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Abstract: A semi-solid microstructure of Mg–10Zn–6.8Gd–4Y alloys is acquired via an isothermal
heat treatment process, and the effects of the holding time on the microstructure evolution of
Mg–10Zn–6.8Gd–4Y alloys are investigated. The results show that the microstructure of the cast alloy
is composed of primary α-Mg dendritic grains with a eutectic structure (W-phase and eutectic Mg)
distributed at the grain boundaries. The primary α-Mg dendritic grains grow in size with increasing
holding time, and they tend to grow into more globular structures in the initial stage; they then
become a bit more dendritic, as small branches grow from the grain boundaries after holding the
sample at 580 ◦C for 10 min. Meanwhile, the interdiffusion of magnesium atoms within the eutectic
region, and between the primary α-Mg and eutectic structure, leads to the formation of fine and
relatively globular eutectic Mg grains in the eutectic structure after holding for 10 min. The eutectic
Mg grains begin to grow, coarsen, coalesce, or be swallowed by the surrounding primary grains,
causing fluctuations of the general grain size. Over the whole isothermal heat treatment process, two
mechanisms—coalescence and Ostwald ripening—dominate the grain coarsening.
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1. Introduction

Magnesium alloys have become important structural material candidates for applications in the
automotive and aerospace industries alongside other fields due to their high specific strength and
stiffness, as well as the simplicity of processing them to fabricate products [1]. Adding rare-earth (RE)
elements has been proven to be a feasible and effective method to strengthen magnesium alloys [2–4].
Owing to the unique properties of rare-earth (RE) elements, their addition can significantly improve
the performance of magnesium alloys [5]. The solid solubility of gadolinium (Gd) in magnesium can
reach 24 wt.%, and this will lead to solid solution strengthening [4,6]. In addition, a eutectic phase
with Mg can be formed after adding Gd, which reinforces the heat resistance of the alloys [7]. Yttrium
has similar characteristics to Gd. It allows strengthening of magnesium by precipitation strengthening
and solid solution strengthening [2]. However, casting defects limit the addition of RE elements into
magnesium alloys and consequently restrict the application and development of rare-earth elements in
magnesium alloys [8].
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To make full use of these scarce and valuable resources, it is important to consider the manufacturing
process for Mg–RE alloys. Semi-solid metal forming (SSMF), proposed by Flemings [9], is considered
to be a promising method. Magnesium alloys produced by the SSMF process have lower porosity,
longer die life, and lower tendency towards hot tearing, when compared with the ones made by
conventional casting [10,11]. Currently, magnesium alloys used in SSMF processing are mainly
confined to commercial Mg–Al alloys, including AM50, AZ91, and AM60 [12,13]. Isothermal heat
treatment of alloys in the semi-solid temperature range was discovered to be an economically efficient
technique to generate globular structures for their subsequent formation [14]. During the isothermal
treatment process, the initial dendritic structures would grow and coarsen to be spherical, and the
morphology of the secondary phase would be modified during the holding time of the process [15–17].
Ostwald ripening and coalescence mechanisms have important impacts on microstructure evolution
and control the grain coarsening over the whole process. Ostwald ripening involves the diffusion of
solute atoms from small grains to the larger ones. The driving force for the diffusion flow between
grains is well-understood to be the chemical potential difference between the grains and domain
surfaces, which generally requires the chemical potential of the curved interface to be different from
that of the flat one [18]. The diffusion process causes the large structures to grow and coarsen, and the
smaller structures decrease in size or even dissolve. The prerequisite for coalescence is that the sizes
of two adjacent grains are different, so that the larger grains absorb the smaller ones when the grain
boundary is dissolving. Likewise, if there is a low crystallographic disorientation between the adjacent
grains, this can also trigger coalescence [19,20]. The systems that have high values of the solid–liquid
interfacial energy coarsen by Ostwald ripening. On the contrary, the grains tend to coalesce when the
volume fraction of grains is low and especially when the interfacial energy is very low.

Owing to the importance of coarsening, many studies have been undertaken to investigate
the coarsening process during solidification or under isothermal heat treatment in metallic alloy
systems [21–24]. Some of the coarsening mechanisms are revealed in those studies through examining
the 2D microstructures. However, the samples’ microstructures are likely to be destroyed during
sample preparation, such as during cutting, polishing, and etching, and thus may not reflect the real
microstructures in three-dimensional (3D) space. This can now be improved by the use of synchrotron
tomography (SR-CT) to nondestructively characterize the 3D microstructure or even 4D (3D + time)
structure of metallic materials [25–30]. For example, to explore the dynamics of microstructure
evolution during coarsening, some work on Mg–Zn alloys has been performed by Guo et al. using 4D
synchrotron tomography [29].

In this work, the microstructure evolution of Mg–10Zn–6.8Gd–4Y alloy during isothermal heat
treatment is investigated. For this purpose, the alloy is initially solidified, then heated up to a
semi-solid temperature, and held for various amounts of time before the sample is quenched for
post-study examination. The structure of this alloy is analyzed by scanning electron microscope
(SEM), synchrotron X-ray tomography, and electron probe microscope analysis (EPMA). The dendritic
microstructural evolution of the alloy in the semi-solid state at the temperature of processing is explored.
The mechanism controlling the microstructure evolution is the focus of this paper and is discussed.

2. Materials and Methods

The studied material in this paper was cast Mg–10Zn–6.8Gd–4Y (all in wt.%) alloy which
was prepared by adding the following materials: high-purity elemental Mg (>99.99%) and Zn
(>99.99%), Mg–30wt.%Gd, and Mg–30wt.%Y master alloys. The materials were melted in a MgO
crucible electric resistance furnace under a protective atmosphere of SF6 (1 vol.%) and CO2 (bal.)
and cast into a cylindrical steel mold (Φ 80 × 100 mm). The actual chemical composition,
as determined quantitatively by inductively coupled plasma atomic emission spectroscopy (ICP-AES),
was 79.2wt.%Mg–9.97wt.%Zn–6.78 wt.%Gd–4.05wt.%Y. Subsequently, the ingot was machined into the
Φ 1 × 30 mm3 samples for the isothermal heat treatment experiments that were performed in a tubular
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vacuum furnace. The specimens were reheated to 580 ◦C and isothermally held for 2.5, 5, 10, 15, 30, 60,
and 120 min. Subsequently, the samples were quenched into cold water at room temperature.

Small samples were machined and prepared by the standard metallography procedure. After
etching with 4 vol.% nitric acid in ethanol, the phase identification was performed by an X-ray
diffractometer (XRD, EMPYREAN, Malvern Panalytical, Eindhoven, The Netherlands), using Cu Kα

radiation. The microstructure was characterized with an SEM (Zeiss Supra 55, Oberkochen, Germany)
equipped with an energy-dispersive spectrometer (EDS) and an EPMA (JXA-8530F Plus, Tokyo, Japan)
operated at 15 kV and 1 × 10−8 A. The composition and crystal structure of the eutectic phase were
detected by transmission electron microscopy (TEM, JEOL JEM-2100F, Tokyo, Japan) operated at 200 kV.
The microstructure characteristics, such as the average grain size, were analyzed quantitatively using
the software ImageJ (National Institutes of Health, Maryland, the United States). The grains in the
SEM images were separated by ImageJ, and then the number of grains in each image was counted, and
finally, the average grain size was calculated.

The tomography experiments were conducted at the BL13W1 beamline of the Shanghai Synchrotron
Radiation Facility (SSRF). For the tomography, a transmitted beam of 25 keV was used to penetrate the
Φ 1 mm sample. The projections were recorded by a high-speed charge coupled device (CCD) camera.
The distance between the specimen and camera was ~20 cm. During each scan, 1080 projections were
collected over a 180◦ rotation with an exposure time of 1.5 s, and they were subsequently reconstructed.

3. Results and Discussion

3.1. The Microstructure of As-Cast Mg–10Zn–6.8Gd–4Y Alloy

Figure 1 shows the XRD results of the Mg–10Zn–6.8Gd–4Y alloy. The pattern suggests that the
as-cast alloy was mainly composed of α-Mg and W phases, which is common in Mg–Zn–RE alloys [31].
The W phase has a face-centered cubic (FCC) structure and possesses high thermal stability [32].
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is composed of gray microcrystalline and white phases having two morphologies (lamellar and 
block-shape structures), as shown by arrows in Figure 2b. It is pointed out that the eutectic structure 
was not continuous in some regions, as indicated by the dotted area in Figure 2b, indicating that there 
were differences in the grain orientation. TEM was carried out to further study the white eutectic 
phase in the Mg–10Zn–6.8Gd–4Y alloy, and the results are shown in Figure 3. A typical eutectic 
microstructure was observed, and the average lamellar distance was ~500 nm. The selected-area 
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Figure 1. XRD pattern of the as-cast Mg–10Zn–6.8Gd–4Y alloy.

Figure 2 shows the SEM microstructure of the cast Mg–10Zn–6.8Gd–4Y alloy. The primary
α-Mg grains exhibited a complex dendritic morphology and were surrounded by a eutectic phase
network. The microstructure morphology suggests that the solidification mechanism of this alloy
is dominated by dendrite growth. The eutectic microstructure seen in Figure 2a was enlarged for
detailed examination and the result is shown in Figure 2b. It is seen that the eutectic microstructure
is composed of gray microcrystalline and white phases having two morphologies (lamellar and
block-shape structures), as shown by arrows in Figure 2b. It is pointed out that the eutectic structure
was not continuous in some regions, as indicated by the dotted area in Figure 2b, indicating that there
were differences in the grain orientation. TEM was carried out to further study the white eutectic
phase in the Mg–10Zn–6.8Gd–4Y alloy, and the results are shown in Figure 3. A typical eutectic
microstructure was observed, and the average lamellar distance was ~500 nm. The selected-area
electron diffraction (SAED) patterns in Figure 3b,c suggest that the eutectic possesses both a hexagonal
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closed-packed (HCP) structure (region b) and face-centered cubic (FCC) structure (region c). The EDS
analysis in the TEM showed that the compositions of regions b and c were 99.5at.%Mg–0.5at.%Zn and
25.7at.%Mg–45.6at.%Zn–13.4at.%Y–15.3at.%Gd, respectively. This means the gray microstructure is
eutectic Mg and the Zn/RE ratio (at.%) of the lamellar white eutectic phase was close to 1.5, suggesting
that the white lamellar eutectic phase is the W phase. This is in accordance with the XRD results [33,34].
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3.2. The Microstructures of Semi-Solid Mg–10Zn–6.8Gd–4Y Alloys

The solid fraction versus temperature curve of the Mg–10Zn–6.8Gd–4Y alloy was calculated to
determine the holding temperature for semi-solid processing, and the results are shown in Figure 4.
As shown in Figure 4, the solidus and liquidus temperatures of Mg–10Zn–6.8Gd–4Y were about
340 and 595 ◦C, respectively. The temperature of 580 ◦C was selected for the semi-solid coarsening
experiments, corresponding to a solid fraction of 0.35.

In previous work on SSMF, the main focus was on the microstructure evolution of the primary
phases in magnesium alloys such as AS91, AZ91, and Mg–Gd alloys [7,15,17] during processing.
The microstructures of these are mostly composed of a liquid matrix and primary α-Mg. With the
prolongation of the isothermal holding time, the size of the primary α-Mg grains increased continuously
and significantly without other changes in the microstructure. In this study, the changes in the
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morphology and distribution of the secondary phase, as well as the formation of eutectic Mg grains,
affected the microstructure of the alloys during the isothermal heat treatment.
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Figure 5 shows the structural evolution of the semi-solid Mg–10Zn–6.8Gd–4Y alloy during
isothermal holding at 580 ◦C for 2.5, 5, 10, 15, 30, 60, and 120 min. It was found that the dendrites in
the cast samples were transformed into spheroids during the holding process. Although the original
dendritic microstructures remained, the dendrite size became smaller than the as-cast ones, and the
primary α-Mg grains tended to become gradually rounded after being held for 2.5 and 5 min, as shown
in Figure 5a,b. The average grain size increased from ~30 µm to ~41 µm, and reached a peak value
of ~41 µm after 5 min. Further extending the holding time to 10 min led to interior changes in the
lamellar-shaped eutectic structure, and eutectic Mg grains with various morphologies appeared in
the large eutectic regions, including polygon-, circular-, dendritic-shaped, etc., as shown in Figure 5c.
At this stage, the presence of eutectic Mg reduced the overall average grain size to ~36 µm.

As shown in Figure 5d,e, when the holding time was prolonged, the eutectic Mg grains grew, and
the adjacent small grains merged to form a large eutectic Mg grain. The average grain size increased,
the grains became rounder and more regular, and the eutectic phases aggregated to form blocks after
holding for 30 min. After isothermal heat treatment for 60 and 120 min, the eutectic Mg grains in the
block-eutectic phases became rounder and were distributed more regularly. Some of them coalesced
with adjacent large primary α-Mg grains. The size of the primary α-Mg grains became bulky, and the
aforementioned aggregated eutectic areas basically disappeared, as shown in Figure 5f,g.

The 3D dendrites were segmented from the tomographic scans for further analysis. Figure 6
shows the 3D rendering of dendrites in Mg–10Zn–6.8Gd–4Y alloys after isothermal heat treatment from
0 to 120 min. Before the isothermal holding time reached 10 min, the dendrite arms gradually evolved
into short and rounded ones. Meanwhile, the primary α-Mg grains began to grow and coarsen into
spherical shapes in tandem with the increases in the isothermal holding time, as shown in Figure 6a–c.
After holding for 10 min, the eutectic Mg grains began to appear in the eutectic regions. Owing to the
obscurity of the boundary between the primary and eutectic Mg grains in the reconstructed images,
the two kinds of grains were unavoidably connected in the 3D renderings, as shown in Figure 6e–h.
When the holding time was prolonged, the eutectic Mg grains also grew, coarsened, and coalesced.
The above 3D results are consistent with the SEM results. Figure 7 shows the 3D rendering of individual
Mg grains in Mg–10Zn–6.8Gd–4Y alloys after isothermal heat treatment for 0, 5, 15, and 120 min. It can
be clearly seen from Figure 7b that the dendrite tips became rounded, and the dendritic arms appeared
shorter after being treated for 5 min, compared with that of the as-cast microstructure in Figure 7a.
With the increase in holding time, the dendritic branches grew from the primary α-Mg grains due to
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the coarsening process, as shown in Figure 7c,d. This observation further confirms the results observed
in the 2D SEM microstructures.

Figure 8 shows the evolution of the average grain size of semi-solid Mg–10Zn–6.8Gd–4Y alloys.
In the initial stage of isothermal processing (<10 min), the grains grew rapidly. After isothermal
processing for 10 min, the average size of the grains started to decrease, because many new tiny
and relatively equiaxial eutectic Mg grains started to appear in the eutectic structure, significantly
increasing the number of grains in the alloy. It can be noticed in the figure that there was a slight
increase in the grain size when the holding time increased from 15 to 30 min and from 60 to 120 min,
while there was a slight decrease in the grain size when the holding time increased from 30 to 60 min.
These fluctuations were mainly caused by the competition between the grain growth of large α-Mg
dendrites by swallowing the surrounding eutectic Mg grains or liquid eutectic Mg and the changing
number of eutectic Mg grains as they evolve. For example, because of the increase in the number of
eutectic Mg grains over the holding time and their short coarsening period, the large number of fine
eutectic Mg grains led to a sharp decrease in the average grain size from 30 to 60 min.
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grains, respectively.
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3.3. Coarsening Mechanism during Isothermal Heat Treatment

Electron probe microscope analysis (EPMA) was used to determine the element distribution, and
the results are shown in Figure 9. There were two regions with high Mg concentration within the
area scanned. The Zn, Y, and Gd contents were much higher in the eutectic structure than within the
primary α-Mg grains. The line-scanning curve (Figure 9f) shows that when the eutectic Mg grains form,
the Zn, Gd and Y elements in the center of a eutectic Mg grain would diffuse to the surrounding eutectic
structures, leading to a decrease in the solute content in the area. This is especially obvious for the zinc
content, which showed a large fluctuation and exceeded the magnesium content in a small region.
One possible explanation for the above phenomenon during the isothermal heat treatment could be
the Gibbs–Thomson effect. If the interface between the two phases is curved, a pressure difference
occurs due to the interfacial tension [35]. The equilibrium solute supersaturation at the interface is
proportional to the local mean curvature of the interface. The spatial variation of the equilibrium
supersaturation at an interface with inhomogeneous curvature leads to a concentration gradient which
excites the fluxes of enthalpy and solutes through the embedding matrix phase. These diffusion
interactions stimulate the growth of flatter interface regions and lead to the remelting of more curved
regions. The net effect of this process is that the average particle radius of the microstructures increases
and the average curvature of the interfaces decreases correspondingly [36]. G.R. Ma et al. investigated
the morphology changes of Mg2Si phases in AS91 alloy during semi-solid isothermal heat treatment.
According to the Gibbs–Thomson effect, the sites of the secondary phase Mg2Si have a large curvature
and high concentration of Si. Si atoms would diffuse to the flat interface where the concentration of
Si is lower. This leads to dissolution at the positions with larger curvature. As a result, the Mg2Si
inclusions are modified [15]. An alloy element’s concentration in the eutectic phase at large curvature
can be expressed as [15,36,37]

Cα(r) = Cα(∞) exp
(2σνB

kBTr

)
(1)

where Cα(r) is the alloy element’s concentration at the site with a given curvature radius (r), Cα(∞) is
the alloy element’s concentration at a flat interface, σ is the surface tension, νB is the atomic volume of
the alloy element, T is the temperature, and kB is the shape coefficient. Therefore, a smaller curvature
radius generally causes a higher concentration, and the different eutectic phase shapes cause different
curvature radii, leading to a concentration gradient of the alloying elements. Therefore, the alloying
atoms diffuse from an area where the curvature is larger, and the alloy-element concentration is higher,
to a flat interface, with a lower alloy-element concentration. To recover the balance, the sharply curved
regions of eutectic phases are dissolved.
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Previous studies have reported the impurity diffusion coefficients in HCP Mg alloys [38,39],
and the diffusion coefficients of Mg and Zn are in the same order of magnitude, but are an order of
magnitude higher than that of Gd and Y elements. This also explains why the Mg and Zn contents
change greatly, while the contents of Gd and Y change slightly, as shown in Figure 9f. Some studies
indicate that the diffusion of Mg atoms is faster than that of Y and Gd [38,40]. Due to the fact that the
white eutectic structure is not completely closed, as shown in the dotted areas in Figure 2b, magnesium
atoms could diffuse into the interior of the eutectic structure through the open channels during
isothermal heat treatment and form secondary α-Mg grains. Owing to the long diffusion distance of
magnesium atoms between the primary α-Mg and eutectic structure, the formation of the eutectic Mg
grains is mainly due to the interdiffusion of magnesium atoms within the eutectic structure. Therefore,
under these conditions, the average grain size variation curve presents the trend described in Figure 8.

There are two mechanisms believed to be responsible for the coarsening kinetics of the primary
and eutectic Mg grains during the isothermal heat treatment, viz. grain coalescence and Ostwald
ripening. The coarsening process is driven by the migration of grain boundaries at a high solid fraction,
and the predominant mechanism is the coalescence of adjacent grains, which are remelting at the same
time, so a balance exists between them. On the other hand, when the holding time increases, the
Ostwald ripening mechanism dominates the coarsening process, in which the larger grains grow and
the smaller ones dissolve, and predominantly big grains result. The driving force for this mechanism
under isothermal heat treatment is a reduction of the interfacial free energy. After the composition
becomes close to equilibrium, the interface size increases and becomes unstable, due to the presence of
a large number of interfaces. To reduce the total interfacial energy, the grains will be coarsened by the
aforementioned mechanism.

Finally, we summarize the phenomenon of microstructure coarsening, as observed in
Mg–10Zn–6.8Gd–4Y. Figure 10 shows a schematic diagram of the microstructure evolution of
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Mg–10Zn–6.8Gd–4Y alloys during isothermal heat treatment. The initial microstructure is composed of
dendriticα-Mg and lamellar-shaped eutectic structure, as shown in Figures 10a and 2a. At the beginning,
only the coarsening of primary α-Mg occurred (Figure 10a–c), as observed in other studies [17,41].
With increasing holding times, new, tiny eutectic Mg grains appeared inside the bulk eutectic phase
and grew continually. Adjacent small eutectic Mg grains merged to form large ones or coalesced with
the large primary α-Mg grains, as shown in Figure 10d–f. Meanwhile, the dendritic grain branches
grew from the primary α-Mg grain boundaries after a period of isothermal heat treatment, as shown in
the dotted areas in Figures 5c–g and 10d,e. There are two possible explanations for the appearance
of the dendrite branches. One is that the eutectic Mg adjacent to the primary α-Mg grains diffuses
into the primary grains, and they also coalesce over small areas, because of the small interstitial
distance (~500 nm) and the unclosed channels, after isothermal heating for a period of time. The other
possibility is that the already-formed eutectic Mg grains merge with the large primary α-Mg grains
after a period of isothermal heat treatment. According to the experimental results and analysis, these
two mechanisms, coalescence and Ostwald ripening, describe the grain coarsening during isothermal
heat treatment.
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4. Conclusions

The effects of the holding time on microstructure evolution in Mg–10Zn–6.8Gd–4Y alloys during
semi-solid isothermal heat treatment were investigated. According to the experimental results, the
following conclusions can be obtained:

(1) The microstructure of cast and semi-solid Mg–10Zn–6.8Gd–4Y is mainly composed of α-Mg
and eutectic structures (W phase + eutectic Mg). The eutectic structure is not completely closed in the
3D space, providing possible channels for the diffusion of magnesium atoms.

(2) With an increase in the isothermal holding time, the primary α-Mg grains gradually grow and
coarsen. Fine eutectic Mg grains begin to appear in the eutectic structure after holding for 10 min,
leading to a decrease in the overall grain size. The dendritic branches regrow in the primary α-Mg
grains after holding for 10 min, due to the coarsening effects.

(3) During the isothermal heat treatment process of Mg–10Zn–6.8Gd–4Y, the grain coarsening is
dominated by Ostwald ripening and coalescence.
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