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Abstract: The mechanical, thermodynamic properties and electrical conductivities of L1,-Al;X (X=Zr, Sc, Er, Yb, Hf)
structural phases in aluminum conductors were investigated through a first-principles study. The results demonstrate
that all structural phases have good alloy-forming ability and structural stability, where AlzZr is the most superior. AlsZr,
ALHf and Al3Sc have enhanced shear and deformation resistance in comparison to other phases. Within the temperature
range of 200—600 K, Alz;Er and Al3Yb possess the greatest thermodynamic stability, followed by AlsHf, AlsZr and AlsSc.
ALEr and AlYb have higher thermodynamic stability than Al;Hf, AlzZr and Al;Sc. All structural phases exhibit
substantial metallic properties, indicating their good electrical conductivity. The electrical conductivities of AzHf and
AlsZr are higher than those of Al3Er, Al;Yb and AlsSc. The covalent bond properties in Al;Sc, AzEr and AlsYb enhance
the hardness, brittleness and thermodynamic stability of the structural phase. The thermodynamic stability of Al3Sc is
significantly reduced by ionic bonds.

Key words: aluminum conductor; L1,-Al;X structural phase; first-principles; mechanical properties; thermodynamic
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significant need in China’s efforts to construct a
secure and efficient energy infrastructure [3]. The
uniform dispersion of high-hardness Al;X phases
throughout the alloy can be achieved by

1 Introduction

Aluminum (Al) conductors are considered

crucial materials for the construction of high-
capacity, long-range and low-loss transmission lines
owing to their exceptional electrical conductivities
and specific strength. Nevertheless, there is a
conflict between conductivity and strength, heat
resistance, hence imposing significant constraints
on the continued advancement of conductors in the
realm of transmission [1,2]. The pursuit of
developing Al alloys with enhanced strength,
conductivity and heat resistance has emerged as a
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incorporating micro-alloying materials into Al and
subjecting it to the suitable heat treatment. The
degree of misfit between the Al;X phases and the
matrix is minimal. Specifically, the Al;X phases
exhibiting an L1, crystal structure have the ability
to establish a cohesive interface with the matrix.
This interface aims to reduce surface energy while
simultaneously maximizing the strengthening effect.
It is an ideal dispersion-strengthening phase for
heat-resistant Al conductors [4,5].

1003-6326/© 2025 The Nonferrous Metals Society of China. Published by Elsevier Ltd & Science Press
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/)



378 Yao-jie KONG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 377-391

Several studies have incorporated micro-
alloying elements, including Zr [6], Er [7], Sc [8],
Hf [9,10] and Yb [11] into Al alloys. The stable
existence of the L1,-Al;X (X = Zr, Er, Sc, Hf, Yb)
structural phases in the alloys has been discovered.
This not only serves to assure the conductivities of
the alloys, but also enhances their strength and heat
resistance. Furthermore, it has been shown that the
physical properties (mechanical properties, thermo-
dynamic properties and electrical conductivities)
of different L1,-Al;X phases exhibit variations.
Additionally, their respective impacts on enhancing
the qualities of Al alloys are not uniform [12,13].
The physical properties of structural phases are not
easily characterized by experiments [14]. The
utilization of density functional theory in the first-
principles calculation allows for a comprehensive
understanding of electronic interactions and valence
bonds among atoms in various structural phases.
Consequently, this approach enables precise
predictions of the physical properties associated
with these phases. PAN et al [15] conducted a
first-principles analysis to determine the mechanical
and thermodynamic properties of L1,-Al;X (Er, Yb)
phases. Their findings provide evidence that these
phases exhibit notable strength even under elevated
temperature conditions. LAN et al [16] analyzed the
mechanical and thermodynamic properties of
L1,-AlsX (Zr, Sc, Er, Hf, Yb) phases. Their findings
reveal that L1,-Al;X (Er, Yb) exhibits advantageous
qualities in terms of enhancing the heat resistance
of the alloy. FAN et al [17] conducted high-
throughput calculations to determine the electrical
conductivities of Al and L1,-Al;X (Sc, Er, Yb)
phases. The results show that the conductivities of
the structural phases are in the order of Al3Sc >
AlYb > AlEr. Additionally, the conductivity of Al
exhibits a modest increase as the temperature
rises. CUI et al [18] employed first-principles
calculations to ascertain the conductivity of Al, and
their findings reveal a consistent decline in
conductivity as temperature increased. However,
the majority of existing research on the conductor’s
L1,-AlsZr structure is devoted to comparing
mechanical and thermodynamic properties, with no
definitive research on the electrical conductivity. At
the same time, there is a lack of comprehensive
research on the mechanical properties, thermo-
dynamic properties and electrical conductivities of
structural phases. In this work, the mechanical and

thermodynamic properties of L1,-structural phases
(AlsZr, ALEr, AlsSc, AlHf and AlYb) were
calculated theoretically in the temperature range
where phase stability exists [5,19]. The electrical
conductivities  of  structural  phases
characterized using electronic structures, and the
distinctions in properties among these phases were
examined based on the essence of chemical bonds.
This analysis offers theoretical backing for the
subsequent development of Al conductors with
superior conductivity, strength and heat resistance.

WEre

2 Computational method and model

2.1 Computational method

The properties were calculated by the
utilization of the first-principles plane-wave pseudo-
potential Vienna Ab-initio Simulation Package
(VASP) [20]. The projector augmented wave (PAW)
method was used to describe the ion-electron
interactions [21]. The treatment of the exchange-
correlation functional involved the utilization of
the generalized gradient approximation (GGA)
proposed by Perdew-Burke-Ernzerhof (PBE) [22].

Unless otherwise specified, all phases were
fully relaxed with respect to volume as well as all
cell-internal atomic coordinates. The convergence
of results with respect to the energy cutoff, &
points and energy broadening sigma was carefully
considered. The energy cutoff and smearing width
were chosen to be 450 eV and 0.2 eV, respectively.
The Monkhorst—Pack method was used to mesh &
points, with a density of which was less than
0.03 [23]. A convergence criterion of less than
1 meV/atom was employed to determine the
relative energy difference. The self-consistent
convergence criterion for electron iterations was set
at the value of 107°eV/atom, and the electron
occupation was described using the first-order
Methfessel—Paxton scheme. The atomic geometries
in their ground state were optimized by the process
of minimizing the Hellmann—Feynman force. This
optimization was continued until the total force
acting on each ion reached a converged value of
0.01 eV/A. The Birch-Miirnaghan equation of state
(EOS) was utilized to elucidate the correlation
between energy and volume. In general, the strong
correlation of f electrons has a substantial influence
on the calculation of oxide, nitride and insulator
systems. Conversely, the extent of electron
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localization in metal systems is small, so the impact
of f electrons in rare earths on the calculation of
metal compounds is not considered [16]. The
valence configurations of the elements were as
follows: Al-3s23p!, Zr-4s’4p°4d25s?, Er-5s25p°6s?,
Sc-3s?3p®3d'4s?, Hf-5p®5d?6s?, and Yb-4d'5p°6s’
[24].

Combining the crystal structure phonon
calculation software module, Phonopy, allowed for
the computation of the thermodynamic parameters
of the structural phase [25]. The calculation method
is based on density functional perturbation theory
(DFPT) [26]. Considering the anharmonic effect in
the process of lattice vibration, the change of
potential field caused by the movement of atoms
was obtained. Based on this, the kinetic matrix was
constructed and the corresponding thermodynamic
properties were finally obtained. These properties
include the phonon density of states, free energy,
enthalpy and entropy, among others. The quasi-
harmonic approximations (QHA) method was
employed to obtain the specific heat at constant
pressure [27].

2.2 Computational model

The L1,-AlkX exhibits a CuszAu crystal
structure, which belongs to the space group of
Pm3m . This structure contains four atoms (Fig. 1).
The primitive cell approach was used for structural
relaxation analysis, while the supercell approach
was used for phonon spectrum (3%3x2) and charge
density (2x2x1) analysis.

Fig. 1 Crystal structure of L1,-Al3X structural phases
(X=Zr, Sc, Er, Yb, Hf)

3 Results and discussion

3.1 Lattice parameter
The ground state parameters for pure metals,

Al, Zr, Er, Sc, Hf, Yb, and the L1,-Al:X structural
phases, were calculated. The lattice parameters
obtained by calculations for the L1,-Al;X phases
are compared with the values reported in the
literature, as presented in Table 1. The derived
relevant parameters exhibit a high level of
concordance with the computed and experimental
findings reported in existing scholarly literature.
The discrepancy in the experimental data is below
1%. Hence, the present calculation parameters
enable precise prediction of the mechanical
properties, thermodynamic properties and electronic
structure of L1,-Al;X phases.

Table 1 Lattice parameters comparison of L1,-AlzX
structural phases with literature

Lattice parameter/A

Phase
Present Calculation Experiment
4.097 [28],
AlZr 4.105 4.12 [29], :?197[?312]’]
4.107 [30] ’
4.232 [33], 422 [5],
ALEr 4.231 4.23 [34], 4.215 [36],
4.215 [35] 4.214 [37]
4.038 [38],
AlsSc 4.106 4.106 [33], 1112% [[‘i(é)l]]’
4.103 [39] ’
4.0807 [14], 4.048 [5],
ALHT  4.089 4.091 [41] 4.08 [41]
4.1906 [14],
ALYb 4212 4139 [42], 1222(; [[E]]’
4.295 [5] ’

3.2 Formation enthalpy and binding energy

The formation enthalpy serves as a crucial
parameter in assessing the alloy-forming ability of
L1,-AlzX structural phases. It is wused to
characterize the energy released (or absorbed) by
atoms during the formation of compounds from
elementary substances, as shown in Eq. (1) [43]:

AH (AL X)= E(ALX) - BE(Al) + %E(X)} (1)

where E(Al:;X), E(Al) and E(X) represent the
energy of a single atom in L1,-Al;X structural
phases, Al and X elements after full relaxation,
respectively. The unit is eV/atom.

The binding energy is defined as the energy
required to decompose the compound into a single
atom. It is used to reflect the strength of atomic



380 Yao-jie KONG, et al/Trans. Nonferrous Met. Soc. China 35(2025) 377-391

binding in L1,-Al:X structural phases, as shown in

Eq. (2) [44]:

E, ., (AL X)= E(ALLX) - BE(Al)atom + %E(X)m}
()

where E(Al) atom and E(X) atom represent the

energy of isolated Al and X atoms after full

relaxation, respectively. The unit is eV/atom.

Table 2 displays the formation enthalpy and
binding energy of several structural phases,
exhibiting a strong agreement with the calculated
and experimental findings documented in the
existing literature. As the formation enthalpy
becomes more negative, the bonding energy and the
alloy-forming ability of the structure become
stronger. The order of the negative formation
enthalpy of the structural phases from large to small
is AlsZr, Al3Sc, Al3Er, Al;Yb and AIHf (<0), which
suggests a favorable alloy-forming capability for
these phases. AlZr is the most superior
performance among them. The negative value of
binding energy indicates that structural phases can

Table 2 Enthalpy of formation (AH) and binding energy
(Econ) of L1,-Al:X structural phases

AH/(eV-atom™)

Econ/(eV-atom™)

Phase

Present Calculation Present Calculation
ALEr -04154 240 [[1;]] 4148 _—:.-;350[4[%,]
s v G Lot
ALHf —0.3656 _—(())é;i[[slll]]’ —4.632 —4.962 [51]
ALYb ~0.4097 __3';37638[?52;’] ~4.100 —4.445 [42]

exist stably. The more stable the crystal structure,
the larger the negative value of binding energy [53].
The order of the negative binding energies of the
structural phases from large to small is AlsZr, AIHf,
ALEr, AlsSc, and AlsYD (<0). This order highlights
the remarkable structural stability of these phases,
with Al;Zr displaying the highest performance
among them.

3.3 Elastic properties

The independent elastic constants can indicate
the crystal’s capability to withstand elastic
deformation and external stress. According to the
Hooke's law, the relationship between stress and
strain is linear under small distortion. The stress
component can be described as a linear function of
the strain component, and the matrix is expressed as

0,=C; ¢ (3)

where o; is the stress tensor element, ¢; is the strain
tensor element, and Cj is the elastic modulus tensor
element. The L1, structure phase belongs to the
cubic crystal system and has high symmetry, its
elastic modulus matrix is [54]

¢, C, C, 0 0 0
c, G, C, 0 0 0
C, C, C, 0 0 0
0O 0 0 C, 0 0 )
0O 0 0 0 C, O
L0 0 0 0 0 C]

There are three non-zero elastic constants Ci,
Ci2 and Cuq [55]. The results are listed in Table 3.

The characterization of a material’s ability
to endure deformation under uniaxial strain can
be achieved using Cii. The shear resistance of
materials along the (00I) (1 is the crystal plane index)

Table 3 Independent elastic constants of L1,-Al;X structural phases

Phase C1i/GPa C1»/GPa C44/GPa

Present Calculation Present Calculation Present Calculation
AlZr 181.29 182.2 [56], 179.3 [29] 64.92  67.9[56], 64.0 [29] 71.35  72.5[56], 72.8 [29]
ALEr 159.10 159.59 [15], 160.05 [50] 37.60 36.33[15],36.52[50] 61.30 62.64[15], 60.95 [50]
AlsSe 180.17 191 [;2]1,6157(}:" [38] 36.68 43 [3481]',64[65.313 [38] 71.50 82 [3689].,36[85.(7)1’ [38]
ALHf 180.87 176.88 [56], 176.6 [51] 65.02  68.23 [56], 69.2 [51] 70.62  68.6 [56], 68.5[51]
Al;Yb 162.19 158.27 [15], 135.47 [42] 37.87 38.01[15],45.59[42] 62.48 61.76[15], 80.19 [42]

*Experimental data
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and the (111) four-degree axis can be characterized
by Ci» and Cu, respectively. The standard
conditions for mechanical stability are expressed as
follows [58]: C11> 0, Ci2> 0, Cii— Ci2> 0, Cyy +
2C12 > 0. The results show that the structural phases
satisfy the requirements for mechanical stability.
Further analysis of the elastic constants reveals that
AlsZr, AIHf and Al3;Sc have superior resistance to
deformation and shear in comparison to AlsYb and
A13EI'.

In practical applications, the elasticity capacity
of materials is commonly characterized by the
elastic moduli, including the bulk modulus (8) and
shear modulus (G). The elastic moduli can be
determined by utilizing the elastic constants derived
through the VRH approximation (Voigt—Reuss—Hill
approximate model) [59], as shown in Egs. (5)—(8):

C,+2C,

B=B, =By ==t~ (%)
szm (6)
5
= 5c44 (Cll — CIZ) (7)
4Cy, +3(C - Cp)
J’_
6= G 2GR (8)

where B, Bv, Br, G, Gv and Gr represent the bulk
modulus and shear modulus obtained by Hill, Voigt,
Reuss methods, respectively.

Young modulus (£) and Poisson ratio (v) can
be determined using Eqgs. (9) and (10):

Table 4 Elastic modulus of L1,-Al;X structural phases

9BG

E= 9
3B+G ©
E
G (10)
Table 4 displays the computed elastic

parameters of L1,-Al;X structural phases. The
results exhibit a close agreement with the findings
published in the literature. The analyses of bulk
modulus, shear modulus and Young modulus
further demonstrate that Al;Zr, Al Hf and Als;Sc
have superior elastic capacity compared to Al;Yb
and ALEr. The transition from ductile-to-brittle
structural phases in a cubic crystal can be quantified
using the Cauchy pressure (Ci1>—Cas) [64], the Pugh
value (B/G) [65] and v. When Ci;—Cu< 0, B/G <
1.75 and v < 0.26, these conditions suggest that the
material exhibits brittle behavior. On the contrary,
the material will exhibit ductility. Based on the
comparison presented in Fig. 2, it can be observed
that all the L1,-AlzX structural phases exhibit
brittleness. The ranking of brittleness, in
descending order, is as follows: Al;Sc, AlsEr,
Al;Yb, AlsZr and AlHf. The brittleness propensity
of Al3Er and Als;Sc exhibits similarity.

3.4 Hardness

The measurement of hardness serves as a
significant characteristic in the
assessment of a material’s ability to resist wear. It is
often used to indirectly evaluate the strength of
aluminum alloys. The estimation of the hardness of
L1,-Al:X structural phases can be derived using the
obtained elastic moduli from Eq. (11) [58].

mechanical

B/GPa G/GPa E/GPa v
Phase Present Calculation Present  Calculation Present  Calculation Present  Calculation
R e e
ALEr  78.10 777712[?32% 61.10 6612223 [[6125]]’ 145.40 111575265 [[6125]]’ 0.171 0.188 [50]
wsw SEEE e QEEF ww S5 om S
anr 103642 BEh o esaa PSRN ae17s 1sssps o2s0 G020

*Experimental data
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Fig. 2 Brittleness and ductility analysis of L1,-AlzX
structural phases

_(1-20)E

6(1+v) (1

\Y%
There exists a disparity between the calculated
hardness and the real hardness. However, it is
possible to horizontally compare the relationship
between the hardness of each structural phase.
Based on the findings depicted in Fig. 3, the
hardness of the structural phase is arranged from
large to small as follows: AlsSc, AlzEr, AlsYDb, AlsZr
and Al;Hf. Based on the findings reported in the
literature [15,66], the hardness of structural phases
follows the order of AlsSc, AIEr and AlsYb, which
is consistent with the calculation results. The
analysis reveals an association between hardness
and brittleness tendency. A high hardness in the
structural phase corresponds to the strong
brittleness tendency. A low hardness corresponds to
the weak brittleness tendency.

161 15.75
13.62 1292
12+ 11.49 11.31
£ 8
T
4 L
0
AliZr  ALEr  AlLSc ALHf  ALYDb

Fig. 3 Hardness of L1,-Al:X structural phases

3.5 Thermodynamic properties

The thermodynamic stability of Ll1,-Al:X
structural phases was assessed using various
thermodynamic properties, including Helmholtz

free energy, specific heat, entropy and enthalpy, as
shown in Egs. (12)—(17) [67]:

FW.T)=E(V)+Fy(V,T)+ F (V. T) (12)

FuoT) = [ /2 + kT (1= 75T ).

g(o,V)do (13)
o’ min| F(V,T)+ pV ]
_ V
c, (p,T)— T o (14)
c,=(ouU/ear), (15)
S =—0F /0T (16)
H=F+TS (17)

where F(V, T) is the Helmholtz free energy, Eo(V) is
the ground state primitive cell energy at 0K,
Fa(V,T) is the thermal electronic contribution,
Fuin(V, T) is the vibrational contribution of lattice, i
is the reduced Planck constant, @ is the phonon
vibration frequency, kg is the Boltzmann constant,
¢p is the specific heat capacity at constant pressure,
¢y 1s the specific heat capacity at constant volume, S
is the entropy, H is the enthalpy, p is pressure, V is
the volume, U is the internal energy, and T is the
temperature.

The temperature range of 200—-600 K was
selected for the service environment of heat-
resistant Al conductors. In this particular range,
the influence of free electrons on specific heat was
neglected. Figure4 displays the computed
thermodynamic parameters for the L1,-Al:X
structural phases. As shown in Fig. 4(a), the
experimentally determined specific heat capacity at
constant pressure of Al;Sc shows a high level of
concordance with the calculated values [68].
Figure 4(b) illustrates the specific heat capacity at
constant volume. As the temperature rises, there is a
steady deceleration in the increasing rate of specific
heat until it reaches the Dulong—Petit limit. This
observation aligns with the principle governing the
alteration of specific heat capacity at constant
volume conditions in crystalline solids [69]. All of
the above verify the accuracy and reliability of the
calculation results in this paper.

As shown in Fig. 4(c), it can be observed that
the Helmholtz free energy exhibits a decreasing
trend as the temperature increases. This finding
provides evidence for the high stability and
spontaneous formation of these structural phases.
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Fig. 4 Thermodynamic properties for L1,-AlzX structural phases (Insets show the locally enlarged plots): (a) ¢,
comparison between calculated and experimental data; (b) Specific heat capacity at constant volume (c,); (c) Helmholtz
free energy (F); (d) Helmholtz vibration free energy (Fyiv); (¢) Entropy (S); (f) Enthalpy (H)

The thermodynamic stability of structural phases
was further analyzed by studying the effect of
temperature on the Helmholtz vibrational free
energy (Fig. 4(d)). At lower temperatures
(200—400 K), the Helmholtz vibrational free energy
exhibits a somewhat slower rate of decrease. At
higher temperatures (400—600 K), the decrease rate
of the free energy gradually increases. In the

temperature range of f 200—600 K, the Helmholtz
vibrational free energy of phase from large to small
is AlSc, Al:Zr, AlsHf, ALYb and AlEr, with
similar values for Al;3Yb and Al;Er. The system
tends to approach a state of thermodynamic
equilibrium (maximum entropy), as indicated by the
variation curve of the entropy with temperature
(Fig. 4(e)). This is due to the increased intensity of
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lattice vibrations. The entropy exhibits a
progressive increase as the temperature increases,
and this rate of increase gradually diminishes. The
entropy values of the structural phases, in
descending order, are Al:Er, Al;Yb, AIHf, Al:Zr
and AlsSc. Finally, the enthalpy of L1,-Al:X
structural phases was investigated (Fig. 4(f)). It was
observed that the variations in enthalpy between the
different structural phases are minimal in response
to temperature change. The enthalpy progressively
rises  with  temperature, improving  the
thermodynamic stability of structural phase.

It is commonly recognized that throughout the
heating process, the structural phases exhibit great
thermodynamic stability when there is a low
Helmholtz vibrational free energy, higher entropy,
and higher enthalpy increasing. The structural
phases exhibiting notable thermodynamic stability
were identified as Al;Er and Al;Yb, afterwards
succeeded by AIHf, AlsZr and AlsSc. Additionally,
the degree of lattice vibration of the heated crystal
can be precisely represented by the thermal
expansion coefficient. The low coefficient value
represents a small degree of vibration, which
suggests strong thermodynamic stability. The
thermal expansion coefficients of the structural
phases at 300 K, from big to small, are Al3Sc, Al:Zr,
ALHf, AlLYb and ALEr, based on findings
published in the literature [15,17,70]. This confirms
the thermodynamic stability calculation results even
further.

3.6 Electronic structures

To evaluate the chemical bond properties of
the L1,-Al:X phases, the electronic state around the
Fermi level was measured after the Fermi level of
the energy band structure situated at 0 (Fig. 5).

The conduction bands of the various structural
phases exhibit several intersections with the Fermi
level and pass through it multiple times. Every
phase exhibits some conductivity and obvious
properties of metallic bonds because they are not
zero at the Fermi level. The Al:Zr (Fig. 5(a)) and
ALHf (Fig. 5(d)) phases exhibit a greater number of
crossings with the Fermi level in compared to the
other phases. The energy band variation reveals that
the energy bands of Al;Er (Fig. 5(b)), AlsSc
(Fig. 5(c)) and Al;Yb (Fig. 5(e)) display distinct
parabolic profiles at the conduction and valence
band in proximity to the Fermi level. This suggests

that the properties of covalent bonds are present.

Figure 6 displays the density of states (DOS)
for L1,-AlsX structural phases. The DOS of AlsZr
(Fig. 6(a)) mostly arises from the hybridization of
Al 3s, Al 3p and Zr 4d electrons close to the Fermi
level. The energy range between —10 and —4 eV
predominantly consists of an Al—Al bond, which is
primarily provided by Al 3s orbital. The energy
range between —4 and 0 eV is characterized by a
hybrid bond of Al 3p and Zr 4d. In addition to the
Zr—Zr bond, a robust Al-Zr hybrid bond is
observed in the higher energy region located above
the Fermi level. The orbitals of valence electrons in
adjacent atoms undergo overlapping, resulting in
the formation of bonding and anti-bonding states.
When an overlap occurs, a visible pseudogap is
formed, and the system’s covalent bond strength is
determined by the gap’s breadth. The Fermi surface
is situated adjacent to the anti-bonding states within
the lower region of the pseudogap valley. Since the
corresponding DOS exhibits a high value, there is
an increased population of electrons crossing the
Fermi level.

The bond properties of other LI1,-AlX
structural phases (Figs. 6(b)—(e)) in the Fermi level
are similar to Al:Zr. Among the aforementioned
compounds, it is worth noting that the Fermi
surface of Al;Hf is also positioned adjacent to the
antibonding peak. Al;Er, AlsSc, and AlYb show
strong local stability because their Fermi surfaces
are located toward the bottom of the pseudogap
valley and their DOS is comparatively tiny.
Simultaneously, the observed pseudogap has a
significant width, suggesting the presence of robust
hybrid bonds among Al-Er, Al-Sc and Al-Yb.
They are the obvious properties of covalent bonds
and the reason why the hardness and brittleness of
ALEr, Alz3Yb and Al;Sc are higher than those of
Al3Zr and AI3Hf.

The metallicity (f) of the structural phase was
determined by Eq. (18) [71]:

0.026D,

Jn= (18)

where Dy is the DOS at the Fermi level, and 7. is the
valence electron density in the unit cell. The fn
values of ALHf, Al;Er, Al:Zr, Al;Yb and AlsSc
are 0.1662, 0.1507, 0.1609, 0.1543 and 0.1254,
respectively. The metallicity of AI;Hf and AlsZr are
more prominent, which is consistent with the previous
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analysis of the properties of metal bonds. It can be
proved that the electrical conductivities of Al;Hf
and Al;Zr are stronger than those of Al;Er, Al;YDb
and Al;Sc.

3.7 Charge density and differential
density

It is evident that the charge distribution

surrounding each atom in each phase is spherical

from the charge density of the L1,-Al;X phase on

the (001) plane (Fig. 7). The X atom is surrounded

by a significant quantity of electrons, suggesting

charge

that all the structural phases display the typical
properties of metallic bonds.

By examining the form and distribution of the
difference charge density in the structural phases on
the (001) plane, it is possible to determine that the
atoms exhibit mixed properties of bonds following
redistribution (Fig. 8).

It is the aluminum atom that loses electrons in
each structural phase. (blue region in Fig. 8).
Additionally, certain electrons tend to congregate
around X atoms (red and yellow regions in Fig. 8).
This accumulation of electrons leads to the formation
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Fig. 7 Charge density of L1,-Al3X structural phases

of ionic bonds, exemplified by compounds such as
AlZr, AlsSc and ALHf. Furthermore, it has been
seen that certain electrons participate in the
formation of robust, directed covalent bonds
between Al and X atoms. The analysis demonstrates
that the orbital hybridization between Al and X
atoms results in the formation of overlapping
electron clouds between Al and X. However, there
is not much charge distortion at the junction of the
two atoms, indicating that the metallic bonds of the
structural phases remain maximally dominating.
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Upon further examination, it has been
determined that the compounds Al;Sc, ALzEr and
AlYb exhibit the presence of covalent bonds
among Al-Sc, AIl-Er and Al-Yb. The
thermodynamic stability of the structural phases
increases with the increase of covalent bond
strength, leading to enhanced the strength and
brittleness of phases. It is important to highlight that
Al3Sc has the characteristics of covalent bonds but
lacks thermodynamic stability. This is due to the
existence of a certain amount of ionic bonds in
Al3Sc. Compared with covalent bonds, ionic bonds
are susceptible to the influence of thermal shock,
leading to inadequate thermal shock resistance. This
has an adverse effect on the thermodynamic
stability of AlsSc [72]. It is discovered that the
thermodynamic stability of L1,-Al;X phases in
aluminum alloy increases with the increase of X
atom radius [16]. The structural phases of AIHf
and AlZr exhibit comparable covalent bond
characteristics. To some extent, though, Al;Hf
exhibits more thermodynamic stability than AlsZr
because of the comparatively larger atomic radius
of the Hf atoms.

4 Conclusions

(1) The alloy forming ability of the phases
from strong to weak is AlsZr, AlsSc, AlzEr, Al;Yb
and ALHf, and the structural stability of the phases
from strong to weak is Al:Zr, AHf, AlEr, AlsSc
and Al;YD.

(2) All structural phases meet the requirements
of cubic phase mechanical stability. AlsZr, AlzHf
and AlSc have higher shear and deformation
resistance than ALEr and Al;Yb, where ALEr, Al;Sc
and Al;YD exhibit higher brittleness than Al;Zr and
AlzHf. The phase hardness from large to small is
A13SC, A13EI', A13Yb, A13ZI' and A13Hf.

(3) In the temperature range of 200—600 K,
Al3Er and Al;Yb have the highest thermal stability,
followed by ALzHf, AlsZr and Al;Sc.

(4) All structural phases exhibit the substantial
metallic properties, indicating their good electrical
conductivities. Al Hf and AlZr have greater
electrical conductivities than AlEr, Al;Yb, and
A13SC.

(5) The covalent bond characteristics in Al;Sc,
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ALEr and Al;Yb help to improve the hardness,
brittleness and thermodynamic stability of the
structural phases. The thermodynamic stability of
AlsSc is significantly reduced bonds.
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BB VIR TERE JT5 1E 200~600 K N, ALEr #l ALYb RIS E M EF, HIKRZ ALHE. AlZr 1 AlsSc; Z5H4AHYY
ROHBSRM S EYE, IEHEE — RS, AGHF fl AlZr f1 5 B8 /58T ABLEr. AlsYb I AlsSc; AlsSc.
ALEr Al ALY H RS A0 SRR AT ) T4 o 45 AR R B B L PR A ARG M, AlsSc F T 85 1 B IR A7 76 KR PR T
H S # e
KR BT L1-ALX Z5MAH; SB—MEBEEE: JroErERE AO1EMNR: S Mk

(Edited by Xiang-qun LI)
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