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Abstract—The η' and η strengthening precipitates in Al–Zn–Mg alloys were investigated by the first principle
calculations. Results of the heat of formation and cohesive energy indicates that the model of η′ with  and
space group of No. 174 is the energy favored model. The structure, elastic constants and electronic properties
of the energy favored η′ and η (MgZn2) were compared and discussed. The obtained negative heat of forma-
tion and cohesive energy indicates that both η′ and MgZn2 have good alloying ability and structural stability,
while MgZn2 particles exhibit a higher structural stability compared to η′, for MgZn2 has a lower density of
states (DOS) at the Fermi level, which was verified by the experiments that η′ is not as stable as MgZn2. In
addition, the obtained elastic constants Cij of MgZn2 and η′ were calculated, from which were derived the
elastic modulus such as bulk modulus (B), shear modulus (G), Poisson ration (ν), Young’s modulus (E), and
anisotropy (A) of these two precipitates. It is suggested that MgZn2 is stronger than η' for the higher elastic
constants but with a better isotropy. Finally, the electronic density of states of η' and MgZn2, together with
their influences to the mechanical performance of Al–Zn–Mg alloys were furtherly discussed.
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1. INTRODUCTION

Al–Zn–Mg based aluminum alloys have been
widely investigated and used for the transportation
applications, both for the cars, trains and the air-
planes, due to the light weight and high strength,
which are governed by the precipitates presented in the
alloy greatly [1–4]. This kind of alloys with zinc and
magnesium as major alloying elements, precipitation
strengthening can be obtained by heat treatment. Of
all the precipitates, the metastable phase η' and stable
phase η play the most important role in controlling the
mechanical performance of the alloy, considerable
investigations revealed that η' and η are responsible for
the hardening effect in the peak-aged heat treatment
and over-aged heat treatment, respectively [5, 6]. The
η' phase is regarded as the prim-precipitate of the
equilibrium η phase, it is generally present in those
alloys aged to peak strength. While for the equilibrium
phase η, it is found most in the alloys of over-aged
state, after the over-aged heat treatment, a better cor-
rosion resistance is obtained but at the cost of strength
for the alloy (e.g. T74 temper as compared to T6 peak-
aged temper) [2, 3, 5]. Strengthening of the alloy is
usually controlled by the kinds of precipitates, which

in turn is determined by the strain and interfacial ener-
gies of the precipitates to the matrix system, while
those properties are sensitive to the crystal structure of
matrix phase and relationships between them [7]. As a
metastable phase, η′ has been widely studied both in
composition and structure. At first, an orthorhombic
structure with stoichiometry MgZn2 has been pro-
posed by Gjonnes and Simensen for η′ [8], but later
criticized by Auld and Cousland by XRD using the
single crystals, and concluded η' is a hexagonal model
with the approximate composition of Mg4Zn11Al [9].
However, a collection of X-ray intensities performed
by Regnier, P.C. indicated poor fit to the model of
Mg4Zn11Al, and obvious discrepancies were found
between two diffraction data sets [10]. In 2001, based
on the model of Auld and Cousland, C. Ravi proposed
a model with a composition of Mg4Zn13Al2 from a view
point of total energy calculation, but this model was
not confirmed by any experiment observations until
now [11]. Then, by high resolution transmission elec-
tron microscopy (HRTEM), Li et.al confirmed that
η′ phase is of hexagonal lattice with space group 
and with the composition of Mg2Zn(5 – x)Al(2 + x) [12].
Using Patterson analysis and intensity comparisons,
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A. Kverneland et al. furtherly proposed another struc-
ture model for η' phase, which belongs to the space
group of P63/mmc [13]. After years of hot debate
about the structure of η', it is generally accepted by
most researchers that η' has a hexagonal structure, and
its lattice parameters are as follow, a = 4.096 Å, and
c = 14.02 Å, [7, 9, 12, 13], the models proposed by Li
et al. [12] and A. Kverneland et al. [13] are believed to
be the structure of η' and accepted most by other
researchers on the basis of their experiments [14–20].

The η phase is a stable phase of hexagonal struc-
ture, its space group is P63/mmc, each unite cell con-
tains 12 atoms, incoherent with the α-Al [8, 21], and
its chemical composition is MgZn2. Several structural
and theoretical studies of the η phase have been
reported [22, 23], but systematic study on the struc-
tural stability, electronic and elastic properties of η is
scare, especially in comparison with η', while this
information is vital in understanding the age-harden-
ing phenomenon. Transformation of metastable η′ to
stable phase η is complicated, further investigation is
needed. Obviously, precise determination of such
phases by experiments, especially the metastable
phases is quite difficult. Fortunately, first-principles
calculations demonstrated its high reliability in study-
ing their phase transformation and properties [24, 25].

In the present work, the total energy for the models
of η′ proposed by Li et al. [12] and A. Kverneland [13]
is calculated using the first-principles, then the elastic
constants and electronic structure of the energy
favored model (judged from the value of the heat of
formation energy) are furtherly investigated, and com-
parison between the stable phase η was also made,
which would provide valuable data for better under-
standing, optimization, designation and heat treat-
ment of Al–Zn–Mg alloys, by controlling the vital
phases which enhancing the mechanical performance
a lot.

2. FIRST-PRINCIPLES METHODOLOGY
The density functional theory (DFT) [26] calcula-

tions were performed using the Cambridge sequential
total energy package (CASTEP), and ultrasoft pseu-
dopotential [27] was used. Because the DFT with
standard local density approximation (LDA) [28, 29]
is insufficient in describing the properties of the
3d transition metals, but generalized gradient approx-
imation (GGA) [30] can largely remove the error, so
the Perdew–Burke–Ernzerhof (PBE) version of the
GGA (GGA–PBE) was adopted for the exchange–
correction functional. All calculations were fully
relaxed including cell vectors, volume and the internal
atomic positions. The cutoff energy of 450 eV for η,
400 eV for Li et al.’s model [12] and 380 eV for A. Kver-
neland et al. model [13] were found enough to get suf-
ficient convergence respectively, the K-point configu-
ration of 12 × 12 × 12, 9 × 9 × 6 and 8 × 8 × 6 centered
at Gama point were used, respectively. The conver-
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gence criterion for the calculation were set as below,
5 × 10–6 eV/atom was used as the energy tolerances for
geometry optimization, the stress within 0.02 GPa,
while 0.01 eV/Å, was applied as the maximum ionic
Hellmann–Feynman force, and the ionic displace-
ment is smaller than 5 × 10–4 Å. All the DFT calcula-
tions were performed at 0 K, and the equivalent hydro-
static pressure was spplied. Since the method of Voigt
could provide the maximum limits of the polycrystal-
line elastic modulus, while minimum for Reuss, so
both modulus calculations of η and η′ were performed
using Reuss and Voigt methods [31], and the arithme-
tic averages of Vogit and Reuss value were used here
for the investigation.

3. RESULTS AND DISCUSSION
3.1. Investigation of Crystal Structure and Stability

Both η and η' phase have hexagonal structure, but
η phase with space group P63/mmc (no. 194), and
12 atoms contained in the unit cell [21], η' model of Li
et al. of space group  (no. 174) and containing
22 atoms per unit cell [12], while with space group
P63/mmc and 18 atoms per unite cell for the model
proposed by A. Kverneland et al. [13]. Experimental
data were used as initial input for geometry optimiza-
tion. Figure 1 shows the fully optimized (using GGA)
structure of η and the models of η' phase.

The heat of formation (H) is defined as the energy
change during the formation of a crystal from atoms. A
negative value indicates an exothermic process and a
spontaneous reaction, and lower value implies an eas-
ier process of formation, and a more stable phase.
While a positive value reflects the formation of the
precipitate needs extra heat to promote, and the phase
formed is not so stable. The cohesive energy (E) is ref-
erenced as the energy needed when the phase decom-
poses into single atoms, usually, lower cohesive energy
means higher structural stability. The value of states at
Fermi level (EF) can denote the stability of the phase,
the lower the value, the more stable the phase will
become [32].

Throughout the investigation, the heat of forma-
tion (H), cohesive energy (E) and value of states at
Fermi level (nEF) were used to judge of stability of the
precipitates. The equations to calculate the H and E
for a typical binary phase AxBy are shown below
[33, 34],

(1)

(2)

Where Etot is the total energy of the relaxed unit

cell,  and  are the energies of the constitu-
ents A and B, each in the equilibrium (zero-pressure)
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Fig. 1. The crystal structure of η (a), Li et al. model (b), A. Kverneland et al.’s model (c).
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geometry.  and  are the total energies of the
isolated atoms of A and B in the free state, and x, y are
the number of atoms for A and B in the unit cell. Value
of states at Fermi level can be got from the DOS calcu-
lation.

The obtained lattice parameters, heat of formation,
cohesive energy and value of states at Fermi level of η
and two η' models are listed in Table 1, so do those of
pure aluminum as a reference. The fairly good agree-
ment between experimental and theoretical results for
the lattice parameters shows the reasonable calcula-
tion parameters of the present calculation. The nega-
tive values for heat of formation and cohesive energies
of η indicates an exothermic reaction, which corre-
spond to experiments that η is a stable phase. While for
the models of η', it could be deduced that heat of for-
mation for the A. Kverneland et al. model [13] is posi-
tive, up to 280.3619 eV/atom, which means the model
is not an energy favored and is impossibly existent in
the viewpoint of energy, at least extra energy for its for-
mation process is needed. Comparatively, the Li et al.
model has a lower heat of formation below zero, which

atom
AE astom

BE
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Table 1. The calculated and experiment lattice constants (a, b
heat of formation H, eV/atom and cohesive energy E, eV/atom

Phase Lattice constants, Å
a = b, c

η Li et al. Calculated 5.21283, 8.49647
[8] 5.2234, 8.5562

η′ A. Kverneland 
et al.

Calculated 5.0063, 14.0544
[12] 4.96, 14.02
Calculated 5.0217, 14.5792
[13] 4.96, 14.02
implies that the formation of this model is a sponta-
neous reaction, and it can exist stably. What’s more,
according to the cohesive energy and value of states at
Fermi level, the Li et al. model is more stable than the
A.Kverneland et al’s. In addition, it can’t be neglected
that both heat of formation and cohesive energy of η
are lower than that of the Li et al.’s model. Hence, η
behaves higher structural stability than Li et al.
model—a metastable phase, approved by experiment
results [35]. To investigate the effects of η and η' to the
mechanical properties of the aluminum matrix, the
energy favored η' model proposed by LI et.al (here
after, LI model is labeled as η′) is used for further
study.

3.2. Elastic Properties
Elastic constants are the indicators for the response

of the crystal to external stresses, they are highly cor-
related with the possibility of materials failure, those
constants are important in understanding the
mechanical behaviors of the materials. The elastic
constants were calculated using the stress–strain
22  No. 13  2021

, and c, in, Å), volumes of unit cell V0 (in, Å3/cell), as well as
 for η and η' phases

c/a V0
H,

eV/atom
E,

eV/atom
EF,

states/eV/atom

1.6299 199.948 –0.2026 –1.3960 4.041
1.6381 202.171 –0.1428 [22] –1.3767 [22] –
2.8073 305.061 –0.0177 –1.623 7.186
2.8266 298.075 – – –
2.9032 318.397 280.3619 242.814 35.09
2.8266 198.075 – – –
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Table 2. The calculated experimental elastic constants Cij
(GPa) for η and η'

Phases C11 C33 C44 C12 C13

η Calcu-
lated

89.16 139.22 20.76 83.49 21.41

[23] 85.84 133.35 19.81 84.17 19.86

η' Calcu-
lated

99.94 67.94 5.45 57.50 23.09
approach, by the further analysis of the variations in
the total energy corresponding to the applied strains to
the equilibrium unit cell. A linear relationship between
stress (σ) and strain (ε) can be obtained according to
the Hook’s law, and the relationship between the elas-
tic constant Cij and stress (σ) can be written as,

(3)

The bulk modulus (B), shear modulus (G), Pois-
son’s ration (ν), and young’s modulus(E) of η and η'
were calculated after the geometry optimization.

For phases with hexagonal structure, there are five
independent elastic constants (C11, C33, C44, C12 and
C13), carried out by the method introduced above. The
mechanical parameters got from CASTEP calcula-
tions are shown in Table 2.

For the phases of hexagonal, the elastic constants
must obey the following rule to guarantee the mechan-
ical stability [23]

(4)

Obviously, results calculated by Castep obey quite
well the equation (4), which means the mechanical
stability of the phase η and η'. The polycrystalline
elastic modulus were estimated using the Voigt–
Reuss–Hill (VRH) approximation based on the inde-
pendent single-crystal elastic constants bove, which
can be expressed as Eqs. (5)–(8) [36]

(5)

(6)

(7)

=
σ = ε

6
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Finally, the VRH mean values can be expressed as
Eqs. (9), (10)

(9)

(10)

The Poisson ration can be calculated using the
equation as follow:

(11)
While E was calculated by the G and B, and the for-

mula is shown below [36, 37],

(12)
And the formula to calculate the index of anisotro-

pic is as follows

(13)

The calculated results are presented in Table 3. B is
an indicator of the resistance to the volume change by
applied pressure [38], bigger B value means the mate-
rial has stronger resistance to the pressure. So the
larger B of η shows its resistance to volume change
surpasses that of η'. G measures the resistance to revis-
able deformations upon shear stress, and the larger
value means more directional bonding between atoms.
While the E is considered as the measurement of the
stiffness of the phases, definitely, the bigger the
Young’s modulus is, the stiffer the precipitate is. The
present calculated results indicate that Al has the larg-
est shear modulus and Young’s modulus, and then fol-
lowed by η and η'. It could be drawn that directional
bonding in Al is much stronger than η, not to mention
η'. So, it is concluded that it is the coherency between
η' and α-Al responsible for the peak-aging (T6) phe-
nomenon, rather the nature of η'. The elastic anisot-
ropy of compounds play a important role in engineer-
ing science, and it is highly correlated with the possi-
bility of inducing micro-cracks in materials [40, 41].
So, the index of anisotropic (A).

is usually used as an indication of the anisotropic
properties of the phases. In the present work, the value
is 1.40 for η and 1.74 for η' respectively, indicating that
η' is essentially anisotropy and η is bit anisotropy.

3.3. Electronic Structure
To unveil the nature of bonding interactions within

the two precipitates, the total and partial DOS of the
constituent Al, Mg and Zn for the η and η' precipitates
were calculated and plotted and shown in Fig. 2. The
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Table 3. The calculated bulk modulus (B, GPa), shear modulus (G, GPa), Young’s modulus (E, GPa), Poisson’s ration (ν)
and anisotropy factor (A) for polycrystalline η (MgZn2) and η' (Mg2Zn(5 – x)Al(2 + x))

* Calculated from [39].

Phase BV BR BVRH GV GR GVRH E ν A

Al* 81.97 81.97 81.97 28.84 28.61 28.73 76.88 0.34 1.09
η 63.35 63.26 63.31 27.14 21.46 24.30 64.63 0.33 1.40
η' 52.80 47.92 50.36 17.37 10.12 13.74 37.78 0.37 1.74
x-axis is the energy relative to the Fermi level (EF),
Fermi level (EF) is set to “0” and used as a reference
here. Both Fig. 2a for η and Fig. 2b for η' indicate the
precipitates exhibit metallic character since the DOS
at Fermi energy is non–zero, and the bonding interac-
tions are mainly occupied by the valence electrons of
Mg and Zn atoms.

For η phase shown in Fig. 2a, it can be seen that the
calculated total DOS is mainly occupied by Mg(p)
states and Zn(p), Zn(s) states. The hybridization
PHYSICS OF METALS AND METALLOGRAPHY  Vol. 1

Fig. 2. The total and partial density of states (DOS) of η (a)
and η' proposed by Li et al. (b), the Fermi level is set at zero
energy and marked by the vertical lines.
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between valence electrons of Mg and Zn is clear in the
entire region, and the variation of hybridization is
small. Further, there are two so-called quasigaps near
the Fermi level. Usually, a quasigap near the Fermi
level implies the directional covalent bonding, the
phase with this characteristic indicates a higher
strength of the material in comparison with the pure
metallic bonding, and the quasigap near the EF in the
bonding region suggests the system has a pronounced
stability [22].

While for η' phase as show in Fig. 2b, the energy
region and contribution of the valence electrons are
different from that of η phase for the participation of
Al element. The bonding peak for η' precipitate is pre-
dominantly derived from the valence electrons of
Al(p), Zn(p) and Mg(p) orbital. Also, there is a qua-
sigap near Fermi level, meaning the covalent bonding
for η' just like η, but the DOS at Fermi level for η' is
found higher than that of η. Usually, the smaller the
(nEF) indicates the more stable the compound will
becomes [32]. Based on the calculated heat of forma-
tion H presented in Table 1 and the electronic structure
results, η is more stablethan η' phase, which is in good
accordance with the experiment phenomenon [42].

4. CONCLUSIONS
In this paper, the heat of formation, cohesive

energy of the stable phase η and two models proposed
of metastable phase η' were investigated by ultrasoft
pseudopontentials based on DFT within the GGA.
The η' model suggested by Li et al. of hexagonal struc-
ture ( , no. 174) is the energy favored model, for its
lower heat of formation, cohesive energy and value of
state at Fermi level compared to another model with
space group P63/mmc. The crystal structural proper-
ties, elastic constants including the bulk modulus,
shear modulus, Young’s modulus, Poisson’s ration,
anisotropy factor and electronic properties of η and
Li’s model for η' have been investigated and com-
pared. The elastic properties calculated both for η and
η' are consistent with the available experimental
results and other theoretical values, and explain the
phenomenon happened in Al–Zn–Mg alloys well,
which will be helpful for a comprehensive understand-
ing of this material, providing assistance and guid-
ance to the further study of such materials. Further
experiments are needed to carried out to verify the

6P
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calculated elastic constants, especially for the meta-
stable phase η'.
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