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A B S T R A C T   

Magnesium alloys, particularly in the aluminum-zinc (AZ) series, are widely recognized for their remarkable strength-to-weight ratio. We performed electronic 
structure, lattice dynamics, and mechanical properties of the AZ80 alloy using first-principles density-functional theory. The influence of dilute alloying by Al/Zn was 
observed in electronic-structure of AZ80 through hybridization of Mg-(s,p) with Al-p/Zn-d states. The Allen’s electronegativity difference between Mg and Al/Zn was 
found to induce charge transfer mechanism that provides solid-solution strengthening and ductility, in agreement with experiments. The electronic and phononic 
band-structure was unfolded onto the primitive unit cell of pure Mg to provide key information related to structural distortions and disorder effects. Finally, the 
dynamic and mechanical stability of AZ80 were confirmed by phonons and Born-Huang criteria, respectively. Collectively, this study provides valuable insights into 
the fundamental properties of lightweight commercial grade AZ80, essential for application-oriented design of Mg alloys.   

1. Introduction 

Magnesium (Mg) and its alloys continue to gain attention for their 
promising applications in biomedical, automotive, and aerospace in-
dustries, owing to their exceptional strength-to-weight ratio and low 
density [1–3]. Incorporating Al and Zn in these alloys enhances corro-
sion resistance by promoting the formation of passivating oxide layers 
[4]. Additionally, improvements in castability, machinability, and heat 
treatment further enable us to optimize the properties of these alloys for 
potential manufacturability. 

The AZ series, while maintaining Mg’s light-weighting advantage, 
achieves a balance between strength and weight, crucial for industries, 
where both factors impact performance, durability, and efficiency in 
stressful environments [5,6]. Amongst them, the AZ80 alloy, with its Mg 
(91 %)-Al(7.8–9.2 %)-Zn(0.20–0.8 %) composition (a hexagonal-close- 
packed (hcp) lattice structure), stands out for its superior mechanical 
performance. Despite the wide popularity of the AZ series and other Mg- 
based alloys in the experimental literature, there exists limited under-
standing of their electronic and vibrational spectra, necessitating an in- 
depth examination of its electronic structure, lattice dynamics, and 
elastic properties. In this work, we employ first-principles density- 
functional theory (DFT) to calculate the underlying lattice dynamics and 
electronic structure of AZ80. We also scrutinize the interactions between 
lightweight Mg, Al, and heavy Zn atoms and their contribution to mass 

disorder that directly impacts thermal and mechanical properties [7,8]. 

2. Methods 

We employ DFT as implemented in the pseudopotential-based Vienna 
Ab-initio Simulation Package [9,10] to achieve geometrical optimization 
and charge self-consistency. The generalized-gradient approximation 
(GGA) of Perdew, Burke and Ernzerhof (PBE) is employed [11] with a 
plane-wave cut-off energy of 520 eV. The choice of PBE over LDA or 
meta-GGA [12,13] functionals is based on the work of Söderling et al. 
[14] and Giese et al. [15] that establishes the effectiveness of GGA 
functionals. A 90-atom supercell random approximate (SCRAP) is opti-
mized with energy and force convergence criteria of 10-8 eV and 10-6 

eV/Å, respectively [16]. A Monkhorst-Pack k-mesh of 6 × 6 × 2 is used 
for Brillouin-zone integration during structural-optimization and charge 
self-consistency [17]. Refer supplementary methods for more details. 

3. Results and discussion 

Fig. 1a shows a relaxed hcp structure of AZ80 alloy, Mg atoms 
occupy high-symmetry points, with slight displacements in vicinity of Al 
and Zn on structural relaxation. This observation suggests a change in 
local Mg-X (X = Al,Zn) bonding. We find significantly reduced bond- 
length for Mg-X (X = Al,Zn) compared to Mg-Mg (Supplementary 
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Table 1), which is attributed to large elemental electronegativity (χ) 
difference between Mg(1.293) and {Al(1.613), Zn(1.588)} on Allen 
scale. This large χ variance leads to enhanced charge activity about {Al, 
Zn} resulting into smaller bond-length, i.e., higher bonding strength. 

3.1. Electronic structure analysis 

Electronic-structure for metals impacts both physical and chemical 
properties of an alloy [18]. Therefore, we analyze the electronic band 
structure and density of states of AZ80. Within the band structure, in 
Fig. 1b, we find that Mg-s states contribute at lower energies, whereas 
the Mg-p states contribute to the proximity of the Fermi energy. The 
projected-DOS for the individual elements (Fig. 1b) reveals that due to 
the low concentration of Al and Zn, their DOS exhibit diminished elec-
tronic states. Since Mg-(s,p) have increased electronic density due to 
higher concentration as reflected in the projected DOS, Mg has more 
influence on the electronic structure of AZ80. Nonetheless, the effect of 
Al or Zn cannot be discounted as they provide stronger hybridization 
evinced by the overlapping Mg-3(s,p) and Al-3p/Zn-3d states at/near 
−1.1 and −4.7 eV on the energy scale. This result corroborates that 
electronic structure effectively directs to the microscopic factors un-
derlying alloy properties. 

The absence of translational symmetry is a defining characteristic of 
random-substitutional alloys, where varying atomic distribution gives 
rise to a polymorphous configuration that leads to inhomogeneity in the 
local environment. Hence, we unfold the bands to unravel the intricacies 
associated with the element specific bands and the role of specific 
electronic-states towards the properties of AZ80. In Fig. 1c, we map the 
unfolded supercell band-structure onto a primitive hcp Brillouin zone. 
The bands assuming stronger intensities effectively hybridize especially 
along M−K in the energy range −2 to 3.3 eV, which is also seen in band- 
structure. The reconstruction or unfolding of energy-bands [E(k)] from 
DFT calculated bands [E(K)] helps to identify the impurity bands of Zn/ 
Al, that is difficult to isolate in the band-structure of a large unit cell. 

From the 2D projected charge density plots, Fig. 2a and b, we find 
that the Mg atoms around Al/Zn show distorted charge with less 
distortion near Mg-Mg pairs. AZ80 is a dilute alloy so in our 90-atom cell 
we do not include significant Al-Al and Zn-Zn charges to assess the local 
atomic charge behavior; however, an analysis of the Mg-X neighborhood 
suitably establishes the role of electronegativity driven charge-transfer 
that contributes to solid-solution strengthening. For completeness, in 
Fig. 2c and d, we present 3D and 2D projected Fermi-surfaces at a 
constant energy describing the alloy’s global characteristics. The pres-
ence of electron/hole pockets in Fig. 2d indicates enhanced metallic 

behavior in the x-y plane as reflected from the charge density plots and is 
expected to govern AZ80 transport properties such as conductivity. 

3.2. Phonons (structural) analysis 

The phonon spectra are pivotal in disordered alloys influencing 
structural stability as well as thermal and mechanical behavior. In Fig. 3, 
we reproduce the phonon dispersion and unfolded phonon bands map-
ped on the primitive Mg unit cell. The phonons reveal no imaginary 
(unstable) modes that can give rise to dynamic instability in the crystal 
lattice, asserting the stability of the hcp crystallographic phase. A peak in 
the phonon DOS for Zn and Al corresponds to a straight band at 1 THz 

Fig. 1. (a) Relaxed crystal structure of AZ80. The structural parameters area listed in Supplementary Table 1. (b) Electronic structure (bands) and partial density of 
states (DOS) from −5 to 1 eV for Mg-(s,p) and Al-(s,p) band crossings at the Fermi energy (EF). (c) Bands unfolded into the Brillouin zone of primary unit-cell. 

Fig. 2. (a, b) A 2D projected charge-density showing Al-Mg and Zn-Mg planes. 
(c) 3D and (d) 2D projected fermi-surface of AZ80. 

Fig. 3. (a) Phonon dispersion and elemental (Mg, Al, Zn) partial density of 
states (PDOS), and (b) unfolded phonon dispersion per atom for AZ80. 
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between M and K points. Elemental specific phonon density of states in 
Fig. 3a, indicates that the heavier Zn atoms predominantly contribute to 
lower frequencies, while lighter Mg and Al atoms contributions are 
noted at higher frequencies. Zn displays maximum vibrations in the 1 to 
3 THz range, while Al and Mg vibrations occur above 3 THz (optical 
modes). It is worth highlighting the absence of any intersection between 
the optical and acoustic branches in the phonon dispersion, further 
substantiating the alloy stability and reporting a clear distinction be-
tween the vibrations associated with different elements. 

Finally, we assess the mechancial property of AZ80 alloy. The DFT 
optimzed AZ80 supercell was used to calculate elastic tensors including 
Young’s (DFT=38 GPa; Expt=44.8 GPa) and shear (DFT=14,2 GPa; 
Expt=17 GPa) modulus for AZ80, see Supplementary Table 2 for more 
details. The Pugh’s ratio, a ductility indicator, was calculated for AZ80 
(B/G=2.7) taking the ratio of bulk-moduli (38.3 GPa) vs shear moduli 
(14.3 GPa), which hints towards ductile nature (B/G > 1.8 is ductile; B/ 
G < 1.8 is brittle). Notably, the 7% tensile elongations reported exper-
imentally [19] agrees with our predictions. The lower shear (14.8 GPa) 
compared to pure Mg (16.4 GPa) is indicative of the lower barrier for 
dislocation motion across the hcp slip planes under tensile strain, i.e., 
enhanced ductility over Mg. Note that the limited ductility of pure Mg is 
attributed to the inability of the hcp phase to deform plastically [20]. 

4. Summary 

We present results from a detailed first principles study on the 
electronic-structure, lattice vibrational spectra (phonons), and me-
chanical property analysis of light weight Mg-based commercial grade 
AZ80 alloy. Our results corroborate that dilute alloying by Al/Zn is the 
key reason that improves the mechanical property such as ductility and 
strength of AZ80 compared to pure Mg. We attribute this improvement 
to enhanced charge activity between Al/Zn and Mg due to large elec-
tronegativity difference, which agrees with recent reports where 
ductility is correlated to similar charge-driven mechanisms in metallic 
alloys [21]. The band unfolding presented for the electrons and phonons 
is a pivotal step in bridging the gap between theoretical predictions and 
experimental observations. Our unfolding analysis for AZ80 not only 
enables a ground for comparison but also contributes significantly to the 
interpretation of real effects of scattering mechanisms that can help 
tailor thermo-electro-elastic properties. 
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