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Microstructure Evolution of Semisolid Mg-2Zn-0.5Y Alloy
during Isothermal Heat Treatment

Liu Wei, Yang Doudou, Quan Gaofeng,

Southwest Jiaotong University, Chengdu 610031, China

Zhang Yingbo, Yao Dandan

Abstract: Microstructure evolution of extruded Mg-2Zn-0.5Y (at%) alloy in semisolid isothermal heat treatment process was
investigated. The results show that in the alloy there are a-Mg, Mg3-Zn6-Y1 (I-Phase) and Mg3-Zn3-Y2 (W-phase), and the average
grain size of a-Mg is 7 um. During the isothermal heat treatment at 793 K, the grains continue growing and no liquid phase appears
until isothermal holding time reaches 4.0 min. With isothermal temperature rising and holding time increasing, solid a-Mg grains in
the alloy gradually grow and are separated by liquid phases. Meanwhile, the liquid phase locating both at the grain boundaries and in
the grain interior significantly increases. It is also found that at higher solid fractions, particle coarsening mechanism and solid
particle remelting mechanism both play major roles. While at lower solid fractions, Ostwald ripening is the major mechanism and

coalescence of adjacent particles could be still observed.
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Magnesium alloys are the lightest structural materials,
and they are attractive for many applications such as
automobile, aerospace and railway rolling stocks. In recent
years, semisolid processes have become popular for
industrial and commercial production because of their
excellent advantages such as low temperature, low forming
force, good quality of parts and so forth, over conventional
casting and deforming processes . Semisolid processes
are divided into two categories, rheoforming and
thixoforming. The main difference between rheoforming
and thixoforming is that, semisolid slurry used in
rheoforming is partially solidified from the liquid state,
while that in thixoforming is partially remelt from the solid
state. For both rheoforming and thixoforming, the key
requirement is the thixotropic slurry with non-dendritic
primary particles uniformly distributed in the liquid matrix.
It is well accepted that, the finer and rounder the primary
particles are, the better the rheology of semisolid slurry and
the resulted mechanical properties will be .

Thixoforming involves the reheating of feedstock
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materials into semisolid state®. In order to get
non-dendritic microstructure via reheating, feedstock
materials are always prepared by some special techniques,
such as a strain induced melt activated (SIMA) technique
and spray casting. SIMA technique introduces significant
commercial advantages of simplicity and low cost.
Generally, SIMA process consists of three discrete steps:
casting of the alloy to achieve a typical dendritic structure,
a predeformation to make the particle smaller and to store
an internal energy and partial remelting of the alloy at
semisolid temperatures™.

In recent years, magnesium alloys studied and used in
semisolid processes are limited to commercial Mg-Al alloys
such as AZ9land AZz80 ™ The application is then
restricted by their inherent deficiencies ™. Rare earth metals
(RE) have been demonstrated the most effective elements to
improve the mechanical property of magnesium alloys,
especially at elevated temperature "2*°1 Recently, several
works have focused on the SIMA route of Mg-Zn-Y alloys
because of wide semisolid range and fine primary particles.
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The aim of the present paper is to investigate the
microstructure evolution of extruded Mg-2Zn-0.5Y alloy
after semisolid isothermal heat treatment in different stages.
What’s more, the coarsening kinetics of Mg-2Zn-0.5Y alloy
in semisolid state is also studied.

1 Experiment

Mg-2Zn-0.5Y (at%) alloy used in the present study was
prepared with commercial high purity magnesium (99.99%),
commercial high purity zinc (99.99%) and Mg-25wt%Y
master alloys by melting in an electric resistance furnace under
the mixed atmosphere of CO, and SF¢. The melt was cast into
a 523 K preheated cylindrical permanent mold, and then a @95
mm ingot was acquired. The ingot was extruded to a @10 mm
round rod after a homogenization treatment at 653 K for 16 h.
The extrusion speed was 0.05 m/s, and the extrusion ratio was
81:1. @10 mmx15 mm samples were cut from the extruded
round rod for isothermal heat treatment. When the furnace was
heated to different temperatures between 793 and 853 K, the
samples were put into the furnace and held for various times
between 2 and 30 min. After the isothermal heat treatment, the
samples were taken out and quenched in cold water
immediately.

The samples were prepared with  standard
metallographic procedures. Phase composition was
characterized by Max 2500 X-ray diffraction (XRD). The
microstructure and phase distribution were characterized
by Zeiss Axio Lab Al optical microscopy (OM) and
JSM-6490LV scanning electron microscopy (SEM). The
observed samples for OM and SEM investigations were
ground, polished and etched by nital 4% solution and the
mixture of 6 g picric acid, 10 mL distilled water, 5 mL
acetic acid and 100 mL alcoholic solution. Quantitative
analysis was carried out by Micro-image Analysis &
Process. Average particle size and the fraction of liquid
were measured. The chemical compositions of phases
were determined with GENESIS 2000 XMS energy
dispersive spectrometer (EDS).

2 Results and Discussion

2.1 Microstructure of extruded Mg-2Zn-0.5Y alloy

The XRD pattern of the extruded Mg-2Zn-0.5Y alloy is
shown in Fig.1. The XRD peaks evidently indicate that the
alloy consists of a-Mg, Mg3-Zn6-Y1 (I-Phase) and
Mg3-Zn3-Y2 (W-phase).

Fig.2 shows the microstructure of the extruded
Mg-2Zn-0.5Y alloy observed by OM. As seen from Fig.2, the
microstructure of the alloy consists of fine and equiaxed a-Mg
and dispersed second phase (l-Phase and W-Phase). The
average grain size of primary a-Mg is about 7 pm.

2.2 Microstructure evolution of Mg-2Zn-0.5Y alloy
after isothermal heat treatment (before liquid
phase appearing)
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Fig.1 XRD pattern of the extruded Mg-2Zn-0.5Y alloy

Fig.2 Microstructure of the extruded Mg-2Zn-0.5Y alloy

Fig.3 shows the microstructure evolution of the
Mg-2Zn-0.5Y alloy after isothermal heat treatment at 793 K
for 2.0, 2.5, 3.0, 3.5 and 4.0 min. The microstructure and
grain size of the Mg-2Zn-0.5Y alloy after isothermal heat
treatment at 793 K for 2.0 min are similar to those of the
extruded one, which can be seen in Fig.2 and Fig.3a. With
the isothermal holding time prolonging (from 2.5 min to 3.0
min), the grains of primary a-Mg undergo a growing process,
which can be seen in Fig.3b and 3c. When the isothermal
holding time reaches 3.5 min, the grains continue growing
and become uniform, which can be seen in Fig.3d. From
Fig.3e, we can see that after isothermal heat treatment for 4.0
min, the grains grow continuously, and liquid phase appears
in the triple junction of grain boundaries. From what has
been mentioned above, we can come to a conclusion that
during the isothermal heat treatment at semisolid temperature,
the grains continue growing and then the liquid phase
appears.

2.3 Microstructure evolution of Mg-2Zn-0.5Y alloy
after isothermal heat treatment (after liquid
phase appearing)

Fig.4 shows the microstructure evolution of Mg-2Zn-0.5Y
alloy after the isothermal heat treatment at 813, 833 and 853 K
for 10, 20 and 30 min. As seen from Fig.4, the microstructure
of the semisolid Mg-2Zn-0.5Y alloy consists of liquid matrix
and primary o-Mg particles. The liquid matrix forms during
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Fig.3 Microstructures of Mg-2Zn-0.5Y alloy after isothermal heat treatment at 793 K for different holding time: (a) 2.0 min, (b) 2.5 min,
(c) 3.0 min, (d) 3.5 min, and (e) 4.0 min

Fig.4 Microstructures of semisolid Mg-2Zn-0.5Y alloy after isothermal heat treatment at different temperatures for different time: (a) 813
K/10 min, (b) 813 K/20 min, (c) 813 K/30 min, (d) 833 K/10 min, (e) 833 K/20 min, (f) 833 K/30 min, (g) 853 K/10 min, (h) 853 K/
20 min, and (i) 853 K/30 min
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the heating and then is solidified during the quenching. Small
intragranular liquid droplets can be observed, which
manifests partial remelting inside of primary particles. It is
obvious that liquid phase both appearing in grain boundaries
and inside of particle increases significantly with the increase
of isothermal temperature and prolongation of isothermal
holding time.

What’s more, the particle sizes increase remarkably as
well. When the temperature increases to 853 K and the
holding time is prolonged to 20 and 30 min, we can observe
that the fine droplets in the particles begin to move within the
globules and combine together to form large droplets in order
to decrease their surface energy, and particles begin to
combine to form large particles too for the same reason,
which can be seen in Fig.4h and Fig.4i.

Fig.5 shows the SEM micrograph and EDS spectra of
Mg-2Zn-0.5Y alloys heat-treated at 853 K for 10 min. As
seen from Fig.5, during the isothermal heat treatment, the
firstly remelt areas in the alloy are grain boundaries which
have some second phases with a low melting temperature and
the place Zn and Y element gathering. Then the liquid phase
diffuses along the boundaries, and the primary a-Mg particles
are separated. Meanwhile, small liquid droplets appear in the
particles. Moreover, from Fig.5, we can also see that the size
of liquid phase along the boundaries is bigger than that of
liquid droplets in the particles. That’s because the grain
boundaries have more Zn and Y elements compared with
inside of the particles and elements diffused faster in the
grain boundaries.

Fig.6 shows the quantitative result of effects of
isothermal temperature and holding time on solid fraction
of semisolid Mg-2Zn-0.5Y alloy after isothermal heat
treatment. As seen from Fig.6, with the temperature of
isothermal heat treatment increasing from 813 K to 853 K,
the liquid phase appears with a shorter isothermal holding
time. In other words, high temperature shortens the time for
liquid phase appearing. What’s more, for the same
isothermal holding time, the higher isothermal heat
treatment temperature is, the lower solid fraction the alloy
would have. At the same isothermal heat treatment
temperature, the longer holding time is, the lower solid
fraction the alloy would have.

The quantitative result of effects of isothermal
temperature and holding time on average size of primary
particles is illustrated in Fig.7. As shown in Fig.7, the
particle size of the extruded Mg-2Zn-0.5Y is just 7um.
However, during semisolid isothermal heat treatment, for
all three isothermal temperatures, average particle sizes
increase continuously, indicating continuous coarsening of
primary particles. Difference of average particle size
between 813 and 833 K is not distinct, but average particle
size of 853 K increases obviously, showing that coarsening
at 853 K is faster than that at 813 and 833 K.

Fig.5 SEM image and EDS line scan of Mg-2Zn-0.5Y alloy
heat-treated at 853 K for 10 min
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Fig.6 Effects of isothermal temperature and holding time on
solid fraction of semisolid Mg-2Zn-0.5Y alloy after
isothermal heat treatment
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Fig.7 Effects of isothermal temperature and holding time on
average primary particle size of semisolid Mg-2Zn-0.5Y
alloy after isothermal heat treatment

Two theories are often used to explain the coarsening
kinetic of primary particles in the semisolid state, i.e. particle
coalescence and Ostwald ripening % At a high solid
fraction, coarsening is driven by the migration of grain
boundary liquid films and the dominant mechanism for
coarsening is coalescence of adjacent particles. At the same
time of coarsening, particles undergo a remelting process as
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well. As a result, particle coarsening and remelting come to a
state of balance. While at a low solid fraction, coarsening is
driven by the dissolution of small particles and Ostwald
ripening makes a major contribution to the coarsening, and
coalescence of adjacent particles can still be observed, which
means the coexistence of Ostwald ripening and coalescence.

The time dependency of the size of a growing particle
during semisolid isothermal heat treatment can be described
by a classical LSW theory ?1:

d"— d =Kt 1)

where, d and d, are final and initial particle sizes
respectively, K is coarsening rate constant, t is holding time,
and n is coarsening exponent. Generally, in the theory of
Ostwald ripening, n=3 suitable for low solid fractions
whose volume diffusion controls coarsening. However, the
form of equation of n=3 is valid for most of the solid
fraction range, which has been confirmed by a number of
theoretical and experimental results #?®1, Experimental
results and linear regressions are shown in Fig.8. The
resulted R® values are very close to 1 for all three
isothermal temperature 813, 833 and 853 K, indicating that
the experimental data are well fitted to the LSW equation at
n=3. The coarsening rate K can be obtained from the slope
of the straight lines correlating the cubic d and time t,
which is 277 um®s at 813 K, 406 um®/s at 833 K, and 1499
um?®/s at 853 K. It is obvious that the K value increases with
the increase of isothermal temperature from 813 K to 853 K,
and it is dramaticlly bigger at 853 K than that at 813 and
833 K. The result proves the conclusion which has been
mentioned above once again that when the isothermal
temperature increases from 813 K to 853 K, the dominant
mechanism for coarsening changes from balance of particle
coalescence and remelting to coexistence of Ostwald
ripening and coalescence.
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Fig.8 Effects of isothermal temperature and holding time on
cube of average particle size and the results of linear
regression

3 Conclusions

1) The microstructure of Mg-2Zn-0.5Y alloy consists of
fine and equiaxed a-Mg and dispersed second phase
(I-Phase and W-Phase). The average grain size of primary
a-Mg is about 7 um.

2) During the isothermal heat treatment at 793 K for 2.0,
2.5, 3.0 and 3.5 min, the grains continuously grow and no
liquid phase appears. When the isothermal holding time
reachs 4.0 min, the liquid phase appears firstly.

3) The suitable processing parameters for the
Mg-2Zn-0.5Y alloy in isothermal heat treatment are
isothermal temperature of 833 K for 20 min or isothermal
temperature of 853 K for 10 min.

4) With the temperature of the isothermal heat treatment
increasing from 813 K to 853 K, the liquid phase appears
with a shorter isothermal holding time. What’s more, for
the same isothermal holding time, the higher isothermal
heat treatment temperature is, the lower solid fraction the
alloy would have. At the same isothermal heat treatment
temperature, the longer holding time is, the lower solid
fraction the alloy would have.

5) The primary particles coarsen continuously during the
isothermal heat treatment. Coarsening rate increases with
the increase of isothermal temperature. When the
isothermal temperature increases from 813 K to 853 K, the
dominant mechanism for coarsening changes from balance
of particle coalescence and remelting to coexistence of
Ostwald ripening and coalescence.
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