15 min; (d) More detail of
liquid phase in (b); (¢) EDS of Point 1; (f) EDS of Point 3; (g) EDS of Point 5

uniformly distributed throughout the treated alloy.
Although some Sm-rich phases formed within the
spherical grains, more Sm-rich phases enriched at the
edge of spherical grains. The liquid phase in the treated
alloy was observed by further amplification, as shown in
Fig. 1(d). When the semi-solid microstructures were
quenched, the liquid phases (marked as Point 3) and
small liquid pools (marked as Point 4) in the treated alloy
were rapidly cooled, and a number of fine primary

dendrites and secondary dendrites formed in the liquid
phase. The main components of these dendrites are Mg,
Al and Zn, as shown in Fig. 1(f). It was worth noting that
many white particles with the size of ~4 um (marked as
Point 5) had a similar chemical composition with Point 1,
and predominantly distributed in the annular region with
the width of ~20 um between the liquid phase and the
central areas of spherical grains, as shown in Figs. 1(d)
and (g). Therefore, it could be inferred that a large
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number of Sm-rich phases, enriching at solid—liquid
interface, quickly solidified at the edge of the spherical
grains under the condition of quenching.

The surface mapping images of Sm-rich phases are
shown in Fig. 2. It was worth noting that many Al

elements distributed in the liquid phase and small liquid
pool in the a-Mg grains. Moreover, the main components
of the white particles around the a-Mg grains in the alloy
were Al and Sm elements. Figure 3 shows TEM images
of the hot-extruded AZ61-2.0Sm magnesium alloy. As

Fig. 3 TEM images of AZ61-2.0Sm magnesium alloy treated by isothermal heat treatment: (a) Al,Sm phase; (b) Diffraction pattern
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shown in Figs. 3(a) and (b), the black Sm-rich phase with
the size of 80 nm inside the alloy was characterized by
selected area diffraction patterns. The result showed that
the face centered cubic structure of Sm-rich particles was
Al,Sm phases.

3.2 Semi-solid microstructural evolution

Figure 4 shows the semi-solid microstructure of
AZ61-2.0Sm magnesium alloy treated at various heat
treatment temperatures for 10 min. As shown in Fig. 4(a),
when the alloys were treated by a semi-solid isothermal
heat treatment at 570 °C, morphology of the a-Mg grain
in the alloy presented polygon-like shape with some
sharp corners. Some grains and grain boundaries were
melted into the liquid phase. These liquid phases
distributed in the grain boundary and the interior of the
o-Mg grains. With the increase of the isothermal
temperature (Fig. 4(b)), the a-Mg grains became uniform
and spheroidized with a much smaller size. When the
isothermal temperature reached 590 °C (Fig. 4(c)), the
microstructure of the alloys modified with 2.0% Sm
finally became more refined and more spherical in shape.
The content of liquid phase was far more than that of the
alloys treated at 570 and 580 °C. When the isothermal
heat treatment temperature reached 600 °C, the spherical
effect of the grains decreased and dendrite-like grains
appeared, as shown in Fig. 4(d).

Figure 5 shows the semi-solid microstructure of the
AZ61-2.0Sm magnesium alloy treated at 580 °C for
various time from 0 to 25 min. As shown in Fig. 5(a), a
large number of primary polygonal a-Mg grains formed
in the alloy after being held for 0 min. After 10 min
holding (Fig. 5(b)), the liquid phase appeared both in
grain boundary and inside the grain. Meanwhile, the
a-Mg grains became increasingly smaller and rounder in
shape. When the holding time was prolonged to 15 min,
the a-Mg grains in the alloy also displayed round and
refined features, as shown in Fig. 5(c). Further extending
the holding time to 20 min led to the coarsening of the
o-Mg particles and the formation of the irregularly
polygonal a-Mg particles (Fig. 5(d)). When the holding
time reached 25 min, it could be seen from Fig. 5(e) that
many fine a-Mg grains distributed around of the coarse
a-Mg grains in the alloy. The reason for this
phenomenon can be described by Ostwald ripening
mechanism, which operates through the dissolution of
small particles and the growth of large particles.
Moreover, the Ostwald ripening mechanism can be
described by the classical LSW relationship [17]:

d? =d +kt (1)

where d, is the initial particle size, d, is the size at time
t and k is the coarsening rate constant. It is apparent
that the a-Mg particles grow as the holding time is
prolonged.

(b) 580 °C; (c) 590 °C; (d) 600 °C
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Fig. 5 Semi-solid microstructures of AZ61-2.0Sm magnesium alloy treated at 580 °C for different holding time: (a) 0 min;

(b) 10 min; (c) 15 min; (d) 20 min; () 25 min

Figure 6 shows the semi-solid microstructures of the
AZ61—xSm magnesium alloy at 580 °C for 10 min. It
could be seen that the microstructure of the a-Mg
particles changed from polygonal-like to globular-like
with the increase of Sm content. When 2.0% Sm was
added to the alloy, the smallest and roundest grains were
obtained, as shown in Fig. 6(c). The average grain
diameter and aspect ratio were used to evaluate the effect
of Sm content on the microstructure of as-extruded AZ61
magnesium alloys, with the results exhibited in Fig. 7.
The average grain diameter and aspect ratio of the matrix
were 185 pm and 1.47, respectively. With the increase of
Sm content, the value of the average grain diameter and
aspect ratio of the alloys both decreased and achieved the
lowest value when the Sm content is 2.0% and were

about 90 pm and 1.13, respectively. However, when Sm
exceeded a certain content, Al,Sm phases would partially
gather and their size became larger. The segregation of
AlL,Sm phase at the solid-liquid interface made the
degree of undercooling decrease, causing the a-Mg grain
to grow.

4 Discussion

During semi-solid isothermal heat treatment, the Mg
atoms in the alloys were rearranged, leading to the
microstructure of the as-extruded magnesium alloys
changing from vimineous or fine, equiaxed grains to
semi-solid globular ones. In this work, the effects of the
second phase Al,Sm particles on the microstructure of
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Fig. 7 Average grain diameter and aspect ratio with change of
Sm content of AZ61—xSm alloys isothermally-treated at 580 °C
for 10 min

the alloys were discussed, and a schematic diagram of
the Al,Sm phase evolution in hot-extruded AZ61-xSm
magnesium alloys during semi-solid isothermal heat
treatment is presented in Fig. 8.

The initial extruded grain morphology is composed
of the vimineous a-Mg grains and the second phase
ALSm. As shown in Fig. 8(a) and Fig. 1(a), the fine
ALSm particles mainly distributed within grain
boundaries along the extrusion direction. When the
samples were treated with semi-solid isothermal heat

treatment, the vimineous grains in the alloy began to
melt and fractured into fine polygon particles. As shown
in Fig. 8(b) and Fig. 1(b), a small number of Al,Sm
particles existed in the a-Mg grains. However, most of
AlLSm particles distributed at the front edge of the liquid
and the interface of the a-Mg grains. As illustrated in
Fig. 9, the reason for this is that several forces act upon
the Al,Sm particle ahead of an advancing solid—liquid
interface during solidification of the liquid containing
Al,Sm particles. The primary forces are the viscous drag
force Fp, the interfacial force Fj, and F,, the force
attributed to the interfacial energy gradient on the
particle. Fp, F} and F, for a spherical particle ahead of a
nonplanar interface can be expressed as [18]

2

Fy =6l @)
F =2nRAya 3)
F, = SRk “4)
3
R
a=—1 Q)
R —R

where R is the particle radius, # is the liquid viscosity, Vs
is the interface velocity, 4 is the particle—interface
distance, o is the interface shape factor, R, is the interface
radius, Ay is the variation of interfacial energy with
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particle—interface distance 4, and K is the interfacial
energy gradient. The force F, is usually attractive,
pushing particles from liquids to solids. The larger the
interfacial energy gradient K is, the larger the force F, is.
Therefore, AlL,Sm particles are eventually pushed ahead
of the liquid phase. The viscous drag force FJ, is always
attractive, favoring particle engulfment; on the other
hand, the interfacial force Fj is usually repulsive,
favoring particle pushing. When the three forces reach a
balanced state Fp+F,=F;, AlL,Sm particles preferentially
accumulate at the solid—liquid interface, as shown in
Fig. 1(b) and Fig. 8(b). A similar phenomenon of
alumina inclusions during solidification has been
reported [19].

Moreover, many high density dislocations form
after severe plastic deformation and usually accumulated
around the grain boundaries, leading to blocked
dislocation motions [20]. At the same time, the amplitude
of atomic vibration is intensified with the increase of
temperature. The pile-up of dislocations makes the
deformed grains urge to seek the recrystallization core
near the grain boundary [21]. Therefore, the Al,Sm
particles distribute at the front edge of the liquid and
0-Mg grain interfaces are beneficial to the formation of
recrystallization grains. According to Ref. [22], the
Al,Sm phases with a higher melt point (7,,=1480 °C) and

(2) (b)

good thermal stability have a low planar disregistry value
of 0.45% with a-Mg phase, which is far less than the
most effective nucleation value of 6%. Therefore, part of
AlLSm particles act as a heterogeneous nucleation core in
the o-Mg phase, promoting the formation of grain
recrystallization in the alloys.

As shown in Fig. 6(c), vimineous grains in the
alloys are replaced by fine, globular semi-solid particles
with the increase of the treating temperature and holding
time. The AlLSm particles still accumulate at the
solid—liquid interface, which leads to the degree of
undercooling greatly increasing and promotes the
formation of nucleus. Meanwhile, the Al,Sm phases
distributing among a-Mg grains can also mechanically
hinder the growth of a-Mg grains [23]. When the content
of AlLSm phase is enough for the heterogeneous
nucleation in the alloy, the residual Al,Sm particles
would impede the flow of liquid between grain and
boundary in the mutual fusion process, finally forming
small liquid pools in the grain. With the increase in
holding time, Ostwald ripening occupies a dominant
position and competitive grain growth takes the leading
role, resulting in small grains melting or being
swallowed by larger grains.

When the samples were treated by the quenching
process in cold water, the semi-solid microstructure of

(©) (d)

Extruded grain Recrystallization

Grain growth Rapid cooling
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Fig. 8 Schematic diagram of Al,Sm phase evolution in hot-extruded AZ61—xSm magnesium alloys during semi-solid isothermal heat

Fig. 9 Forces acting on Al,Sm particle in front of solid—liquid interface
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the samples was maintained, as shown in Fig. 8(d). A
large number of fine primary dendrites and secondary
dendrites formed during the quenching process of the
liquid in the semi-solid samples. Meanwhile, many
AL Sm particles solidified between the liquid phase and
the solid a-Mg grains. An annular solidified region with
the width of ~20 pm formed during quenching process,
as shown in Figs. 8(d) and 1(b) and 1(d). Therefore, it
can be inferred that the particle—interface distance /4 in
Eq. (2) is less than 20 pm. Moreover, due to the Al,Sm
particles being pushed ahead of the liquid phase
according to Eq. (4), no Al,Sm particles were observed
within the liquid or the a-Mg dendrites of the alloys.

5 Conclusions

1) The microstructure of the as-extruded
AZ61-xSm magnesium alloys treated by semi-solid
isothermal heat treatment present fine and nearly
spherical grains. Many Al,Sm intermetallic compounds
with size of ~4 pm solidified at the edge of the globular
grains with a width of ~20 pm. This phenomenon is
ascribed mainly to forces acting on Al,Sm particles in
front of the solid—liquid interface, leading to Al,Sm
particles accumulating at the solid—liquid interface and
then solidifying at the edge of the globular grains in the
quenching process.

2) Smaller and rounder grains formed within the
Sm-modified alloys during semi-solid isothermal heat
treatment. When the Sm content is 2.0% (mass fraction),
the average size of the globular grains reached the
smallest value of 90 um. With the increase of treating
temperature and holding time, the globular grains tended
to coarsen as a result of Ostwald ripening.
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