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Abstract: The microstructures of Mg-1Sn-2.5Y (wt%) alloys solidified under high pressures were
investigated. In addition, a mathematical model was established to analyze the effects of solidification
pressure and cooling rate on the average grain size. The results show that the alloy was solidified
under high pressure and temperature gradient using the cooling rate difference in the high pressure
chamber, resulting in the formation of the outer equiaxed zone, the columnar zone, and the equiaxed
zone in the sample. With an increase in the solidification pressure, the columnar-to-equiaxed transition
was inhibited in Mg-1Sn-2.5Y alloy. In the outer fine equiaxed zone and the columnar zone, the
solubility of Sn in the Mg matrix increased with an increase in solidification pressure. The average
secondary dendrite arm spacing decreased from 14–17 µm under 1 GPa to 9–11 µm under 1.5 GPa.
Increases in pressure and cooling rate resulted in a reduction in average grain size.

Keywords: high pressure solidification; cooling rate; average grain size; secondary dendrite arm spacing

1. Introduction

Pressure changes the structure of matter by changing the distance between atoms and
produces new structures. High pressure technology has become an effective method to
synthesize new materials [1–4], study the phase transition of known materials [5–9], and
verify the theoretical model [10–12].

Under the pressure of GPa, the nucleation rate and growth rate change [13,14], the
microstructure refinement occurs [15,16], and the solubility of solute in the matrix in-
creases [17]. Cooling rate and temperature gradient, as important conditions in cooling
conditions, have an important influence on the high-pressure solidification process. It is
necessary to study the effect of solidification pressure and cooling rate on the microstructure
of the alloy.

In recent years, the development of heat-resistant magnesium alloys has become one
of the main focuses of magnesium alloy research. The Mg2Sn phase in the Mg-Sn alloy with
a melting point of up to 771 ◦C gives it the potential to be used at high temperatures [18–20].
The addition of trace amounts of rare earth element Y to the Mg-Sn alloy improves its high
temperature strength and corrosion resistance, and has age-hardening characteristics [21].
Therefore, this paper takes Mg-Sn-Y alloy as the research object.

In this paper, the microstructures of Mg-1Sn-2.5Y (wt%) alloy solidified under dif-
ferent pressures and cooling rates were studied. In addition, a mathematical model was
established to analyze the effects of solidification pressure and cooling rate on the average
grain size.

2. Experimental

Mg-1Sn-2.5Y alloy was prepared by conventional casting from 99.9 wt% Mg, 99.9 wt%
Sn, and Mg-30 wt% Y. The composition of the alloy is shown in Table 1. The samples for
high-pressure solidification were cut into Φ20 × 18 mm cylinders. A six-anvil apparatus
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was used in the experiment, as shown in Figure 1. The experimental pressures were set as
1 GPa and 1.5 GPa. The B-type thermocouple was used to measure temperature. Different
cooling rates could be obtained by changing the thickness of BN insulation layer and
adjusting cooling water flow. The samples were etched with 5 vol% nitric acid solution
for 10 s. Observation and analysis of the microstructure were carried out by a scanning
electron microscopy (SEM, Quanta 200FEG). The analysis of the phases was carried out by
X-ray diffraction (XRD, Empyrean).

Table 1. The composition of the Mg-1Sn-2.5Y alloy.

Element Mg Y Sn Fe Si Cu

(wt%) balance 2.581 0.932 0.013 <0.01 <0.01
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Figure 1. Schematic diagram of the high pressure solidification experiment.

3. Results and Discussion
3.1. Microstructure Evolution of Mg-1Sn-2.5Y Alloys

The macrostructures of the Mg-1Sn-2.5Y alloys solidified under high pressure and
temperature gradient are shown in Figure 2. The alloy was solidified under high pressure
and temperature gradient using the cooling rate difference in the high pressure chamber.
The macrostructures consist of the outer fine equiaxed zone, the columnar zone, and the
coarse equiaxed zone. The direction of heat flow in the red region is parallel to the direction
of gravity according to the direction of columnar crystal. There is an obvious boundary
between the columnar grains and the coarse equiaxed grains in the macrostructures of the
Mg-1Sn-2.5Y alloys (marked with a yellow line 1 and 2). With an increase in solidification
pressure, line 1 moved to line 2 and the columnar-to-equiaxed transition was inhibited in
Mg-1Sn-2.5Y alloy. The inhibition of column-to-equiaxial transition by increasing pressure
leads to the increase in interface stability, which is consistent with our previous research
conclusions [11]. With an increase in cooling rate, line 2 moved to line 3, the area of the outer
fine equiaxed zone increased, and the coarse equiaxed zone disappeared. The variation
of line 1, 2, and 3 with pressures and cooling rates has obvious regularity, which indicates
that this method of high-pressure solidification in a temperature gradient is reproducible.

Figure 3 shows the XRD spectra of the Mg-1Sn-2.5Y alloys solidified under different
cooling rates and pressures. The diffraction peaks of Mg, MgSnY, and Sn3Y5 phases can be
seen for the Mg-1Sn-2.5Y alloys prepared under different pressures and cooling rates. In
the outer fine equiaxed zone and the columnar zone, the diffraction peak of (101) plane of
the Mg matrix shifted to higher angles with increasing solidification pressure, but barely
shifted in the coarse equiaxed zone. From the Bragg equation, it follows that a decrease
in the interplanar distance leads to an increase in the diffraction angle. As changes in
solute content cause changes in interplanar distance [22,23], changes in solute content cause
changes in diffraction angle. The atomic radii of Mg, Sn, and Y are 1.599 Å, 1.405 Å, and
1.803 Å, respectively. Therefore, in the outer fine equiaxed zone and the columnar zone,
the solubility of Sn in the α-Mg matrix increased with increasing solidification pressure,
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resulting in an increase in the diffraction angle of the α-Mg matrix. It is worth noting that
the green XRD spectrum has two diffraction peaks corresponding to the (101) plane of the
α-Mg matrix, which is because the solubility of Sn is different in the fine equiaxed zone
and the columnar zone. The difference in cooling rates leads to the growth velocities of
grains, resulting in the difference in solubilities of Sn.
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The macrostructure and microstructure of the Mg-1Sn-2.5Y alloy solidified under 1 atm
are shown in Figure 4. The grains of the as-cast alloy are the coarse columnar, which are
significantly different from those solidified under high pressure and temperature gradient
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(Figure 4a). The distribution of second phases is homogeneous on the α-Mg matrix, except
for some coarse Sn3Y5 and MgSnY phases (Figure 4b).
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Figure 4. (a) Macrostructure and (b) microstructure of the Mg-1Sn-2.5Y alloy solidified under 1 atm.

The macrostructure and microstructure of the Mg-1Sn-2.5Y alloy solidified at a cooling
rate of 10–15 K/s under a pressure of 1 GPa are shown in Figure 5. The macrostructure
consists of the outer fine equiaxed zone, the columnar zone, and the coarse equiaxed zone.
With the increase in cooling rate, the average grain size decreases (Figure 5a). The second
phases are uniformly distributed in the outer fine equiaxed zone and the columnar zone,
and the coarse Sn3Y5 and MgSnY phases disappear (Figure 5b,d). This also indicates that
the solubility of Sn in the α-Mg matrix increases. The microsegregation occurs in the
coarse equiaxed zone, and solute is concentrated in the interdendritic regions. The average
secondary dendrite arm spacing is 14–17 µm. Many precipitates in the microsegregation
region weaken the specular reflection and enhance the diffuse reflection, making the
microsegregation region in the macrograph darker (Figure 5a,c).
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Figure 5. (a) Macrostructure and (b–d) microstructure of the Mg-1Sn-2.5Y alloy solidified under a
pressure of 1 GPa: (b) outer fine equiaxed zone; (c) coarse equiaxed zone; (d) columnar-to-equiaxed
transition zone.
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The macrostructure and microstructure of the Mg-1Sn-2.5Y alloy solidified at cooling
rate of 10–15 K/s under a pressure of 1.5 GPa are shown in Figure 6. As shown in Figure 6a,
the macrostructure of the sample is similar to that in Figure 5a. The average secondary
dendrite arm spacing is 9–11 µm (Figure 6c). There are obvious columnar crystals per-
pendicular to the boundary in the columnar-to-equiaxed transition zone. In the outer fine
equiaxed zone and the columnar zone, the distribution of second phases is homogeneous
on the α-Mg matrix, and the coarse Sn3Y5 and MgSnY phases disappear (Figure 6b,d).

Crystals 2022, 12, x FOR PEER REVIEW 5 of 9 
 

 

The macrostructure and microstructure of the Mg-1Sn-2.5Y alloy solidified at cooling 

rate of 10–15 K/s under a pressure of 1.5 GPa are shown in Figure 6. As shown in Figure 

6a, the macrostructure of the sample is similar to that in Figure 5a. The average secondary 

dendrite arm spacing is 9–11 μm (Figure 6c). There are obvious columnar crystals perpen-

dicular to the boundary in the columnar-to-equiaxed transition zone. In the outer fine 

equiaxed zone and the columnar zone, the distribution of second phases is homogeneous 

on the α-Mg matrix, and the coarse Sn3Y5 and MgSnY phases disappear (Figure 6b,d). 

 

Figure 6. (a) Macrostructure and (b–d) microstructure of the Mg-1Sn-2.5Y alloy solidified under a 

pressure of 1.5 GPa: (b) outer fine equiaxed zone; (c) coarse equiaxed zone; (d) columnar-to-equi-

axed transition zone. 

Comparing Figure 5a with Figure 6a, at the same cooling rate, one can see that the 

average grain size and the area of the coarse equiaxed zone decreased with increasing 

solidification pressure. Comparing Figure 5b with Figure 6b, with increasing solidification 

pressure, the amount of the second phases decreased and the solubility of Sn in the Mg 

matrix increased, leading to the increase in the diffraction angle of the α-Mg matrix in 

Figure 3. Comparing Figure 4b with Figures 5c and 6c, the diffraction peak of the α-Mg 

matrix in the coarse equiaxed zone barely shifted in Figure 3, which can be attributed to 

an increase in the number of precipitated phases and a decrease in the solubility of Sn in 

the α-Mg matrix. 

The macrostructure and microstructure of the Mg-1Sn-2.5Y alloy solidified at cooling 

rate of 10–20 K/s under a pressure of 1.5 GPa are shown in Figure 7. The macrostructure 

consists of the outer fine equiaxed zone and the columnar zone. With an increase in the 

cooling rate, the columnar-to-equiaxed transition was inhibited and the average grain size 

decreases (Figure 7a). In the outer fine equiaxed zone and the columnar zone, the distri-

bution of second phases is homogeneous on the α-Mg matrix, and the coarse Sn3Y5 and 

MgSnY phases disappear (Figure 7b,c). 

Figure 6. (a) Macrostructure and (b–d) microstructure of the Mg-1Sn-2.5Y alloy solidified under a
pressure of 1.5 GPa: (b) outer fine equiaxed zone; (c) coarse equiaxed zone; (d) columnar-to-equiaxed
transition zone.

Comparing Figure 5a with Figure 6a, at the same cooling rate, one can see that the
average grain size and the area of the coarse equiaxed zone decreased with increasing
solidification pressure. Comparing Figure 5b with Figure 6b, with increasing solidification
pressure, the amount of the second phases decreased and the solubility of Sn in the Mg
matrix increased, leading to the increase in the diffraction angle of the α-Mg matrix in
Figure 3. Comparing Figure 4b with Figures 5c and 6c, the diffraction peak of the α-Mg
matrix in the coarse equiaxed zone barely shifted in Figure 3, which can be attributed to an
increase in the number of precipitated phases and a decrease in the solubility of Sn in the
α-Mg matrix.

The macrostructure and microstructure of the Mg-1Sn-2.5Y alloy solidified at cooling
rate of 10–20 K/s under a pressure of 1.5 GPa are shown in Figure 7. The macrostructure
consists of the outer fine equiaxed zone and the columnar zone. With an increase in the
cooling rate, the columnar-to-equiaxed transition was inhibited and the average grain
size decreases (Figure 7a). In the outer fine equiaxed zone and the columnar zone, the
distribution of second phases is homogeneous on the α-Mg matrix, and the coarse Sn3Y5
and MgSnY phases disappear (Figure 7b,c).
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Comparing Figure 6 with Figure 7, under 1.5 GPa, the average grain size decreased
and the area of the outer fine equiaxed zone increased with an increase in the cooling rate
of the whole right side. The coarse equiaxed zone exists at a cooling rate of 10–15 K/s
(Figures 5 and 6), but disappears at a cooling rate of 10–20 K/s (Figure 7).

The grain size was measured by the random intercepts. The experimental data about
the grain size of the Mg-1Sn-2.5Y alloy are shown in Table 2.

Table 2. The grain size of the Mg-1Sn-2.5Y alloy.

Pressure (GPa) Cooling Rate (K/s) Average Grain Size (µm)

1 10 1392
15 355

1.5 10 1126
15 306
20 237

3.2. Effects of Pressure and Cooling Rate on Average Grain Size

The average grain size can be expressed as follows [24–26]:

d =
4

√
V
I
≈ ∆TC

.
T

V (1)

where d is the average grain size, I is the nucleation rate, V is the growth rate, ∆TC is the
interval of crystallization, and Ṫ is the cooling rate.

The growth rate can be expressed as follows [27]:

V =
αD
a

[
1 − exp

(
−∆G

RT

)]
(2)
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where α is the interface factor, R is the gas constant, α is the molecular displacement, D is
the solute diffusion coefficient in liquid, T is the temperature, and ∆G is the molar free
energy difference between the solid and liquid phases.

The solute diffusion coefficient under high pressures can be expressed as follows [28]:

DP = D exp
(
−PV0

RT

)
(3)

where P is the pressure and V0 is the original volume of the liquid phase.
The molar free energy difference between solid and liquid phases under high pressures

can be expressed as follows [29]:
∆GP = ∆G + P∆V (4)

where ∆V is the molar volume difference between the solid and liquid phases.
By inserting Equations (2)–(4) into Equation (1), Equation (1) is obtained as follows:

dP ≈ ∆TC
.
T

αD
a

exp
(
−PV0

RT

)[
1 − exp

(
−∆G + P∆V

RT

)]
(5)

The equation reveals the effects of cooling rate and pressure on the average grain size.
According to Equation (5), the average grain size can be predicted. As the atomic percent
of Mg element in the Mg-1Sn-2.5Y alloy is 99.1%, the approximate calculation was made
using the data of pure Mg. Figure 8 shows the calculation result of the average grain size
under the effects of cooling rate and solidification pressure. At the same cooling rate, an
increase in pressure causes a decrease in the average grain size. Under the same pressure,
an increase in cooling rate causes a decrease in the average grain size. Compared with the
influence of cooling rate on the average grain size, the effect of pressure on the average
grain size is not negligible.
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The equation reveals the effects of cooling rate and pressure on the average grain 

size. According to Equation (5), the average grain size can be predicted. As the atomic 

percent of Mg element in the Mg-1Sn-2.5Y alloy is 99.1%, the approximate calculation was 

made using the data of pure Mg. Figure 8 shows the calculation result of the average grain 

size under the effects of cooling rate and solidification pressure. At the same cooling rate, 

an increase in pressure causes a decrease in the average grain size. Under the same pres-
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with the influence of cooling rate on the average grain size, the effect of pressure on the 

average grain size is not negligible. 
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3.3. Effect of Pressure on Secondary Dendrite Arm Spacing

The secondary dendrite arm spacing can be expressed as follows [30]:

λ2 = 5.5
(

Mt f

)1/3
(6)
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M =
ΓD ln

(
Cm

l /C0
)

m(1 − k)
(
C0 − Cm

l
) (7)

where k is the solute distribution coefficient, tf is the solidification time, M is the coarsening
parameter, Γ is the Gibbs–Thomson coefficient, C0 is the initial alloy concentration, Cm

l is
the segregation concentration, and m is the slope of the liquidus.

According to Equations (3), (6) and (7), the solute diffusion coefficient decreased
exponentially with an increase in solidification pressure, resulting in the decrease in the
secondary dendrite arm spacing. The calculation result fits with Figures 5c and 6c. The
average secondary dendrite arm spacing decreased from 14–17 µm under 1 GPa to 9–11 µm
under 1.5 GPa.

4. Conclusions

The microstructures of Mg-1Sn-2.5Y alloys solidified under high pressures were in-
vestigated. The effects of cooling rate and solidification pressure on the average grain size
and the secondary dendrite arm spacing were analyzed. The following conclusions can
be obtained:

(1) Mg-1Sn-2.5Y alloy was solidified under high pressure and temperature gradient using
the cooling rate difference in the high pressure chamber, resulting in the formation
of the outer fine equiaxed zone, the columnar zone, and the coarse equiaxed zone in
alloys. With an increase in solidification pressure, the columnar-to-equiaxed transition
was inhibited in Mg-1Sn-2.5Y alloy.

(2) Increases in solidification pressure and cooling rate resulted in a reduction in the
average grain size. The effect of pressure on the average grain size is not negligible
compared with the effect of cooling rate on the average grain size.

(3) The average secondary dendrite arm spacing decreased from 14–17 µm under 1 GPa
to 9–11 µm under 1.5 GPa. In the outer fine equiaxed zone and the columnar zone, the
solubility of Sn in the α-Mg matrix increased with an increase in solidification pressure.
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