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Abstract: The effect of high pressure on the microstructure and microsegregation of Mg—11Al (mass fraction, %)
alloys was studied through experiments and first-principles calculations. The results show that the Al content in the
initial solid phase is high owing to the high solute partition coefficient and the large undercooling in the alloys solidified
under pressures of 4—6 GPa, and the Al content in the initial solid phase increases with the increase of pressure.
Consequently, the total amount of excess solute in the liquid phase in the final solidification stage decreases with
increasing pressure, thus decreasing or suppressing the eutectic transformation. Furthermore, the microstructure of the
alloys solidified under pressures of 5—6 GPa is a fine-grained solid solution, consisting of grains with high solubility of
Al atoms and grain boundaries with abundant Al solutes. As the pressure increases, the grain boundary doping energy of
Al atoms decreases, while their grain boundary segregation energy of Al atoms increases, and the charge density
between the Mg—Al (Mg) bonds also rises. Therefore, the stability of the microstructure is improved, and the bond
strength of grain boundaries is enhanced.
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1 Introduction

The cast Mg—Al alloys have been widely used
in industry and are important in the research field of
magnesium alloys [1,2]. For AZ91D alloy, a typical
Mg—Al alloy, a large amount of reticulate eutectic
phase p-Mgi7Ali» occurs at a-Mg grain boundaries
due to grain boundary segregation of Al atoms
during solidification, resulting in poor ductility and
low ultimate strength of the alloy [3]. Therefore, the
mechanical properties of Mg—Al alloys are closely
related to the morphology, distribution, and quantity
of p-Mgi7Ali, phase. According to previous
research, adding trace elements such as Ca [4],
Sr [5], and RE [6] is a feasible method to improve

the morphology, distribution, and size of the
eutectic phase. However, the improvements in the
mechanical properties of the alloy are limited. Thus,
it is necessary to develop high-performance cast
Mg—Al alloys to decrease the grain boundary
segregation of Al atoms and inhibit the formation of
p-Mgi7Ali,.

Microsegregation arises from the solute
redistribution during alloy solidification, and the
degree of microsegregation primarily depends on
the solute equilibrium partition coefficient (ko).
For alloys with ko<1, the severity of the micro-
segregation increases with decreasing ko [7]. Thus,
increasing ko of the alloys is an effective method
to reduce microsegregation when the chemical
composition remains unchanged. According to the
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metal solidification theory, the solute equilibrium
distribution coefficient ko is the ratio of the solute
concentration in the solid phase (Cs) to the solute
concentration in the liquid phase (Cp) in an
equilibrium state at a constant temperature [8].
Therefore, ko will be affected by pressure, which is
similar to the melting point of metals. SOBCZAK
et al [9] studied the effect of high pressure on the
phase diagram of Al-Si binary alloys and found
that the maximum solid solubility of Si atoms in the
Al matrix and Si content at the eutectic point
increased with increasing solidification pressure.
Moreover, the maximum solid solubility increased
at a higher rate than the Si content at the eutectic
point. JIE et al [10] investigated the microstructure
of the Al-32at.%Mg eutectic alloy solidified under
3 GPa pressure, and the results showed that the
microstructure consisted of a supersaturated o-Al
solid solution and a little island-like eutectic phase
distributed among dendrites. LIN et al [11] reported
the effect of high pressure on the solidification
structure of Mg—Zn—Y alloys and found that the
eutectic phase in the alloy solidified under
atmospheric pressure appeared reticulate, while the
eutectic phase in the alloy solidified under 3 GPa
pressure exhibited a morphology of discontinuous
islands. XU et al [12] studied the effect of the
[-Mgi7Al;;  eutectic phase on the mechanical
properties of Mg alloys solidified under different
pressures and demonstrated that the Al content
required for the eutectic transformation among
o-Mg dendrites increased from 7 wt% at
atmospheric pressure to 15 wt.% at 4 GPa. They
also found that high pressure significantly reduced
eutectic phase spacing. Accordingly, high-pressure
solidification can effectively reduce the grain
boundary  segregation and  improve  the
microstructure of alloys [13], which offers a
promising method of suppressing the formation of
the eutectic phase f-Mgi7Al .

The maximum solid solubility of Al atoms is
11.2wt% according to the Mg—Al binary
equilibrium phase diagram, so Mg—11Al alloy
(mass fraction, %) was prepared in this study. The
microstructure, grain size, Al solute distribution,
and grain boundary segregation in the Mg—11Al
alloy solidified under high pressure (2—6 GPa) were
investigated, and the effect of the pressure on solute
redistribution during solidification of the Mg—11Al
alloy was discussed. By means of experimental

research and first-principles calculations based on
density functional theory (DFT), the effect of the
pressure on grain boundary doping energy and grain
boundary segregation energy of Al atoms was
expounded, and the relationship between grain
boundary segregation of Al solute and the bonding
strength of grain boundaries was analyzed. We
conducted in-depth research on the high-pressure
solidification of Mg alloys and developed a new
type of Mg—Al alloy based on grain boundary
segregation of Al solute, which is extremely
significant for the design idea and toughening
theory of Mg alloys.

2 Experimental

The Mg—Al ingots were prepared from pure
Mg (purity 99.95%) and pure Al (purity 99.95%)
using vacuum smelting equipment. The melting
temperature was set to be 680 °C, according to the
liquidus temperature of the Mg—Al binary alloy.
After the metals were completely melted and held
for 20 min, the molten liquid was poured into a
graphite mold, producing ingots with a diameter of
22 mm and a length of 150 mm. The Al content of
the ingots was 10.88 wt.%, as measured by
ICAP6300 plasma spectrometry. Afterward, rods
with a diameter of 6 mm and a length of 10 mm
were cut from the ingots by spark cutting.

High-pressure solidification experiments were
performed using a CS—1V hexahedral hydraulic
ram, as shown in Fig. 1.

The rod was placed in the graphite sleeve,
which was then inserted into the cavity of
the hexahedral hydraulic ram. The hammers were
placed facing the sample. The pressure was
increased to the preset value while the rod was
rapidly heated to the preset temperature. After
maintaining the temperature and pressure for
20 min, the power supply was turned off. The
cooling rate was controlled by adjusting the
flow rate of the cooling water. Finally, the alloy
was cooled to room temperature while maintaining
pressure. The solidification pressure was set
between 2 and 6 GPa. The heating temperatures
were determined according to the Clausius—
Clapeyron equation [14] and the change in melting
point under pressure (Mg, 63.8 K/GPa) [15].
The temperatures were as follows: (720+£10) °C at
2 GPa, (780+10) °C at 3 GPa, (850+10) °C at 4 GPa,
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Fig. 1 Schematic diagrams of working principle of CS-1V type six-anvil apparatus (a) and high-pressure solidification

assembly (b): 1—Anvil; 2—Thermocouple wire; 3—Pyrophyllite; 4—Conductive cap; 5S—Graphite; 6—Boron nitride;
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(910+10) °C at 5 GPa, and (980+10) °C at 6 GPa.
The Clausius—Clapeyron equation is as follows [14]:

dP/dTw=AH/TuAV )

where P is the pressure, T, is the melting
temperature, AV=V—Vs is the difference between
liquid and solid in specific volumes, and AH is the
specific heat of fusion.

The microstructure was observed using
scanning electron microscopy (SEM, ZEISS
SAPPHIRE SUPRA 55). The chemical composition
was analyzed using an energy-dispersive X-ray
spectroscope (EDS, Oxford X-MaxN 50) attached
to the SEM. The area fraction of the secondary
phase was calculated wusing Image-Pro-Plus
software. The phase analysis was performed using
X-ray diffractometer (XRD, Rigaku Smart Lab); the
angle range was 20°-90°, and the scan rate was
2 (°)/min.

The atomic configuration of the alloy was
optimized using the Vienna ab initio simulation
package (VASP) [16] based on density functional
theory (DFT) to obtain an atomic configuration
with the lowest energy. In addition, the interaction
between ions and electrons was described by the
projector augmented wave method, and the
exchange-correlation function was discussed with
the help of the generalized gradient approximation
(GGA) [17]. According to the Monkhorst—Pack
method, automatic sampling in the Brillouin zone
was centered on a 4x8x1 [ point. The cut-off
energy was 600e¢V, the energy convergence
criterion was that the energy difference between
adjacent electronic steps was less than 1.0x107%¢V,
and the force convergence criterion was that the

force exerted on every atom in the system was less
than 1.0x102eV/A. The supercell (11 A x7 A x
37 A) composed of 120 Mg atoms was constructed
using Materials Studio software, and the atomic
configuration of the symmetric tilt grain boundary
is shown in Fig. 2. The blue spheres in Fig. 2
represent Al atoms doped at compression sites.
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Fig.2 Atom configurations of symmetric tilt grain
boundary: (a) 2D model; (b) 3D model

3 Results and discussion

3.1 Effect of solidification pressure on micro-

segregation of Mg—11Al alloy

Figures 3(a, b) show the microstructure of the
Mg—-11Al alloy solidified under atmospheric
pressure, and Fig. 3(c) shows an EDS map of the
element Al in the area of Fig. 3(b). Figure 4 shows
the XRD patterns of the alloys solidified at different
pressures. From Figs. 3 and 4, it can be seen that
the microstructure is composed of equiaxed a-Mg
grains, eutectic structure (a-Mg + S-Mgi7Al1» shown
in the inset in Fig. 3(a)), and lamellar f-Mgi;Al2
phase (the inset in Fig. 3(b)). The average grain
size of a-Mg is approximately 126 um. The
eutectic f-Mgi7Al 2 and the lamellar f-Mg;7Al ., are
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Fig. 3 Microstructure of Mg—11Al alloy solidified under
atmospheric pressure (a, b), and EDS map of element
Al (c)
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Fig. 4 XRD patterns of alloys solidified under different
pressures

distributed along the grain boundaries of a-Mg
grains owing to severe grain boundary segregation
of Al atoms (shown in Fig.3(c)), appearing
reticulate. Moreover, it can be calculated that the
area fraction of the p-MgiyAliz phase is
approximately 21%. According to the EDS data (the
numbers in Fig. 3(b) indicate the Al content at each
location), the average Al content at the center of the
grains and near the grain boundaries is 5.04 wt.%
and 5.19 wt.%, respectively. Thus, the average Al
content at the center of the grains was greater than
4.07 wt.% of koCo (Co is the alloy composition in
wt.%), and the dendritic segregation ratio (Sr) was
1.02.

Figure 5 shows the microstructure and EDS
maps of the Mg—11Al alloy solidified under
pressures of 2 and 3 GPa. According to Fig. 5(a)
and Fig. 4, the microstructure of the alloy solidified
under 2 GPa is composed of a-Mg and f-Mgi7Al:,,
and the average grain size of a-Mg decreases to
85 um compared with the alloy solidified under
atmospheric pressure. As shown in Figs. 5(a, b), the
area fraction of island-like eutectic f-Mg7Al, at
the grain boundaries is reduced (13.2%), and there
is no lamellar f-MgisAli; phase near the grain
boundaries. Moreover, plenty of island-like or
granular eutectic S-Mgi7Ali2 can be observed
among dendrites because of severe dendritic
segregation (Fig. 5(c)). According to the EDS data
(the numbers in Fig. 5(b) indicate the Al content at
each location), the average Al content at the center
of the grains and near the grain boundaries is
5.24 wt.% and 6.73 wt.%, respectively.

When the pressure is increased to 3 GPa, the
microstructure of the alloy is further refined, and
the average grain size decreases to 70 um, as shown
in Fig. 5(d). The grain shape of a-Mg is more
regular, and the granular eutectic f-Mgi7Alx is
distributed at the grain boundaries. The area
fraction of eutectic f-Mgi;Al; further decreases
(8.1%). As shown in Fig. 5(e), the Al content at the
center of the grains is 5.35 wt.%, while the Al
content near the grain boundaries (the area without
eutectic phase) changes from 10.5wt.% to
13.87 wt.%. The dendrite segregation ratio is 2.17,
which is higher than that of the alloy solidified
under atmospheric pressure (1.02).

For the alloys solidified under 4, 5, and 6 GPa,
the average grain size continually decreases to 61,
50, and 46 pm, respectively, as shown in Fig. 6. Under
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L
Fig. 5§ Microstructure and EDS maps of Mg—11Al alloy solidified under different pressures: (a, b) Microstructure under
2 GPa; (c¢) EDS map under 2 GPa; (d, €) Microstructure under 3 GPa; (f) EDS map under 3 GPa
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Fig. 6 Microstructure and EDS maps of typical grain planes of solidified Mg—11Al alloys under 4, 5, and 6 GPa:

(a, b) Microstructure under 4 GPa; (c) EDS map under 4 GPa; (d, e) Microstructure under 5 GPa; (f) EDS map under
5 GPa; (g, h) Microstructure under 6 GPa; (i) EDS map under 6 GPa
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4 GPa, the granular eutectic S-Mgi7Al> phases are
mostly distributed at the triple grain boundary
junctions, and the area fraction further decreases,
with no eutectic phase observed inside the grains
(Fig. 6(b)). Under 5 GPa, the amount of eutectic
p-Mgi7Al, decreases (Fig. 6(¢)), and the eutectic
phase changes from a rod-like structure to a fibrous
structure (the inset in Fig. 6(d)). Under 6 GPa, only
a little granular eutectic f-Mg;7Ali> can be seen at
the a-Mg grain boundaries (Fig. 6(h)). In addition,
it can be seen from Fig. 6(i) that the distribution of
Al atoms in the a-Mg is more uniform under 6 GPa.
Since the area fraction of the eutectic f-Mg;7Al is
less than 5% for the alloys solidified under 4—6 GPa,
no diffraction peak of the p-Mgi;Ali> phase is
detected in the XRD pattern (Fig.4). With
increasing pressure, the quantity of the eutectic
[-Mgi7Al, decreases, while more Al elements are
concentrated at grain boundaries in the form of
solute atoms. According to the EDS data (the
numbers in Figs. 6(b, e, h)), the Al solute contents
(mass fraction) at grain boundaries under 4, 5,
and 6 GPa, are 13.50%—16.56%, 12.07%—15.89%,
and 11.73%—15.67%, respectively. The dendrite
segregation ratios under 4, 5, and 6 GPa are 1.66,
1.45, and 1.25, respectively. Accordingly, under
5 and 6 GPa, the solidification structure was
significantly refined, and the degree of grain
boundary (dendrite) segregation was considerably
reduced. Moreover, high pressure can change the
mode of occurrence of Al. Under atmospheric
pressure, the element Al was distributed in eutectic
[-Mgi7Al 2. Under high pressure, Al was distributed
in the form of a solute, and the solubility of Al in
the matrix increased.

3.2 Effect of solidification pressure on solute

distribution in Mg—11Al alloy

Figure 7 shows the relationship between the
mass fraction of the solid phase and temperature
during the solidification of the Mg—11Al alloy,
plotted using thermodynamic simulation software
FactSage 8.0. Under equilibrium condition (Fig. 7(a)),
isomorphous transformation (L—a-Mg) begins
when the temperature drops to the liquidus
temperature 71, and the alloy enters a single a-Mg
phase zone. When the temperature continues to
decrease to the solubility curve, the precipitation
transition occurs (a-Mg—f-Mgi7Al12). Thus, the
microstructure of the alloy consists of a-Mg and
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Fig. 7 Relationship between mass fraction of solid phase
and temperature during solidification of Mg—11Al alloy
under different conditions: (a) Equilibrium condition;
(b) Scheil condition

[-Mg7Al; at room temperature, and the mass
fraction of f-Mgi7Al» is 24.81%.

Under Scheil condition (no diffusion in the
solid phase, and sufficient diffusion in the liquid
phase), the alloy is in a two-phase zone (L+a-Mg)
after isomorphous transformation (L—a-Mg), as
shown in Fig. 7(b). When the temperature decreases
to the eutectic transformation temperature, the
remaining liquid phase starts the eutectic
transformation: L—a-Mg+p-Mgi7Al,. With further
decrease in temperature, precipitation transition
does not occur. Therefore, the microstructure of the
alloy is composed of a-Mg and a-Mg+p-Mgi7Al»
eutectic at room temperature, and the mass
fraction of eutectic f-Mgi7Alz is 10.84%. Thus,
the microstructure is hypoeutectic under Scheil
condition.

The solidification structure of the Mg—Al
alloys produced by conventional casting differs
from those under equilibrium and Scheil conditions.
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During actual casting, the solute in the liquid phase
cannot diffuse fully, similar to the Scheil condition,
and only limited diffusion occurs. In reality, both
diffusion and convection occur, leading to partial
mixing of the solute. Without considering the
diffusion of solute atoms in the solid phase, the
solute concentration (Cg) at the solid-liquid
interface under the Scheil equation can be
expressed as follows [18]:

Cs=hy,Cy(1- f)=™ )
C =C,f=" (3)

where kg is the effective partition coefficient, kg=
Cs/Cy=ky+(1—ky)exp(=RS\/Dy) , ko<ke<l, fs
and f; are the volume fractions of the solid and
liquid phases, respectively (%), R is the
solidification rate (mm/s), dn is the thickness of the
boundary layer (mm), and Dp is the diffusion
coefficient of the solute element in the liquid phase
(mm?/s).

For the Mg—11Al alloy solidified under
atmospheric pressure, the solidification rate was
less than 10*K/s [19]. During solidification, the
solid composition tended to homogenize because of
the diffusion of Al atoms in the solid phase, and the
Al content in the center of the initial solid phase
(5.04 wt.%) was higher than koCo (4.07 wt.%).
Therefore, Cg increased slightly, as shown in
Fig. 8, and solute depletion in the solid phase
was higher than that under Scheil condition.
Simultaneously, a large amount of Al solute is
pushed to the solid—liquid interface, forming a
solute-rich layer (dx), Cj < Co/ko, and Co<C, <C; .

ko' Scheil  Ci<Ci/kyp
= = High pressure B
= 1.013x10°Pa !,
= \
g /‘.‘. *__
3 Solid-liquid GG
S interface L ap-
% C 5NI—F - T —-
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L CE
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Fig. 8 Equilibrium phase diagram of binary eutectic
alloys and solute redistribution under different solidification
conditions (kup is solute partition coefficient under high
pressures; dnap is solute boundary layer thickness under
atmospheric pressure; Jdnup iS solute boundary layer
thickness under high pressure)

According to the mass conservation law, the
total amount of excess liquid phase was higher than
that under Scheil condition. Numerous studies have
shown that eutectic transformation will occur when
the Al content changes in the range of
4.5 wt.%—6.0 wt.% during actual casting [20].
When two growing grains meet, the excess liquid
phases undergo an eutectic transformation at the
grain boundaries of the solidified grains, forming a
reticulate eutectic structure distributed along
the grain boundaries. In addition, the lamellar
[-Mgi7Al; phase will precipitate near the grain
boundaries with the segregation of Al solute during
the cooling process. In summary, both eutectic
transformation under Scheil condition and
precipitation transformation under equilibrium
condition occurred during the solidification of the
Mg—11Al alloy wunder atmospheric pressure,
resulting in high grain boundary segregation and
low dendrite segregation.

For the Mg—11Al alloy solidified under high
pressures, the average solid solubility of Al atoms
in the center of the a-Mg grains is only 6.16 wt.%
even under 6 GPa, and the highest Al solubility
(10.01 wt.%) among dendrites is also slightly lower
than Co(11 wt.%). That is, C5/C, <1, indicating
that the solute partition coefficient under high
pressures kup of the Mg—Al alloy was less than 1
when the solidification pressure did not exceed
6 GPa. Under 2 GPa, there is no lamellar S-Mg;7Al
in the solidification structure of the Mg—11Al alloy
(Fig. 5), showing the weak diffusion ability of Al
solute in the solid phase during solidification under
high pressures. Therefore, under 2—6 GPa, the
solute redistribution law during the solidification of
the Mg—Al alloy is more consistent with the Scheil
equation.

The boundary layer thickness plays a decisive
role in the solute redistribution in front of the
solid—liquid interface during solidification. When
Cyis the same, the solid composition at the interface
Cs in the stable state depends on —Ron/Di. With
larger solidification rate R, smaller diffusion
coefficient Dy, and thicker boundary layer on, Cg
is closer to Cy, then kg is larger.

Under atmospheric pressure, the value of Dy is
5x103mm?s. Under high pressures, the viscosity
of the melt increases with increasing pressure [21];
thus, D will decrease exponentially with increasing
pressure [22]. High pressure can weaken the melt



Shi-min Al, et al/Trans. Nonferrous Met. Soc. China 35(2025) 28742885 2881

convection, leading to an increase in dn. In addition,
the solidification rate of the alloy under high
pressures (>10°K/s) was higher than that under
atmospheric pressure [23]. Therefore, the solute
partition coefficient under high pressure kup is
greater than ko under equilibrium condition and can
further increase with increasing pressure. According
to the EDS data in Fig. 6, the average Al content in
the center of a-Mg grains under 4, 5, and 6 GPa is
5.46 wt.%, 5.98 wt.%, and 6.16 wt.%, respectively,
and the average Al content is equal to kupCo owing
to no diffusion in the solid phase. Thus, the kup
values of the alloys solidified under 4, 5, and 6 GPa
were 0.49, 0.54, and 0.56, respectively.

Under 3—6 GPa, the initial solid composition is
kurCo, as shown in Fig. 8. The increase in Cj is
higher than that under atmospheric pressure owing
to the lack of diffusion in the solid phase, so solute
depletion in the initial transition zone is less than
that under atmospheric pressure [24]. In accordance
with the law of mass conservation, the total solute
depletion in the initial transition zone is equal to the
total amount of excess solute in the final transition
zone. Accordingly, the excess solute in the final
transition zone under 3—6 GPa is less than that
under atmospheric pressure.

According to the Scheil equation, the
minimum Al content required is 9.82 wt.% if
the Mg—Al binary alloy undergoes eutectic
transformation under 4 GPa, which is higher than
the Al content required under atmospheric pressure
[25]. LIN et al [11] studied Mg—xAl (x=3 wt.%—
40 wt.%) alloys solidified under 4 GPa and found
that the microstructure is completely eutectic when
the Al content was 38.28 wt.%, which means that
the Al content at the eutectic point increased
from 32.2 wt.% under atmospheric pressure to
38.28 wt.% under 4 GPa. Therefore, the island-like
or granular eutectic phase can exist only at the triple
grain boundary junctions in the final solidified area
of the Mg—11Al alloy under 4 GPa. With further
increase in solidification pressure, kup continues to
increase, so the Al content at the eutectic point rises
[26]. Under 6 GPa only a small amount of granular
eutectic phase can be seen at the grain boundaries,
and Al atoms are concentrated at the grain
boundaries in the form of solute (content range of
12.91 wt.%—15.63 wt.%).

Under 2 and 3 GPa, the value of kup is lower
than that under 4 GPa, so both the total solute

depletion in the initial transition zone and the total
amount of excess solute in the final transition zone
are higher than those under 4 GPa. Moreover, both
the minimum Al content required for eutectic
transformation and the Al content at the eutectic
point under 2 and 3 GPa are lower than those under
4 GPa. Therefore, the mass fraction of the eutectic
phase at the grain boundaries in the final
solidification area is higher than that under 4 GPa.

3.3 First-principles calculations of effect of
pressure on grain boundary segregation and
bonding strength of Mg—Al alloy
Figure 9 shows the doping energy and the

grain boundary segregation energy of Al atoms

under different pressures. The doping energy (AE)

is calculated by [26]

AE=E*-E 4)

where E¥ is the total energy of twin boundaries with
doped atoms, and E is the total energy of twin
boundaries without doped atoms.
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Fig. 9 Effect of pressure on grain boundary segregation
energy and doping energy of Al atoms (AP represents
atmospheric pressure of 1.013x10° Pa)

The grain boundary segregation energy (Fseg)
is calculated by [26,27]

Eseg :(EE}YB —Egr)— (Egulk —Egy —En) (3)

where EJ; is the total energy of the system when
Al atoms at the grain boundaries are at compression
or expansion sites, E , is the total energy of the
system when Al atoms are doped in Mg unit cells,
Esr s the total energy of the system when Al atoms
at the grain boundaries are at the doping sites (the
small dashed rectangle in Fig. 2), Esux is the total
energy of the Mg unit cells, and Ex is the total
energy of Al atoms.
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The doping energy of Al atoms is —3.245 ¢V
under atmospheric pressure, —3.233 eV under
2 GPa, and —3.242 ¢V under 3 GPa, as shown in
Fig. 9. When the pressure reaches 4 GPa, the
doping energy of Al atoms is lower than that under
atmospheric pressure. Afterward, the doping energy
gradually decreases from —3.269 eV under 4 GPa to
—3.352 eV under 6 GPa, indicating that the stability
of the Mg—Al alloy is higher under 4—6 GPa.

Under atmospheric pressure, the grain
boundary segregation energy of Al atoms is
—1.581eV. Under 2 GPa, the grain boundary
segregation energy is —1.570 eV, which is slightly
higher than that under atmospheric pressure. When
the pressure exceeds 3 GPa, the grain boundary
segregation energy of Al atoms rises with
increasing pressure, from —1.500 eV under 3 GPa
to —1.466 eV under 4 GPa and —1.419 eV under
6 GPa, indicating that under 4—6 GPa, the grain

boundary segregation of Al atoms can be
significantly reduced.
During solidification under 4—6 GPa, the

doping energy of Al atoms is lower than that under
atmospheric pressure, but the grain boundary
segregation energy is higher than that under
atmospheric pressure, so the solidification pressure
affects the distribution of Al atoms. Figure 10
shows the effect of pressure on the solubility energy
of Al atoms in a-Mg and the binding energy of
[-Mgi7Al2. The solubility energy of Al atoms in
a-Mg ( EA™2) can be calculated by [27]

sol

Al-Mg _ ~119Mg-1Al _ -119Mg
E, = Epyi Egui Ey (6)

where EL MM s the total energy of the Mg
matrix containing 119 Mg atoms and 1 Al atom,
ELVE s the total energy of 119 Mg atoms, and
Eaiis the energy of 1 Al atom.

Binding energy of p-MgisAly, (ESMenilz)
can be calculated by [28]

EPMenAl: - E g, —17Eyg —12E, (7)

where Ej,,, 4, represents the total energy of

[-Mgi7AlL,, and Ewg is the energy of 1 Mg atom.

As shown in Fig. 10(a), the solubility energy
of Al atoms in a-Mg is 1.293 eV under atmospheric
pressure, and 1.300 eV under 2 GPa. Afterwards,
the solubility energy decreases with increasing
pressure, from 1.243 eV under 3 GPa to 1.138 eV
under 6 GPa. Consequently, the stability of Al
atoms dissolved in a-Mg is enhanced with

increasing pressure from 3 to 6 GPa.

As shown in Fig. 10(b), the binding energy
of f-Mgi7Al, is —1.660, —1.663, and —1.720 eV
under atmospheric pressure, 2 GPa, and 6 GPa,
respectively. Thus, the binding energy gradually
decreases with increasing pressure. Therefore, the
stability of the Mgi7Ali, phase increases with
increasing pressure.
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Fig. 10 Effect of pressure on solid solution (a) and
segregation (b) of Al atoms

According to the red curve in Fig. 10(b), Al
atoms tend to distribute at the grain boundaries in
the form of solute atoms with increasing pressure,
so high pressure can suppress the formation of the
[-Mgi7Al; phase. According to the blue curve in
Fig. 10(a), more Al atoms tend to dissolve in
o-Mg under 3—6 GPa. These conclusions can be
confirmed by the eutectic phase morphology and
the EDS data in Figs. 5 and 6.

Figure 11 shows the differential charge density
of grain boundary segregation in different pressure
ranges, where the red area represents electron
enrichment and the blue area represents electron
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Fig. 11 Effect of pressure range on differential charge density of grain boundary segregation of Al atoms: (a) AP—2 GPa;

(b) AP—3 GPa; (c) AP—4 GPa; (d) AP-5 GPa; (¢) AP—6 GPa

depletion. In the pressure range of AP—2GPa, the
charge density between Mg and Al atoms increases
slightly, while the charge density between Al and Al,
and Mg and Mg atoms hardly changes. In the
pressure range of AP—3 GPa, the charge density
between Mg and Al atoms further increases, and the
charge density between Al and Al, and Mg and Mg
atoms also rises. In the pressure ranges of AP—4 and
AP-5 GPa, the charge density between Mg and Al,
Al and Al, and Mg and Mg atoms increases with
increasing pressure, and the charge density between
Al and Al atoms increases faster than that between
Mg and Mg atoms. In the pressure range of
AP—6 GPa, the charge density between Mg and Al,
Al and Al, and Mg and Mg atoms is significantly
enhanced. Thus, the strength of Mg—AIl, Al—Al,
and Mg—Mg bonds is improved when the pressure
exceeds 3 GPa, especially under AP—6 GPa. In
summary, under high pressure of GPa-level, the
grain boundary segregation of Al solute increases
the bond strength of grain boundaries and inhibits
grain boundary sliding.

4 Conclusions

(1) The microstructure of the Mg—11Al alloys
solidified under 2—6 GPa consists of a-Mg
and f-Mgi7Al; along grain boundaries, without
lamellar p-phase. Under 2 GPa, severe dendrite
segregation can be seen. Under 3—6 GPa, the grains
are refined and more equiaxed.

(2) The morphology of the eutectic f-Mgi7Al 2
changes from an island-like distribution under
3 GPa to a granular distribution under 5—6 GPa,
and the area fraction of the eutectic f-Mgi7Ali2

decreases from 8.1% under 3 GPa to less than 2%
under 5—6 GPa. In addition, the Al content in the
center of a-Mg grains increases, and the Al content
among dendrites decreases, with more Al solutes at
the grain boundaries, as the pressure increases from
3 to 6 GPa.

(3) The solute partition coefficient under high
pressures kup of the Mg—11Al alloy is less than 1
and increases with increasing pressure. The solute
redistribution law during solidification is consistent
with the Scheil equation. Under 4—6 GPa, the
eutectic transformation is gradually suppressed
owing to the high kuxp and large undercooling.

(4) With increasing pressure, the grain
boundary doping energy of the Al atoms decreases,
and the grain boundary segregation energy of the Al
atoms increases. The grain boundary segregation of
Al atoms during solidification under high pressures
can increase the bond strength of the grain
boundaries and restrain grain boundary sliding
during loading.
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2. RACKRHERE LK RIFESHEZERE, ZE2H 066004;
3. MK MERES TR, RES 066004
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