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Abstract: The effect of La/Nd ratio on the microstructure and tensile properties of AZ91-RE alloys was studied.
Typical characterization was performed to analyze the volume fraction, mean nearest neighbor distance (NND), and
number density of the secondary phases. First-principles calculations were employed to determine the formation
enthalpy, mechanical and thermodynamics properties of the secondary phases. The results demonstrate that the alloy
with a mass fraction ratio of La to Nd (wra/wnq) of 3:2 exhibits the finest average grain size, the smallest mean NND,
and the highest total number density of secondary phases. The calculations indicate that the formation of Alj;Las and
Al>Nd is energetically favorable. Furthermore, Al;jLa; and AlbLa display significantly superior deformation resistance,
shear deformation resistance, solid stiffness and thermal stability compared to other secondary phases. Therefore,
increasing the content of AljjLas and Al,La phases contributes to improving the mechanical properties of AZ91-RE
alloy.
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developed for use in automotive powertrains [6].
The incorporation of RE elements induces the
formation of thermally stable Al;;RE; and ALRE

1 Introduction

Magnesium alloys hold significant potential as
the lightest structural materials in weight-saving
systems owing to their low density [1,2]. However,
their applications are limited by low strength,
especially at an elevated temperature (>120 °C) [3].
The addition of rare earth (RE) elements to Mg—Al
alloys has been reported to effectively improve the
mechanical properties by forming the AI-RE
intermetallic compounds [4,5]. Over the past
decades, Mg—AI-RE (AE) alloys (where RE stands
for La-rich or Ce-rich mischmetal) have been

phases, in which RE elements partially substitute
for each other [7]. Light RE elements (La, Ce, Pr,
Nd, and Sm) exhibit familiar physical and chemical
properties. However, the specific effects of
individual RE elements on the microstructures and
mechanical properties of AE alloys have been rarely
reported until now.

The previous studies by POWELL et al [8]
indicated that the formation of Al;;REs; and ALRE
is sensitive to individual RE elements. They found
that the phases with low La/Nd mass ratios (less
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than 0.7:1) were identified as ALRE phases, while
the higher ratio was associated with Al;;RE; phases.
La preferentially segregates into the Al;1RE; phase,
while Nd preferentially segregates into the ALRE
phase. ZHU et al [9] discussed the microstructure of
AE42 alloy, and the EDX results supported the
preferential segregation of La into the Al;RE;3
phase. Additionally, ZHANG et al [10] calculated
the decomposition energy of the Al RE; phase
using first-principles, and the results showed that
AljLas has the highest decomposition energy. This
indicates that the thermal stability of Al;jREs is
sensitive to individual RE elements, leading to
variations in the microstructure and mechanical
properties of AE alloys with different La and Nd
additions. MENG et al [11] further concluded that
the intermetallic components could be altered and
controlled by strictly managing the chemical
composition of a particular alloy system, opening
possibilities for exploring the most excellent
mechanical properties of specific alloy systems.

In recent years, the rapid development and
application of computational materials science
addressed the limitations of experimental methods.
Computer  simulation  methods  encompass
macroscopic numerical simulation (e.g., finite
element method [12]), microstructure simulation
(e.g., phase field method and metameric cellular
automata [13,14]) and nanomolecular simulation
(e.g., first-principle and molecular dynamics [15]).
Among them, first-principles calculations based on
density functional theory (DFT) offer a convenient
and efficient method for understanding and
predicting material properties with
application in the study of metallic materials [16].
WANG et al [17] conducted a study on the electronic
structures, elastic properties and thermodynamic
properties of the secondary phases in Mg—Al—
Ca—Sn alloys. The results showed that Al,Ca and
Mg>Sn exhibited superior thermal stability and
higher properties, thereby enhancing the heat
resistance of Mg—Al-based alloys with the addition
of Ca and Sn. In view of the ability of first-
principles calculations to estimate secondary phase
related properties, a study of Mg—Al alloys with the
incorporation of RE elements is warranted using
this method. Such an investigation provides
valuable theoretical and technological guidance for
designing Mg—AI—-RE alloys and interpreting future
experimental results.

successful

The formation of the AI-RE phase in Mg—Al
alloys is highly sensitive to rare earth individuals,
yet there are limited reports on the effect of rare
earth individual differences on the microstructure
of Mg—Al alloys. Notably, among the light rare
earth elements (La, Ce, Pr, Nd, and Sm), La
possesses the largest atomic radius, while Nd has
the largest solid solubility in Mg [18]. Due to larger
atomic radius of La, this element exhibits a stronger
solute drag effect, effectively reducing the grain
boundary mobility and inhibiting the precipitation
of the discontinuously precipitated Mg;7Ali> phase.
On the other hand, the larger solid solubility of Nd
reduces the diffusion rate of aluminum atoms in the
magnesium matrix. Additionally, La preferentially
segregates into the Al;RE; phase, while Nd
partitions into the ALRE phase. The morphology
and number of secondary phases (Al;1REs;, ALRE,
and Mgi7Al ) vary with the contents of La and Nd.
Although the shape, quantity, and distribution of the
secondary phases significantly affect the tensile
properties of the alloys, it remains unclear how
different mass fraction ratios of La to Nd (wra/Wna)
affect the microstructures and tensile properties
of Mg—Al alloys, as well as the changes in the
mechanical and thermomechanical properties of the
secondary phases with the La and Nd contents.
Therefore, further investigation of the effect of the
WiLa/Wng ratio on the microstructure and tensile
properties is necessary.

To address this research gap, the present study
aims to modify the microstructure and mechanical
properties of AZ91-RE alloy by meticulously
controlling the wia/wng ratio. Furthermore, the
first-principles method was employed based on the
DFT to study the properties of the secondary phases
in AZ91-RE alloy and analyze the effect of RE on
the second phase from the electronic structure
perspective.

2 Experimental

2.1 Materials preparation

In this study, AZ91-RE alloys with different
Wwra/Wna ratios were prepared. Commercial AZ91D
ingot, Mg—15wt.%La and Mg—20wt.%Nd master
alloys were used to achieve the target compositions.
In the casting process, the alloys were melted in a
resistance furnace with a graphite crucible and
protected by a gas mixture of 99 vol.% CO; and
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1 vol.% SFs. The melt was stirred for 3 min and
held for 20 min to ensure homogeneous melting.
The slag flux was eliminated using a refining agent
and the melt was poured into the preheated Y-type
steel mold (as shown in Fig. 1(a)). The chemical
composition of AZ91-RE alloys was determined
using inductively coupled plasma—atomic emission
spectroscopy (ICP—AES), and the results are listed
in Table 1.

(a)

(b)

10 mm

Fig. 1 Photograph of specimen (a) and tensile samples (b)

Table 1 Chemical compositions of as-cast G1—G6 alloys

Alloy
WLa/WNd
code La Nd Al Zn Mg

Gl 0:0 0.00 0.00 8.69 0.74 Bal.
G2 1:3 052 148 847 0.77 Bal
G3 2:3 077 121 8.64 0.72 Bal
G4 1:1 098 1.02 852 0.73 Bal
G5 3:2 .20 0.77 860 0.74 Bal.
Go6 3:1 147 054 859 0.77 Bal

Content/wt.%

2.2 Characterization techniques

The tensile samples (as shown in Fig. 1(b))
were obtained through spark machining at the
marked position in Fig. 1(a). Tensile tests were
conducted using an electronic universal testing
machine (AG-X Plus by Shimadzu) with an initial
strain rate of 0.001 s™'. In order to ensure statistical
significance, three samples were tested under

identical conditions to obtain the average value. The
microstructure was characterized using an ultra-
depth-of-field digital microscope (DM, DSX1000
by Olympus), scanning electron microscopy
(SEM, Apreo C, operating at 20 kV) equipped with
energy-dispersive ~ X-ray  spectrometry  (EDS,
OXFORD INCA X-ACT) and transmission
electron microscopy (TEM, JEM—2100 operating at
200 keV). For optical microscopy (OM) analysis,
the samples (8 mm x 8 mm % 15 mm) were lightly
polished and etched using the reagent containing
6 g picric acid, 5 mL glacial acetic acid, 100 mL
alcohol and 10 mL distilled water. The average
grain size was determined using Image-Pro Plus 6.0
software. The samples (8§ mm x 8 mm x 15 mm) for
SEM analysis were carefully mechanically polished
and etched using the reagent of 4 mL HNO; and
95 mL ethyl alcohol. Thin foil samples (d1.5 mm x
40 um) for TEM analysis were prepared by ion-
milling using a PIPS II system (Gatan 695).

2.3 Computational details

First-principles calculations were accomplished
with the “Cambridge Sequential Total Energy
Package (CASTEP)” code, which is based on the
DFT. This approach solves the Kohn—Sham
equations by expanding the valence electron density
and wave function through the plane-wave pseudo-
potentials method [19,20]. The exchange-correlation
function in the electron—electron interaction was
treated using the generalized gradient approximation
(GGA) with the Perdew—Burke—Ernzerhof (PBE)
function [21]. An effective Broyden—Fletcher—
Goldfarb—Shanno (BFGS) method was applied
for the geometry optimization of the crystal
structure [22]. The cut-off energy was tested using
different values and 450 eV was selected for all
calculations. The phonon calculations were
conducted using the finite displacement method
with the phonons properties package [23,24].

3 Results

3.1 Microstructure observation

Figure 2 presents metallographic micrographs
of the as-cast G1-G6 alloys. The images of all
alloys were taken from the same position of the
specimens. The AZ91 alloy (G1) exhibits a dendrite
grain structure, while AZ91-RE alloys (G2—-G6)
display an equiaxed grain structure. With varying
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wra/Wng ratios in the AZ91-RE alloys, a noticeable
transition from coarse dendritic crystals to fine fully
equiaxed crystals is observed due to the growth
restricting effect [25]. The average grain sizes of
G1-G6 alloys are measured to be (376£27),
(208+22), (177£21), (154+19), (115+16) and
(144£17) pm, respectively. Notably, as the wra/wna
ratio increases, the average grain size initially
decreases significantly and then experiences a slight
increase. Among all the alloys, the alloy with

oy

Fig. 2 Metallographic micrographs of as-cast G1—G6 alloys: (a) G1; (b) G2; (c) G3; (d) G4; (e) GS; (f) G6

wra/wna of 3:2 exhibits the smallest grain size.

Figure 3 displays the SEM images of the
as-cast G1—G6 alloys. The microstructure of AZ91
alloy (G1) consists of a-Mg grains and coarse
[-Mgi7Al; phase. As RE elements are added into
AZ91 alloy, AI-RE phases form in the AZ91-RE
alloy. According to the SEM images in Figs. 3(b—f),
the main secondary phases of AZ91-RE alloys are
characterized by a dark-gray bulk phase, a bright-
white acicular phase, and a granular phase.
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Figure 4 presents the SEM image of G4 alloy
and Table 2 lists the corresponding EDS results.
The EDS analysis at Point 4 confirms that the
dark-gray phase is composed of Mg and Al
Bright-filed TEM (BF-TEM) observation (Fig. 5(a))
further verifies that this phase corresponds to the
p-Mgi7Al, phase, formed through the divorced
eutectic reaction [26]. Moreover, the bright-white
acicular phase (labeled as B in Fig. 4) and granular
phase (labeled as C in Fig. 4) are identified to be
composed of Al and RE (La and Nd). The indexing
of the selected area electron diffraction (SAED)
patterns (Figs. 5(b) and (c)) indicates that the
acicular phase corresponds to Al;;RE; with an
orthorhombic  crystal  structure (a=0.44 nm,
b=1.01 nm and c¢=1.31 nm), while the granular
phase corresponds to ALRE with a diamond crystal
structure (¢=0.80 nm) [11,27]. Furthermore, the
EDS results demonstrate that the intensity of the La
peak is markedly higher in the acicular phase and

Fig. 3 SEM images of as-cast G1—G6 alloys: (a) G1; (b) G2; (¢) G3; (d) G4; (e) G5; (f) G6
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Fig. 4 SEM image of G4 alloy

the intensity of the Nd peak is significantly higher
in the granular phase. These results indicate that La
segregates preferentially into the acicular phase
while Nd segregates preferentially into the granular
phase.

Table 3 presents the quantitative analysis results
of the secondary phases in G1—-G6 alloys. With the
addition of RE, a significant decrease occurs in the
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Table 2 EDS results of Points 4, B, and C

Content/wt.% Content/at.%
Element
Point 4 Point B Point C Point 4 Point B Point C
Mg 69.66 56.71 40.96 71.41 68.99 53.19
Al 33.19 24.31 29.97 35.18 26.65 35.07
/n 1.48 0.14 0.27 0.65 0.74 0.13
La 0 12.19 2.69 0 2.98 0.61
Nd 0 6.52 11.27 0.01 1.74 2.47

Fig. 5 BF-TEM images and corresponding SAED patterns of secondary phases in AZ91-RE alloys: (a) f-Mgi7Ali2;

(b) Al;1RE3; (c) ALRE

Table 3 Quantitative analysis results of secondary phases

Alloy code Phase Vol.ume Mean
fraction/%  NND/um
p-Mgi7Ali» 23.45
Gl Al 1RE; - 35
ALRE -
[-Mgi7Al, 7.95
G2 Al RE; 2.78 29
ALRE 2.01
p-Mgi7Ali» 6.96
G3 AliRE; 291 26
ALRE 1.74
[-Mgi7Al, 5.43
G4 Al RE; 3.21 25
ALRE 1.63
p-Mgi7Ali» 3.65
G5 Al;RE; 3.39 22
ALRE 1.14
p-Mgi7Ali» 3.96
G6 Al RE; 3.65 23
ALRE 1.02

volume fraction of the f-Mg;7Al > phase. Moreover,
the volume fractions of bulk A-Mgi;Ali; and
granular ALRE phases decrease with increasing
wLa/Wna ratio, while the volume fraction of acicular
Al;1RE3 phase increases. Notably, as the wra/wng
ratio increases from 1:3 to 3:2, the total amount of
intermetallic compound particles increases, and the
mean nearest neighbor distance (NND) decreases.
Among the alloys, G5 exhibits the highest number
of particles and the smallest mean NND. Figure 6
shows the number density of Al;;RE; and ALRE
phases measured per square millimeter area (mm 2)
in the SEM images of the AZ91-RE alloys. As the
Wwra/Wna ratio increases, the number density of
Al 1RE; phase increases, and the number density of
ALRE phase decreases, while that of f-Mgi7Al2
phase first decreases and then exhibits a slight
increase.

3.2 Mechanical properties

Figure 7 depicts the tensile true stress—strain
curves of the as-cast G1—G6 alloys at room
temperature (RT, 25 °C) and elevated temperature
(ET, 150 °C). The ultimate tensile strength (UTS),
tensile yield strength (TYS) and elongation (EL) of
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the tested alloys are summarized in Table 4. With
the addition of RE, the UTS and TYS of AZ91 alloy
(at both RT and ET) are significantly improved.
Furthermore, the EL of AZ91-RE alloys is notably
greater than that of AZ91 alloy, which is attributed
to the grain size refinement achieved through RE
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addition. Notably, the G5 alloy exhibits the highest
UTS and TYS at RT, surpassing those of the
AZ91 alloy by 19 and 13 MPa, respectively. The
AZ91-RE alloys also demonstrate excellent tensile
properties at ET, indicating that the addition of RE
mitigates the detrimental effect of softening caused
by f-Mgi7Al; in AZ91 alloy at high temperatures
(>120 °C). The UTS, TYS and EL of the AZ91-RE
alloy at ET follow the same trend as those at RT,
i.e., they increase with increasing wra/wng, reaching
the maximum at wr./wnq of 3:2.

4 Discussion

4.1 Enthalpies of formation

Figure 8 displays the crystal structures of
the investigated intermetallic compounds. All the
crystal structures of phases were optimized within
the framework of density functional theory (DFT).

The enthalpy of formation per atom at 0 K
for A:B, (AH;) was calculated by the following
equation:

200

(b)

150 1
100 - — Gl
— G2
} — G3
50 F - G4
— G5
Go6

0 0.01 0.02 0.03 0.04 0.05 0.06

True strain

Fig. 7 Tensile true stress—strain curves of as-cast G1—G6 alloys at RT (a) and ET (b)

Table 4 Ultimate tensile strength (UTS), tensile yield strength (TYS) and elongation (EL) of as-cast G1—G6 alloys at

RT and ET
Tensile property at RT (25 °C) Tensile property at ET (150 °C)
Alloy UTS/MPa TYS/MPa EL/% UTS/MPa TYS/MPa EL/%
Gl 165+5.1 96=+1.4 2.2+0.3 14143.8 71x1.5 3.9+0.2
G2 172+3.4 100+3.3 2.5+0.2 154+3.3 79+£2.3 4.2+0.3
G3 176+4.8 96+2.5 2.6£0.2 157+2.8 82+2.2 4.3+0.2
G4 179+4.4 101+3.8 2.6£0.2 164+3.2 87+3.1 4.4+0.3
G5 184+4.7 109+3.6 2.8+0.3 169+2.7 92+2.6 5.1£0.4
Go6 183+5.2 103+3.5 2.7+0.4 165+2.8 89+2.8 4.94+0.3
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Al,La (Fd3m)

Fig. 8 Crystal structures of studied intermetallic compounds

Ay =——{E(AB,)~xE(A) = JEB)] (D

where E(A.B,) is the total energy of the A:B,
intermetallic compound, x and y are the numbers of
A and B atoms in the unit cell of A.B, phase,
respectively, E(A) and E(B) are the energies per
atom of A and B crystals in the free state. Figure 9
shows the computed formation enthalpy of the
investigated intermetallic compounds at the ground
state of the system. Furthermore, the enthalpies of
formation reported in Refs. [28—30] are compared
with the results obtained in this study,
demonstrating excellent quantitative agreement.
According to the fitted curves, the convex hull of
the Al-La curve skews toward Al side, while the
convex hull of AI-Nd curve skews toward Nd
side [31]. The enthalpy of Al,Nd is lower than that
of Al;La, indicating that the formation of AILNd is
energetically favorable. While the enthalpy of
AljiLa;s is lower than that of Al;;Nds, indicating that
the formation of AliLas is energetically favorable.
These findings corroborate the observations made
in Refs. [8,9] regarding the preferential segregation
of Nd into the granular ALLRE phase and La into the
acicular Al;;REs phase.

For AZ91-RE alloys with lower wr./wna,
a higher content of the granular ALRE phase
is observed from the microstructure since Nd is

ALNd (Fd3m)

0

-0.1

-0.2

-0.3

-0.4

-0.5

AH{(eV+-atom™)

-0.6

Al-Nd — -0.40
-0.7 0.780

0 0.2 0.4 0.6 0.8 1.0
Al content in intermetallics/at.%

Fig. 9 Calculated formation energy AH: along with
experimental and theoretical results for intermetallic
compounds from Refs. [28—30] (* Cal. in this work, ®[28],
©[29], and ¢[30])

chemically high and ALNd is energetically
favorable (e.g., G2 alloy shown in Fig. 3(b)). For
AZ91-RE alloys with higher wra/wng, the high
content of La accelerates the peritectic reaction of
Eq. (2) [32,33] and La preferentially segregates into
the acicular Al;;RE; phase. Hence, the content of
the acicular Al;1RE; phase increases with the
increasing wia/wna and higher Al REs content is
obtained in the alloy with higher wr./wna (e.g., G5
alloy shown in Fig. 3(e)).

ALRE+L—Al;1RE; 2
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4.2 Differential charge density

According to the binary phase diagrams of
Mg-La and Mg-Nd, the maximum solid
solubilities of La and Nd in Mg are 0.14 at.% and
0.63 at.%, respectively. Due to their low solid
solubilities in Mg, supercell models of Mgiso and
Mgi4RE; were established to study their solid
solubility. Figure 10 shows the crystal structure
and electron density difference between Mg;iso
and Mg4RE; supercells. The formation enthalpies
of Mgiswla; and MgieNd;, are —-0.006 and
—0.052 eV/atom, respectively, indicating that the
solid solution in Mg is rather limited for both and
slightly higher solubility for Nd in Mg [34].
Figures 10(d) and (e) depict the electron density
contour plots of Mgiela; and MgisNd; on the
(200) plane, respectively. According to Fig. 10(d),
charge accumulation is observed between Mg and
La atoms and the overlapping electron cloud
exhibits strong polarity, indicating that the Mg—La
bond is stronger than the corresponding Mg—Mg
bond and that La has a strengthening effect.
However, when La atom is replaced with Nd atom,
the interatomic charge density changes significantly
and the charge around RE atoms is redistributed.
Since the ability to form a stable structure is
primarily related to the Mg—RE interaction, the
variations in charge transfer and bond strength
between the Mg and RE atoms affect the overall
stability of the system. To quantify these variations,
population analysis was performed on individual
supercells.

Population analysis evaluates the ability of
atoms to gain or lose electrons by analyzing
the atomic charge numbers, while overlapping
population values assess the extent of electron
cloud overlap in bonded atoms. Tables 5 and 6
present the average charge populations and
overlapping populations for each system, respectively.
Due to a large number of atoms in the system, the
population numbers and overlapping population
values were averaged. La and Nd are electron-gaining

Table 6 Overlapping populations of each system

() © Mg ®) © RE
o S
e T
e e
P e et g e
et || ettt

Fig. 10 Crystal structures of Mgiso (a) and Mgi4RE; (b)
supercells, and electron density difference of Mgiso (c),
Mg149La1 (d) and Mg149Nd1 (e)

Table 5 Charge populations of each system
System Total
Mgiso Mg 0.89 7.11 0 8.01 0

Mg 0.88 7.11 0 8.01 0
La 229 6.18 2.56 11.03  0.98
Mg 1.16 684 0 8.01 0
Nd 276 6.13 0.57 1331 0.69

Atom s p d Charge

MgisLay

Mgi49Nd,

in their respective systems, while Mg is electron-
losing. In the Mgisla; system, the number of
electrons gained by La atoms significantly increases,
indicating that electrons transfer to La atoms. The
overlapping population value of Mg—La suggests
the formation of stronger covalent bonds with
neighboring Mg atoms. Conversely, in the
Mgi4Nd; system, the Nd atom gains electrons, and
its covalent bond with the neighboring Mg atom is
weaker compared to the covalent bond formed by
La and Mg.

The analysis indicates that the electron cloud
density of La in the system is higher than that of
Nd, and La has a larger atomic radius than Nd. La
exhibits a stronger solute dragging effect, leading to

Bond Mgiso Mgislay Mgi4oNd;
Population Length/nm Population Length/nm Population Length/nm
Mg—Mg 0.0019 0.6879 0.0075 0.2759 0.0063 0.2861
Mg—La 0.0875 0.7067
Mg—Nd 0.0128 0.7418
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decreased grain boundary mobility and suppression
of discontinuous precipitates formation. Thus, with
an increase in wr./wng, the content of La atoms
further strengthening the diffusion
inhibition and solute dragging effect, which hinders
the precipitation process of f-Mgj7Al, phase [35].
The volume fraction of f-Mg;7Al» phase decreases
with the increase of wr./wng. On the other hand, the
solid solution of Nd in Mg matrix is greater than
that of La. When wra/wna is greater than 3:2, the
inhibition of Al atom diffusion by RE is weakened
due to the decrease of Nd, leading to coarsening of
the f-Mgi7Al;; grains in the alloy.

Increases,

4.3 Mechanical properties

The properties of f-Mgi7Ali2, Al.La, AliiLas,
Al,Nd and Al;;Nds compounds were investigated by
calculating elastic constants C; based on the stress—
strain method of Hooke’s law. The f-Mgi;Ali,
Al,La and ALNd compounds with cubic crystal
structure have three independent elastic constants,
which are Cii, Ci2, and Cu, respectively. The
restrictions of Born stability criterion for cubic
structure are shown as follows [36]:

¢,>0
Cyu>0 3)
C,+2C,>0

The Al;Las and Al Nd; compounds with
orthorhombic  crystal structure have nine

independent elastic constants (Ci1, Ci2, Ci3, Ca2, C3,
C33, Cas, Css, and Cgs). For orthorhombic crystals,
the criteria to be considered mechanically stable are
shown as follows:

C,>0(i=12,3,475,6)

C,+C,-2C,>0

C,, +C3; =2C,; >0 (4)
C,+Cy;—-2C5>0

C,+C,, +C +2C, +2C; +2C,; >0

The calculated elastic constants for f-Mg;7Al»,
AlLa, Alj1Las, ALNd, Al;1Nds are listed in Table 7.
The bulk modulus (B), shear modulus (G), Young’s
modulus (£) and Poisson ratio (v) of these phases
are respectively calculated by Egs. (5)—(8) and the
calculation results are tabulated in Table 8.

B=1/3(C11+2C12) ®)
G=1/5(3Cas+C11—C12) (6)
E= 9BG (7)
3B+G
6B+2G

The deformation resistance, shear deformation
resistance as well as solid stiftness of Al;jLas and
Al;La are substantially superior to those of the other
phases, as evidenced by their higher B, G and E
values. Consequently, it is reasonable to expect that
the yield strength of AZ91-RE alloys increases with
increasing wia/wnq due to the higher content of the
energetically favorable Al-La phase. As for the
Pugh modulus ratio (B/G), according to the
empirical formula of Pugh, materials with B/G
ratios greater than 1.75 exhibit ductile behavior
under applied stress [37]. Furthermore, materials
with higher v values tend to display better plasticity
of the material structural behavior. Although the
[-Mg7Al 1z phase exhibits the best ductility among
these phases, its B/G value increases by only 0.27
over the critical value. AZ91 alloy exhibits
brittleness due to massive aggregation of eutectic
reaction product f-Mg7Ali.. The addition of RE
to AZ91 significantly reduces the content of
[-Mgi7Al 2, resulting in an increase in the ductility
of the alloy. The B/G and v values of Alj;Las and
Al;La are close to those of f-Mgi7Al2, and they
maintain comparable ductility and plasticity to
[-Mgi7Al1;. Thus, the elongation of AZ91-RE
alloys increases with the increasing wira/wnqg due to
the increased chemical composition of La and the
increased content of Al—La phase.

Table 7 Calculated elastic constants of f-Mgi7Ali2, Al La, AloNd, AljjLas, and Al;1Nd; (GPa)

Phase Cn Ci Cis Cn Cx Cs; Cus Css Ces
F-MgisAlL 89.19 28.57 20.69
AlLa 136.68 31.24 40.78
AlNd 120.93 13.29 24.52
AljiLas 112.42 46.01 47.25 114.50 47.36 109.77 48.03 50.24 58.66
Al Nd3 —143.82 3343 61.43 98.07 —7.55 113.03 28.56 78.24 14.78
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B haool(k,T)
ST =k {j exp(ho/(kyT)) -1

Table 8 Calculated bulk modulus (B), shear modulus (G),
Yong’s modulus (EF), Pugh modulus ratio (B/G) and
Poisson ratio (v) of intermetallic compounds at zero

pressure | F(a))ln[l—exp(—ha)/(kBT))]d(a))} (10)
Alloy B/GPa  G/GPa E/GPa B/G v

F(o)d(w)-

G()=EAB)+E, +

Mgi7AlL2 48.78 24.12 62.12 2.02 0.28
kT [In[l - exp(~ho/(ky THIF (@) d(@) (1)

AlnLas 68.65 4322 107.19 1.58 0.23

AluNds  37.83 3153 7404 1.19 0.17 heol(k.T))? exp(hw!/(k,T
AbLa 66.38 4520 11052 1.46 022 [exp(haw/(kgT)) —1]
ALNd 49.17 3379 8248 145 022 (12)

where £, is the zero point energy, 4 is the Planck
constant, kg is the Boltzmann constant, F(®) is the
phonon density of states, and 7 is the temperature.
Figure 11(a) shows the enthalpies of f-Mgi7Ali2,
AbLa, Al,Nd, AliiLas, and AliiNd; phases. Before
the temperature increases to 187 K, the decreasing
order of enthalpy magnitudes is Al;iNds;> Al Lasz>
p-Mg7Ali2> AlbLLa> ALNd. In the range of
H(T)=E(A B )*E, + I _ e F(w)d(w) 187-688 K, the decreasing order of enthalpy
exp(ha/(kgT)) magnitudes changes to AliNd;> f-Mgi7Al;,>
)] AljLas > Al,La > AlL,Nd. When the temperature

4.4 Thermodynamic properties

Phonon calculations were performed to
evaluate the enthalpy (H), entropy (S), Gibbs free
energy (G1) and specific heat capacity (C,) of these
phases as a function of temperature according to
Egs. (9)—(12), respectively [38]:

0.7
(a (b)
0.20 - 0.6 F
—_ 0.26 _—
—_ TM 0.5
TE 0.15 D —
g 'S 04F 020 =]
g 0.025F % 500
3 0.00f S 031 X
= 1 — B-Mg,Aly, 2 — p-Mg,Al,
0020 ] —— Al,La 2 o2l —— AlLa
0.05 — Al)Nd — ALNd
—— Al La, 0.1F —— Al La;
—— Al |Nd, —— Al;Nd,
0 200 400 600 800 1000 0 200 400 600 800 1000
Temperature/K Temperature/K
0 6
()
5
0.1 00, §
T; ~0.004 \ TM 4
g 02+t 85 o
;-
2 — B-Mg;,AlL, 'S: — p-Mg;,Al,
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Fig. 11 Thermodynamic properties of vibrational enthalpy (H) (a), entropy (S) (b), Gibbs free energy (Gi) (c) and
specific heat capacity (C,) (d) for intermetallic compounds
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exceeds 688 K, the enthalpy decreasing order
is Mg17A112> Al;Nd; > AljjLas > Alb,La > AlLNd.
Figure 11(b) shows the calculated entropies for
these phases. All five phases are thermodynamic
stable at their respective equilibrium volumes, as no
negative values appear. The entropy of f-Mgi7Al2
phase is significantly larger than that of the other
phases and increases rapidly with the increase of
temperature. Their entropies follow the decreasing
sequence of f-Mgi7Ali»> Al;1Nd; > ALNd > Al,La >
AljLa;, which indicates that the stiffness of the
interatomic bonds for the five intermetallic
compounds follows the following decreasing order
AljLas > Al,La > ALNd > Al;iNd; > ﬂ-MgnAhz.
AI-RE phases may exhibit greater bulk modulus
and smaller average atomic volume due to their
stiffer interatomic bonds [39], and Al;;Las has the
greatest bulk modulus, consistent with the elastic
constant analysis above. Figure 11(c) shows the
calculated Gibbs free energies of these phases.
When the temperature is below 85 K, their Gibbs
free energies follow a decreasing sequence as
ﬂ-Mg17A112> ADLNd > Al INd; > Alb,LLa > AljjLas.
As the temperature increases, the trend of Grbbs
free energy increase is AbLa < Aljla; <
ﬂ-Mg17A112< AlNd < Al 1Nds. That is, the thermal
stability of compounds follows the decreasing
sequence of AlbLa > Aly1Las> f-Mg7Ali»> ALNd >
Al;1Nds at higher temperatures [17]. Figure 11(d)
shows the variation of the specific heat capacities
C, versus temperature. The specific heat capacity
of f[-Mgi7Al;; is the smallest among these
intermetallic compounds in the temperature range
below 100 K. As the temperature increases, the
specific heat capacity of S-Mg7Al;; increases
rapidly and becomes the largest when the
temperature reaches 190 K. For temperature above
300 K, the specific heat capacities of these
intermetallic compounds follow a decreasing
sequence as f-Mgi7Ali> AlyjjLaz> AlbLa > ALNd >
Al;1Nds, and they converge to their Dulong—Petit
limits at high temperatures, which is common for
all solids [40,41].

Overall, the AI-Nd phase exhibits lower
enthalpy and is more likely to form during the
crystallization process. The Al-La phase has lower
entropy and Gibbs free energy, leading to superior
mechanical properties and thermal stability.
Although the S-Mgi;Ali> phase possesses higher
thermal stability than the AIl-Nd phase, its

mechanical properties are lower, especially at high
temperatures. Therefore, it is suggested to reduce
the content of p-Mg7Aliz in the alloy. The
theoretical analysis aligns well with the
experimental results, indicating that the Al-La
phase, particularly the dominant Al;;La; phase with
excellent mechanical properties, could effectively
strengthen the AZ91-RE alloy. Notably, the alloy
with a wra/wng ratio of 3:2 exhibits the lowest
content of eutectic f-Mgi7Aliz phase and the
highest content of Al-La phase, resulting in optimal
mechanical properties both at RT and ET. In
conclusion, the addition of RE elements,
particularly optimizing the wr./wna ratio, enhances
the mechanical properties and thermal stability of
AZ91-RE alloys, with the Al-La phase playing a
crucial role in providing significant strengthening.
The alloy with a wr./wng ratio of 3:2 demonstrates
the most favorable combination of microstructure
and mechanical properties, making it a promising
candidate for practical engineering applications.

5 Conclusions

(1) The microstructure observation indicates
that the alloy with wra/wng of 3:2 has the smallest
average grain size, the highest number density of
particles and the smallest mean NND. According to
the tensile test results, the alloy with wr./wng of 3:2
exhibits the optimal UTS and TYS both at RT and
ET.

(2) The formation enthalpies of various
compounds, namely S-Mg7Ali2, AlbLa, AljiLas,
ADLNd and Al;1Nds, have been calculated using
first-principles calculations. The enthalpy of ALLNd
is lower than that of Al;La, indicating that the
formation of ALNd is energetically favorable.
While the enthalpy of AljiLa;s is lower than that of
A111Nd3.

(3) The -eclastic properties of p-Mgi7Alm,
AlLa, Aly1Las, AILNd and Al Nds were calculated.
The deformation resistance, shear deformation
resistance as well as solid stiffness of Alj;La; and
AlyLa are substantially superior to those of the other
phases. In addition, Al;;Las and Al,La maintain a
ductility and plasticity comparable to those of
f-Mgi7Al.

(4) Based on the thermodynamic calculations,
the Al-Nd phase has lower enthalpy and the Al-La
phase has lower entropy and Gibbs free energy. As
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the temperature increases, the Al-La phase is more
thermally stable and has higher mechanical
properties. The alloys with higher Al-La phase
content and lower -Mg7Ali> phase content exhibit
higher mechanical properties.
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