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Abstract: Semi-solid billets of Mg-7Zn and Mg-7Zn-0.3La alloys were prepared by semi-solid isothermal heat
treatment. The effects of the La element on the as-cast and semi-solid microstructures of Mg-7Zn alloy were
investigated. Meanwhile, the effects of isothermal temperature and holding time on the evolution of the semi-solid
microstructure of Mg-7Zn-0.3La alloy were also studied. Results indicate that the addition of a small amount of La
can significantly refine the as-cast and semi-solid microstructure. During the semi-solid thermal transformation,
the size and shape factor of solid particles decrease at first and then increase with the increase of isothermal
temperature and holding time. The semi-solid microstructure of Mg-7Zn-0.3La alloy obtained by holding at 605 °C
for 30 min is the optimal. The average size of solid particles, shape factor, and solid fraction are 42 um, 1.45
and 61.8%, respectively. At the same time, a comparative study on the coarsening process of particles in the
semi-solid billets of Mg-7Zn and Mg-7Zn-0.3La alloys reveals that the addition of La effectively decreases the

coarsening rate of solid particles and restricts the growth of solid particles.
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1 Introduction

Semi-solid metal (SSM) processing is one of the
irreplaceable forming methods, as it combines the
advantages of both forging and liquid metal forming.
Compared with forging, SSM processing can be used to
produce products with complex shapes. Simultaneously,
it can avoid defects such as pores, shrinkage and
porosity caused by liquid metal forming. Therefore, the
workpiece produced by SSM processing has a compact
structure, and the mechanical properties of workpieces
can be further improved by heat treatment . At the
same time, it has been reported that SSM processing
is beneficial to the preparation of high-performance
magnesium matrix composites 7. Therefore, it is
of great significance to study the SSM processing
technology of magnesium alloys for improving the
application of magnesium alloys. The preparation of a
semi-solid slurry or billet meeting the requirements of
SSM processing is the key to SSM processing . There
are over 20 kinds of techniques to prepare semi-solid
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billets or slurries, such as magnetohydrodynamic stirring
(MHD), recrystallization and partial melting (RAP),
strain-induced melt activated (SIMA), and semi-solid
isothermal heat treatment (SSIT), etc 7. The SIMA
process mainly includes two steps: deformation of as-cast
billets and subsequent partial remelting. The principle of
the MHD process is to obtain non-dendritic structures by
stirring the alloy melt. These techniques will introduce
extra costs. SSIT can complete the preparation of
semi-solid billets during remelting without any special
procedures. It shows more significant commercial
advantages and is widely used ™.

The key to employing the advantage of SSM processing
is to find alloys with ideal semi-solid microstructure
that meet the requirements of SSM processing and have
remarkable heat treatment strengthening. The most
effective way to improve the structure and properties is
achieved by alloying with a second constituent "', Rare
earth (RE) elements are often used to modify magnesium
alloys """¥). Previous studies have found that adding
an appropriate amount of La into magnesium alloys
can not only refine the grain size but also improve the
mechanical properties of Mg-Al-Zn series alloys after heat
treatment '+
with La significantly refined the grain size and enhanced
the ductility of Mg-6Zn alloy. Nami et al. "” found
that the solid-liquid interfacial energy was reduced
caused by the addition of RE elements in AZ91 alloy.

1. Du et al. " found that microalloying
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As a result, the coarsening rate of solid particles decreases.
In order to design a new magnesium alloy suitable for SSM
processing, some scholars studied the influence of different
alloying elements on the magnesium alloy during the SSIT
process. They found that for the preparation of semi-solid billets
by SSIT, the alloys should have a wide semi-solid temperature
range 'Y, The semi-solid temperature range of Mg-Zn alloy is
wide """, A study of binary Mg-Zn alloys shows that when
the Zn content is 7wt.%, the solid particles obtained by SSIT
are smaller and rounder than other Mg-Zn alloys ?'’. At the
same time, Mg-Zn alloys can be heat treated to give superior
mechanical properties ),

In this work, La element was added to further improve the
quality of semi-solid billets of Mg-7Zn alloy, and the effect of
La element on the semi-solid microstructure of Mg-Zn series
magnesium alloys was investigated. Accordingly, the semi-solid
microstructure evolution of Mg-7Zn-0.3La alloy during
the SSIT process was studied, especially the effect of La
element on the refinement of solid particles and the change of
coarsening rate constant.

2 Experimental procedure

Castings with nominal compositions of Mg-7Zn (all the
compositions are given in wt.% unless otherwise noted) and
Mg-7Zn-0.3La alloys were prepared with pure Mg (99.99%),
commercial high purity Zn ingot (99.9%), and Mg-30%La
master alloy by melting in a pit-type SG2-7.5 kW electric
resistance furnace. After the Mg ingot was completely melted,
Zn ingot and Mg-30%La master alloy were added into the
melt at 680 °C. The temperature of the melt was raised to
750 °C and then cooled to 730 °C. Subsequently, 0.2% C,Cl,
(ratio to the total mass of raw materials) was added to the
melt by mechanical stirring for 3 min to refine and remove
scum. Meanwhile, RJ-2 covering flux and an atmosphere of
Ar were used to shield the melt from oxidation and burning in
the whole process of melting. Finally, at 710 °C, the melt was
poured into a permanent steel mold pre-heated to 150 °C. The
obtained castings with the dimension of @18 mmx110 mm
were cut into specimens with the size of @18 mmx15 mm.
The SSIT process was performed in a box-type resistance
furnace. After reaching the experimental temperatures (575, 585,
595, 605, 615, and 625 °C), the samples were held for different
time durations (5, 10, 20, 30, 40, 50, 60, 90, and 120 min),
and then taken out for water quenching quickly. All as-cast
and semi-solid specimens were etched by picric acid reagent
(3 g picric acid, 20 mL acetic acid, 20 mL distilled water
and 50 mL alcohol) and 8% HNO, water solution in turn.
An optical microscope (OM) and a JSM-6700F scanning
electron microscope (SEM) equipped with an energy
dispersive spectrometer (EDS) were adopted to characterize
microstructures and chemical compositions of the as-
cast specimens and semi-solid samples. In this work, the
average particle size (d,) and shape factor (f;) of semi-solid
microstructure were calculated by the Image-Pro Plus software
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according to the following equations **:

1

dy= {ZZ(AO/R)Z}M M

fo= (S Py /4mAy) /n ©)

where A, is the area of the solid particle, P, is the perimeter of
each solid particle, and # is the number of solid particles. The
closer the f; is to 1, the more rounded the solid grains.

3 Results and discussion

3.1 As-cast microstructure

OM and SEM micrographs of the experimental alloys are shown
in Fig. 1. Compared with microstructures of La-free alloy, the
microstructures adding La element show noticeable changes.
The average grain size of the alloy decreases from 98 um to
61 um with the addition of La element. The OM micrographs
of as-cast Mg-7Zn alloy [Fig. 1(a)] and Mg-7Zn-0.3La alloy
[Fig. 1(c)] show that eutectic phases are distributed within
grains and along the grain boundaries. It can be clearly seen
from Fig. 1(a) that the eutectic morphologies of Mg-7Zn
alloy are mainly discontinuous island and in granular shape.
However, the eutectic morphology of Mg-7Zn-0.3La alloy,
compared with the La-free alloy, becomes more continuous
as shown in Fig. 1(c). This phenomenon indicates that the
addition of La is conducive to the formation of the continuous
eutectic phase. SEM images of the experimental alloys were
taken at a higher magnification, as shown in Figs. 1(b) and (d).
The EDS point analyzed at several regions in each micrograph
were conducted to identify the atomic percent of elements in
different locations of the microstructure. The EDS results are
shown in Table 1. As can be seen from Table 1, the content
of La element is higher in continuous phases, which further
indicates that the addition of La contributes to the formation
of the continuous eutectic phase. The grain refinement of the
Mg-7Zn-0.3La alloy is mainly due to the following two reasons:
on the one hand, the addition of La can create concentration
'l On the other

hand, the continuous eutectic phase effectively inhibits grain
251

undercooling which suppresses the grain growth!

growth during solidification, resulting in grain refinement

3.2 Effect of La on semi-solid microstructure

Semi-solid microstructures of Mg-7Zn-xLa (x=0, 0.3) alloys
heat treated at 605 °C and held for 30 min are shown in Fig. 2.
Compared with Mg-7Zn alloy [Fig. 2(a)], the solid particles
of the semi-solid billet of the Mg-7Zn-0.3La alloy [Fig. 2(b)]
have a smaller size, better roundness, and almost equal size in
the whole zones. The average particle size of the Mg-7Zn-0.3La
alloy is 42 pm, while that of the Mg-7Zn alloy is 75 um. The
main reason for this phenomenon is that the addition of La can
effectively refine the grain size of the Mg-7Zn alloy and promote

Bl The eutectic

the formation of the continuous eutectic phase
phase melts firstly during the SSIT process. The island-like

eutectic phase tends to form a small liquid pool inside the solid



Research & Development i FOUNDRY

Vol. 19 No. 5 September 2022

,

Polnt B Pt Polnt A

N

'\ 3

= b.
4 > .
o Nl >

~ i < y
» r Z

S » 4 R
12A1212021 HV | mag £Q| det | mode 0 um
8:56:17 AM | 20.00kV | 1 000 x | ETD SE ———————

12212021 | AV | mag (o] det 50 um
9:23:04 AM | 20.00 kY | 1 000 x | ETD _—

Fig. 1: OM (a, c) and SEM (b, d) microstructures of as-cast alloys: (a, b) Mg-7Zn alloy; (c, d) Mg-7Zn-0.3La alloy

Table 1: EDS analysis results of as-cast alloys particles. Therefore, the continuous eutectic phase after melting

can effectively promote the separation of solid particles, and

Element contents (at.%) then achieve smaller solid particles.

Points

3.3 Semi-solid microstructural evolution

A 98.6 14 - In this section, the effect of isothermal temperature and
holding time on the average particle size, shape factor, and
Mg-7Zn B 63.6 36.4 = . . . . .
solid fraction were studied to determine the optimal process of
c 74.5 25.5 - SSIT for Mg-7Zn-0.3La alloy.
A 98.9 1.1 0.0 3.3.1 Effect of isothermal temperature on semi-solid
microstructure
B 91.7 7.8 0.5 . _ . . o
Mg-7Zn-0.3La Figure 3 displays the optical micrographs of semi-solid
c 724 27.3 0.3 microstructures of the Mg-7Zn-0.3La alloy treated at various
D 76.3 23.7 00 temperatures for 30 min. Figure 4 shows the change of the

average particle size, shape factor, and solid fraction of the

Fig. 2: Semi-solid microstructures of Mg-7Zn (a) and Mg-7Zn-0.3La (b) alloys heat treated at 605 °C for 30 min
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Fig. 3: Optical microstructures of semi-solid Mg-7Zn-0.3La alloy treated for 30 min at different temperatures:
(a) 575 °C; (b) 585 °C; (c) 595 °C; (d) 605 °C; (e) 615 °C; (f) 625 °C
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Fig. 4: Variation of average particle size, shape factor, and

solid fraction with isothermal temperature for semi-
solid Mg-7Zn-0.3La alloy

alloy. As seen from Fig. 3, the semi-solid microstructure of the
alloy consists of solid particles and liquid phase. Meanwhile,
with the increase of isothermal temperature, the liquid fraction
gradually increases. It can be seen from Fig. 3(a) that after
holding at 575 °C for 30 min, the solid particles cannot be
separated at a lower temperature, resulting in the large size and
irregular shape of the solid particles. As observed in Figs. 3(b)
and (c), with the temperature increasing to 585 °C and 595 °C,
solid particles are clearly separated and fine particles form
gradually. When the isothermal temperature is 605 °C, as
observed in Fig. 3(d) and Fig. 4, the size and shape factor of
solid particles of the alloy are the smallest. The solid particles
become more spherical. The spherification stage is a significant
stage of semi-solid microstructure evolution in the SSIT
process, which makes the solid particles with irregular shapes
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tend to be round. The spheroidization of solid particles relates
to the curvature of the particle interface, which determines the
change of the equilibrium melting point (AT)) of the alloy. The
relationship between the equilibrium melting point of the alloy

and the curvature of the particle interface can be expressed as

20T, V. k

AT, = AR 3)
where o is the solid-liquid interfacial tension, 7, is the melting
point when the solid/liquid interface is a plane, V; is the molar
volume of the solid phase, & is the curvature of the solid-liquid
interface, and AH,, is the molar enthalpy of liquid-solid
transformation. According to Eq. (3), if the curvature is positive:
the greater the curvature, the lower the melting point. Therefore,
the edges and corners of solid particles will lead to a decrease
in their equilibrium melting point, and have a priority to melt
during the SSIT process, which causes the partial melting of the
solid particles and makes the solid particles finer and rounder.
Finally, solid particles with irregular shapes evolve to spherical
or near-spherical shapes. As can be seen from Figs. 3(e), (f), and
Fig. 4, the size and shape factors of solid particles in the semi-
solid microstructure of the alloy increase when the isothermal
temperature increases to 615 °C and 625 °C. This coarsening
phenomenon of solid particles can be described by coalescence
and Ostwald ripening mechanisms. The phenomenon of
Ostwald ripening is the dissolution of small solid particles
and the transformation of large solid particles into larger ones.
Coalescence of clustered particles is the merger of adjacent
particles, which leads to coarsening of solid particles through
the merger of grain boundary migration. The driving force for
solid particles coarsening by Ostwald ripening and coalescence

of clustered particles is the reduction of interfacial free energy **.



Research & Development CHINA FOUNDRY

Vol. 19 No. 5 September 2022

3.3.2 Effect of holding time on semi-solid microstructure

According to the analyses above, the alloy has an ideal semi-
solid microstructure at 605 °C. Figure 5 shows the semi-solid
microstructure of the Mg-7Zn-0.3La alloy treated at 605 °C
for various times from 5 to 50 min. Figure 6 demonstrates
the particle size, solid fraction, and shape factor of semi-solid
Mg-7Zn-0.3La alloy held at 605 °C for different times. As
shown in Fig. 5(a), a small amount of liquid phase diffuses
both on boundaries and inside of the particles, and the primary

solid particles do not separate significantly. After 10 min
holding [Fig. 5(b)], the thickness of liquid films increases
gradually. When the holding time is prolonged to 20 min, the

separation of solid particles is obvious, as shown in Fig. 5(c).
As observed from Fig. 5(d) and Fig. 6, when the holding time is
30 min, the size and shape factor of solid particles of the alloy
are the smallest. Further extending the holding time to 40 min
leads to the coarsening of the solid particles [Fig. 5(e) and Fig. 6].
When the holding time reaches 50 min, it can be seen from
Fig. 5(f) that many fine solid particles are distributed around the
coarse solid particles. At the same time, the coarsening, as well
as coalescence of clustered particles could be still observed. The
coarsening of the solid particles caused by such a long holding
time is also due to the coalescence and Ostwald ripening of the
solid particles to reduce the interface energy.

Fig. 5: Optical micrographs of semi-solid Mg-7Zn-0.3La alloy treated at 605 °C for different holding times:
(a) 5 min; (b) 10 min; (c) 20 min; (d) 30 min; (e) 40 min; (f) 50 min
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Fig. 6: Average particle size, shape factor, and solid
fraction of Mg-7Zn-0.3La alloy treated at at 605 °C
for different holding times

In summary, the semi-solid microstructure of Mg-7Zn-0.3La
alloy obtained by holding at 605 °C for 30 min is better, and
under this condition, the average solid particles' size, shape
factor, and solid fraction of solid particles are 42 um, 1.45 and
61.8%, respectively.

3.3.3 Semi-solid microstructural characterization

The SEM graphs of non-dendritic microstructures of the semi-
solid Mg-7Zn-0.3La alloy after heat treatment at 605 °C for
30 min are shown in Fig. 7. The semi-solid microstructure of
the alloy is composed of the primary solid particles (named
a,-Mg) and liquid phase. It can be observed that the liquid
phase of the semi-solid Mg-7Zn-0.3La alloy has three forms:
the molten pool, the liquid pool, and the liquid film [as shown
in Fig. 7(a)]. A liquid pool is formed when the liquid phase
is isolated inside the solid particles. Meanwhile, the liquid
phase outside the solid particles is distributed around the
solid particles in the form of the molten pool and liquid film.
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Fig. 7: SEM images of Mg-7Zn-0.3La alloy treated at 605 °C for 30 min: (a) low magnification;

(b) high magnification

During water quenching, the liquid phase rapidly solidifies to
form the secondary solidification structure, and a large number
of fine eutectic grains (named a,-Mg) are formed during the
solidification of the molten pool [as shown in Fig. 7(b)].

3.4 Semi-solid microstructure evolution
mechanism

During the process of SSIT, the semi-solid microstructure
of alloys is affected by both the melting mechanism and
coarsening mechanism "\, It can be found from Fig. 6 that with
the increase of isothermal time, the coarsening of solid particles
and the reduction of solid fraction occur simultaneously. This
indicates that the melting and the coarsening mechanisms are
not independent but work together. Therefore, it is necessary to
study the coarsening process and partial melting process of solid
particles.

3.4.1 Coarsening mechanism of solid particles

Through the research on the evolution of semi-solid
microstructure in Section 3.3, it can be found that when the
isothermal temperature is too high or the holding time is too
long, the solid particles will be coarsened (Fig. 4 and Fig. 6).
Previous research found that the coarsening of solid particles
will degrade the mechanical properties of SSM processing
workpieces " **!. The reduction of mechanical properties
caused by solid particle coarsening can be explained by the
Hall-Petch relationship “":
1
=0, + K,d 2 “)

Oy

where o, is the yield strength, o, is the friction stress when
dislocations glide on the slip plane, K| is the stress concentration
factor constant, and d is the average grain size. According to
Eq. (4), the coarser the solid particle, the smaller the o,.
Therefore, it is hoped that the coarsening rate of solid particles
is low enough to prevent excessive coarsening. To investigate
the coarsening of solid particles during the SSIT process, a long
holding time is usually needed. Thus, the effect of La addition
on the coarsening rate of solid particles during the SSIT process
was examined by holding Mg-7Zn and Mg-7Zn-0.3La alloys
at 605 °C for 60, 90, and 120 min, respectively. Their semi-
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solid structures are shown in Fig. 8. Comparing the semi-
solid microstructures of Mg-7Zn and Mg-7Zn-0.3La alloys,
it can be found that with the extension of holding time, the
coarsening of solid particles in Mg-7Zn alloy is very significant.
After holding for 120 min, the solid particles of Mg-7Zn
alloy are very coarse, and the fine solid particles basically
disappear [Fig. 8(c)]. Correspondingly, after holding for
120 min, a small amount of coarse solid particles appear in the
semi-solid microstructure of Mg-7Zn-0.3La alloy, and there are
still a large number of fine solid particles [Fig. 8(f)]. As can be
seen from Fig. 8, Ostwald ripening makes a major contribution
to the coarsening of solid particles, and coalescence of clustered
particles could still be observed. The time dependency of the
growing particle size during SSIT could be described by the
Lifshitz-Slyozov-Wagner (LSW) theory *":

D] - D, =Kt Q)

where D, is the average particle size at time ¢, D, is the average
particle size of the initial solid particles, K is the coarsening
rate constant (um’-s™). Statistical analysis and linear regressions
are shown in Fig. 9 to evaluate the coarsening rate constants of
Mg-7Zn and Mg-7Zn-0.3La alloys during SSIT. It can be seen
that the experimental data are well fitted to the LSW equation
(Fig. 9). The coarsening rate constant of the alloy can be
obtained from the slope of the correlating straight line. It is
shown that the coarsening rate constant decreases significantly
from 115.5 pm®s™ to 64.6 um™s™ by adding 0.3% La to the
Mg-7Zn alloy. The possible reason is that RE elements are
surface-active elements, which can reduce the solid-liquid

interfacial energy !'”*.

3.4.2 Partial melting mechanism of solid particles

During the SSIT process, the partial melting mechanism plays
an essential role in the evolution of semi-solid microstructure.
The variation of solid fraction in semi-solid microstructure can
directly reflect the partial melting of solid particles. The solid
fraction decreases with the partial melting of solid particles;
and also, there is no doubt that the solid fraction decreases
with increasing isothermal temperature, as shown in Fig. 4.
Compared with the variation of the solid fraction caused by
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Fig. 8: Semi-solid microstructures of Mg-7Zn (a, b, c) and Mg-7Zn-0.3La (d, e, f) alloys treated at 605 °C

for 60 min (a, d), 90 min (b, e), and 120 min (c, f)
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® Mg-7Zn-0.3La K=64.6 ym®s™'
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Fig. 9: Linear fitting of primary particle coarsening of
Mg-7Zn and Mg-7Zn-0.3La alloys isothermally
treated at 605 °C for different times

variation of isothermal temperature, it is necessary to study
the change of the solid fraction with increasing holding time.
The variation of the solid fraction of semi-solid Mg-7Zn-0.3La
alloy with holding time at 605 °C is shown in Fig. 10. It can
be seen that the solid fraction decreases significantly when the
holding time increases from 0 to 60 min. This indicates that
solid particles partially melt during this holding time. During
the SSIT process, as Zn and La atoms in the liquid phase diffuse
into the solid phase, the concentration of Zn and La atoms at the
edge of solid particles increases, which causes the melting point
decreases. The edge part of solid particles melts into the liquid
phase, which increases the content of Mg in the liquid phase.
Accordingly, the concentration of Zn and La atoms decreases.
When the holding time exceeds 60 min, the solid fraction of
the alloy does not change obviously (Fig. 10), while the semi-
solid structure has an obvious change (Fig. 8). This indicates

100 -

90

ol N\

60 -

Solid fraction (%)

50 -

0 20 40 60 80 100 120

Holding time (min)

Fig. 10: Variation of solid fraction with holding time for
semi-solid Mg-7Zn-0.3La alloy at 605 °C

that the melting of solid particles caused by the diffusion of Zn
and La atoms becomes difficult after the holding time exceeds
60 min.

4 Conclusions

(1) The addition of La element can effectively refine the
grain of the Mg-7Zn alloy and promote the formation of the
continuous second phase, which is conducive to the separation
of 0-Mg during the semi-solid isothermal heat treatment (SSIT)
process, resulting in a significant decrease in the particle size.

(2) Isothermal temperature and holding time play a crucial
role in the average size and roundness of solid particles. The
suitable processing parameter for the Mg-7Zn-0.3La alloy in
SSIT is holding at 605 °C for 30 min, by which the average
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solid particle size, shape factor, and solid fraction of the alloy
are 42 um, 1.45, and 61.8%, respectively.

(3) The coarsening rate constants of the semi-solid Mg-7Zn
and Mg-7Zn-0.3La alloys heat treated at 605 °C are 115.5 pm’-s™
and 64.6 ym’s”, respectively. Compared with the alloy without
La, the coarsening rate constant of solid particles of the alloy
with La addition decreases significantly.

(4) At the same isothermal heat treatment temperature, the
solid fraction decreases with the increase of holding time at
first, but when the solid fraction decreases to a certain degree,
it no longer decreases significantly with further increase of
holding time.
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