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Abstract: Modern industrial development has put forward higher demands on the performance
of metallic structural materials, especially in terms of light weight, high strength and corrosion
resistance. All of these characteristics are of particular importance in transportation fields. As one
of the most representative structural materials, aluminum and alloys have exhibited significant
advantages in light weight. Most of the alloys are prominently featured in one specific aspect. The
overall performance still needs to be improved. In recent years, researchers have developed Al-
Mg-Zn(-Cu) alloy, a new wrought aluminum alloy, whose design strategy is known as “crossover
alloying”. This novel alloy is an age-hardened Al-Mg alloy with a T-Mgs,(Al, X)49 (X is Zn, Cu)
phase as the main strengthening phase. This system of alloys exhibits excellent properties in terms of
strength and corrosion resistance, which makes it promising for applications in automotive, marine,
aerospace and other fields. This paper summarizes the research progress of Al-Mg-Zn(-Cu) alloy, and
analyzes the basic methods of microstructural control in terms of composition design and property
research. Finally, the future directions of this alloy are proposed.

Keywords: Al-Mg-Zn(-Cu); age-hardening; T-Mgs,(Al, X)49; comprehensive properties

1. Introduction

Under the background of energy saving and green development, and guided by
the target of peaking carbon dioxide emissions and achieving carbon neutrality, the de-
velopment of lightweight materials has attracted the attention of scientific researchers.
Aluminum alloys have been widely used in automotive, marine, aerospace and other fields
owing to their excellent comprehensive properties, such as high specific strength, corrosion
resistance and very excellent thermal and electrical conductivity [1-3].

Traditional Al-Mg alloys, such as AA5083 and AA5059 are widely used in ships,
vehicles and other fields because of the advantageous balance between the strength to
weight ratio and good formability [4-6]. However, they are non-heat treatable alloys with
medium strength, which can be strengthened mainly by solution strengthening and work
hardening [7-9]. Moreover, when the Mg content is higher than 3.5 wt%, 3-phase (AlsMg>)
precipitation is formed continuously along the grain boundary. This phase has no apparent
positive effect on the strength of Al-Mg alloys, and more importantly, the 3-phase tends
to suffer from anodic dissolution, as it has lower potential (—1.15 V) compared with that
of Al matrix (—0.82 V). This dissolution process proceeds along the grain boundaries,
thus referring as intergranular corrosion (IGC) [10,11]. Both of these shortcomings greatly
restrict its further application.

Precipitation strengthening is one of the most effective strengthening methods to
improve the mechanical properties of aluminum alloy, especially for 2xxx series and 7xxx
series alloys. They are high-strength aluminum alloys, which can be age-strengthened.
The main strengthening elements in 2xxx series alloys are Cu and Mg, with an optimum
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Cu/Mg ratio of greater than 1, and the strengthening phases are 0-Al,Cu phase and
S-Al,CuMg phase. While for the 7xxx series alloys, the main strengthening elements
are Zn and Cu, with an optimum Zn/Mg ratio of greater than 2, and the strengthening
phase is 1-MgZn, phase. To improve the strength and achieve the age-hardening of
traditional Al-Mg alloys, researchers combined 2xxx (Al-Cu), 5xxx (Al-Mg) and 7xxx
(Al-Zn) alloys, obtaining beneficial properties of these materials, such as high strength
and good formability. The new mixture can be subjected to age hardening to form a
complex crystal structure of Mgso(Al, X)49 (X stands for Zn, Cu) named T-phase. The novel
Al-Mg-Zn(-Cu) wrought alloys (with a Zn/Mg ratio of no more than 1 and a Cu/Mg of
no more than 0.5) can be strengthened by T-phase. This “crossover alloy” [12-16] exhibits
Mg as a major constituent, but on the contrary to commercial Al-Mg alloy, is indeed heat-
treatable. Moreover, formation of the T-phase with a higher potential at the grain boundary
will reduce the potential difference between the grain boundary precipitation and Al matrix,
greatly improving the corrosion resistance. Current studies on Al-Mg-Zn(-Cu) wrought
alloys describe them as alloys fabricated in the state of sheets. The preparation processes
include melting and casting, homogenization, scalping, hot rolling, cold rolling, solid
solution and artificially aging. In this review, the research progress, as well as the future
perspectives regarding these novel Al-Mg-Zn(-Cu) alloys is reviewed.

2. Alloy Design
2.1. Design Principles

To improve the strength of traditional Al-Mg alloys, scholars have efficiently screened
the element selection of age-hardened Al-Mg alloys by means of first-principle calculation
and phase diagram calculation, providing theoretical support for the design of Al-Mg alloys.

Shoichi Hirosawa et al. [17] predicted the interaction energy between atoms and be-
tween atoms and vacancies by first-principle calculation (Figure 1). According to the results,
microalloying elements can be divided into two categories: inhibiting precipitation and
promoting precipitation. A negative interaction energy indicates a stronger mutual attrac-
tion, while a positive interaction energy indicates a stronger mutual repulsion. Figure 1a,b
demonstrate the interaction energy diagrams of the neighboring atoms of the same element
and between element and vacancy in the Al matrix. Elements with positive and large
absolute values of E'y_x will suppress precipitation by vacancy annihilation, and elements
with negative and large absolute values of EHVacanCy—X will suppress precipitation by va-
cancy capture. It can be seen that the absolute values of Ey_yx and EHVacancy—X of Zn and
Cu are very small, indicating that Zn and Cu will not inhibit precipitation, because they
will neither form intermediate compounds that reduce the quenched vacancy concentration
in the form of vacancy annihilation, nor easily capture the quenched vacancy. In Al-Mg-Cu
alloys, the interaction energies of Mg-X (EHMg_X) and Cu-X (E"c,_x) [18] are shown in
Figure 2. It can be seen that EHMg_ 7n and E¥ey_ 7, are negative, indicating that Zn and Cu
play a role in promoting precipitation in Al-Mg alloys, which provides theoretical support
for the formation of precipitates in Al-Mg-Zn(-Cu) alloys.

Based on the aforementioned first-principle calculation results, Pan et al. [19] used
FactSage software to calculate the phase diagram of Al-Mg-Zn(-Cu) alloys. As shown in
Figure 3, it can be seen that the main precipitated phase at a lower temperature is the
T-Mg32(Al, Zn, Cu)ye phase. These results not only theoretically prove the possibility
of precipitation of the T-phase instead of the (3-phase, but also provide an elemental
selection reference for the novel Al-Mg-Zn(-Cu) alloys as well as a theoretical basis for the
formulation of the aging progress.
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Figure 1. Two-body interaction energies between nearest-neighbor X atoms, E'x_x (a), and between
nearest-neighbor X atom and vacancy, EHVacancy,X (b) for various microalloying elements X in Al [17].
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Figure 2. Two-body interaction energies between Mg-X atoms (EHMg_X) and between Cu-X atoms
(E"cy_x) in Al-Mg-Cu alloys [18].
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Figure 3. Phase diagram of Al-Mg-Zn-Cu alloys calculated by FactSage software: (a) Al-5.3Mg-3.3Zn-xCu,
(b) Al-5.3Mg-0.5Cu-xZn [19].

With respect to the T-phase in the phase diagram calculation results, Zhang et al. [20]
applied the integrated computational materials engineering (ICME) framework (Figure 4)
to the design and optimization of novel heat-treatable Zn modified Al-Mg alloys. The effect
of the Zn content and two-step aging treatment on the precipitation behavior of the T-phase,
mechanical properties and their intrinsic relationship are investigated. On one hand, the
integrated modeling framework can be used to illustrate the influence of alloying elements
and heat treatment processes on the microstructure evolution and mechanical property.
On the other hand, this framework can be further applied to design and develop material
with the coupled CALPHAD database. This design strategy provides the advantages of
shortening the development cycle, compensating for the shortcomings of the long design
duration and high-cost of the traditional “trail-and-error” and empirical methods, and
inspiring the design and optimization of novel aluminum alloys.
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Figure 4. Flowchart of integrated microstructural and strength modeling framework methodology [20].

2.2. Role of Main Alloying Elements: Mg, Zn, Cu and Ag

(1) Mg

Mg is the main alloying element in conventional Al-Mg alloys and plays the role
of solid solution strengthening in the Al matrix. Within the range of solid solubility, the
strength of alloys increases with the increase of the Mg content [9,11]. In Al-Mg-Zn(-Cu)
alloys, in addition to solid solution strengthening, Mg is also involved in the formation of
age-strengthened T-Mgs;(Al, Zn)49 phase. The precipitation of the T-phase decreases the
soluble Mg content and reduces the precipitation possibility of the 3 phase, thus improving
the IGC resistance. However, with the reduction of the Mg content, the proportion of
the low angle grain boundaries (LAGBs) increases, and the grain boundary precipitates
(GBPs) along the LAGBs present a more discontinuous distribution, leading to enhanced
IGC resistance [21].

(2) Zn

The addition of a small amount of Zn (even 0.68-0.70 wt%) to Al-Mg alloys can
preclude the formation of the 3-Al;Mg, phase and form the T-phase at the grain bound-
aries [22]. This also indicates that the T-phase can form extensively in Zn-lean alloys,
unlike in 7xxx series alloys where relatively high levels of Zn are required to form the
T-phase. Furthermore, the T-phase is with a higher corrosion potential, which reduces the
potential difference compared to the Al matrix, significantly improving the corrosion resis-
tance [22-25]. At the same time, the Zn addition promotes the precipitation of the T-phase,
while suppressing the formation of S-Al,CuMg and (3-Al3Mg, phases. As the T-phase has a
huge potential for age hardening response [16,26,27], Zn content will significantly enhance
the age-hardening effect [28], greatly improving the strength.

(3) Cu

Cao [29] and Geng et al. [30] found that Cu promotes the formation of the precursor
GP zones of the T-Mgs,(Al, Zn)49 phase during the pre-aging process, improving the age-
hardening response. Furthermore, Cu also improves the thermal stability of the T-phase. In
addition, Cu participates in the grain and along the grain boundary of the T-Mgz,(Al, Zn,
Cu)yg phase [31]. The addition of Cu will dramatically narrow the width of precipitation
free zones (PFZs) and decrease the corrosion current density [29]. The reduced corrosion
potential difference between the grain and the PFZ will lead to the enhanced IGC resistance.
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(4) Ag

Guo et al. [32] have shown the schematic illustration of atomic aggregation, as shown
in Figure 5, from which the effect of Ag on the precipitation of Al-Mg-Zn based alloys can
be clarified. Ag-vacancy complexes are trapped to Mg atoms, resulting in the formation of
numerous Mg-Ag co-clusters. Subsequently, Zn atoms will diffuse into Mg-Ag clusters and
act as the nucleation sites for the Ag-containing T-Mgs,(Al, Zn, Ag)49 phase. Meanwhile,
the formation of Mg-Ag co-clusters increases the ratio of Zn/Mg in the supersaturated solid
solution. The redundant Mg and Zn atoms therefore tend to bond together and transform

to the n’-MgZn, phase.
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Figure 5. Schematic illustration showing the atomic aggregation [32].

According to the investigation of Zhang et al. [33], the addition of Ag greatly increases
the nucleation density of precipitations in Al-4.5Mg-0.6Zn-0.5 Cu alloys, resulting in a
higher aging hardening response. However, the peak hardness did not move to a shorter
aging time, indicating that the addition of Ag appears to have no significant effect on
the precipitation kinetics. This conclusion is similar to the results obtained by Lukas
Stemper et al. [26].

3. Properties
3.1. Mechanical Properties

The main strengthening mechanism of Al-Mg-Zn(-Cu) alloys is precipitation strength-
ening, which substantially improves the strength compared with that of the conventional
Al-Mg alloys. Cao [8,34] and Hou et al. [9] investigated the precipitation behavior of
Al-Mg-Zn-Cu alloys during different aging treatments (see Figure 6). The precipitation
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sequence of the Cu-containing T-phase [9] is illustrated, which is SSSS (supersaturated
solid solution) — GPI zone (fully coherent) — GPII zone (intermediate phase T”, fully
coherent) — intermediate phase T’ (semi-coherent) — equilibrium phase T (incoherent).
During single-step artificial aging treatment, Cu and Zn participate in the S-phase and
T-phase, respectively (see Figure 6b), and there is a certain competition between the pre-
cipitation of the S-phase and T-phase. Without pre-aging treatment, the precipitation in
peak aged condition consists of a coarse lath-like T-phase and needle-like S-phase, and the
peak hardness is derived from the synergetic effect of the coarsening of the T-phase and
hardening of the S-phase. During two-step artificial aging treatment, pre-aging promotes
the formation/nucleation of precursors (GP zones) by vacancy-assisted diffusion; they
are able to grow and evolve into the Cu-enriched T-phase upon subsequent second-stage
aging by solute attachment, then suppressing the S-phase formation (see Figure 6a). The
microstructure in the peak aged condition with pre-aging treatment only consists of the
high density of finer and the equiaxed T-phase with the S-phase disappearing, and the
peak hardness results from the homogeneously distributed T-phase. As shown in Figure 7,
applying a pre-aging treatment was found to significantly accelerate and improve the
hardening response, and shift the peak hardness to an earlier time and generate higher
hardness levels [8,26,35].

Pan et al. [19] investigated the changes of mechanical properties with different (Zn + Cu)/Mg
ratios, and the schematic diagram is shown in Figure 8. When the (Zn + Cu)/Mg ratio is below
1.0, the size of precipitates in the grain decreases and the number density increases rapidly as the
(Zn + Cu) /Mg ratio increases, which leads to the increase of the mechanical properties. Upon
further increasing the (Zn + Cu)/Mg ratio, the formation of GP zones is promoted, and the
high-density GP zones formed in the pre-aging stage are partially dissolved during subsequent
high-temperature aging. The T-phase will nucleate and grow elsewhere as adjacent GP zones
dissolve, resulting in abnormal precipitate growth in grains and the formation of inhomogeneous
precipitates. In general, the mechanical properties of alloys with lower (Zn + Cu)/Mg ratios are
determined by the average grain size and number density of the T-phase, while alloys with higher
(Zn + Cu)/Mg ratios are strengthened by the multi-scale intragranular T-phase.

.Mg On v ) Vacancy

A=Y 9=0@-"

MgVacancy Precursor of T phase

o
(b) v Q)
v
)
i

Figure 6. Schematic illustration showing the precipitation behaviors in Al-5.2Mg-27n-0.45Cu with (a)
and without (b) pre-aging [8].
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Figure 7. Age-hardening response of Al-5.2Mg-2.0Zn-0.45Cu during aging at 180 °C with or without
pre-aging treatment [8].
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Figure 8. Schematic diagram of the mechanical properties and the IGC resistance of Al-Mg-Zn(-Cu)
alloys: (a) (Zn + Cu)/Mg = 0.63, (b) (Zn + Cu)/Mg = 0.71~0.85, (¢) (Zn + Cu)/Mg=0.97,
(d) (Zn + Cu)/Mg =1.21[19].

Pan [36] studied the effect of alloy components on the mechanical properties of
Al-Mg-Zn(-Cu) under a T6 peak-aging state, which are listed in Table 1. The addition
of Cu into the system will result in the increase of the tensile strength and yield strength
and the decrease of elongation (sample 1# and 2#). Increasing the Zn content will also
increase strength and decrease elongation (sample 2#, 3# and 4#). When the Zn content
remains unchanged, the mechanical properties are similar regardless of the Mg and Cu
content (comparison between sample 2# and 5#, or between sample 4# and 6#). In ad-
dition, the tensile strength and yield strength of Al-Mg-Zn-Cu alloys are comparable to
AA7075 alloy (570 MPa, 500 MPa) under the same process, but with a slightly higher
elongation. Compared with commercial aluminum alloys of the 5xxx series and 7xxx
series reported in literature [37-40], Al-Mg-Zn-Cu alloys show significant advantages in
mechanical properties.
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Table 1. Mechanical properties of the different alloy states at room temperature [36-40].

Tensile Yield

Alloy Component Strength  Strength Elor;;o;a)tlon Zn/Mg Cu/Mg Reference
(MPa) (MPa) ’
(1#)Al-5.3Mg-3.3Zn 496 405 17.9 0.62 0

(2#)Al-5.3Mg-3.3Zn-0.5Cu 525 440 15.7 0.62 0.10

Al-Mg- (3#)Al-5.3Mg-4.0Zn-0.5Cu 550 478 14.6 0.75 0.10
Zn(-Cu) (4#)Al1-5.3Mg-4.6Zn-0.5Cu 573 508 13.0 0.88 0.10 [36]

(5#)Al-4.6Mg-3.3Zn-1.0Cu 513 423 16.6 0.72 0.22

(6#)Al-4.6Mg-4.6Zn-1.0Cu 571 503 12.9 1.00 0.22

7075 Al-6.0Zn-2.5Mg-1.6Cu 568 505 12.0 2.40 0.64
7085 Al-7.4Zn-1.5Mg-1.8Cu-0.1Zr 542 489 13.0 4.93 1.20 [37]
7050 Al-6.4Zn-2.0Mg-2.3Cu-0.1Zr 465 408 9.6 3.20 115 [38]
5182 Al-4.6Mg-0.4Mn 275 140 21.0 - - [39]
5052 Al-2.3Mg-0.2Cr-0.1Mn 271 227 6.9 - - [40]

Liu et al. [41] investigated the effect of Ag on the microstructure and tensile strength of
Al-Mg-Zn alloys. It is found that Ag improves the age-hardening response of Al-5Mg-3Zn
alloys owing to the stimulation of matrix precipitation. Moreover, the size and density
of matrix precipitates (MPTs) were refined and improved by Ag. Whereas Ag atoms
reduce the coherent distortion at the interface between MPTs and matrix, resulting in the
weakened ability of MPTs to obstruct the dislocation motion. So the addition of Ag does
not significantly improve the strength of Al-Mg-Zn alloys.

Application of the final thermo-mechanical treatment (FTMT) further improves the
strength of alloys by enhancing the deformation strengthening effect and increasing the
number density of precipitates. The tensile strength of Al-5.3Mg-4.6Zn-0.5Cu is up to
691 MPa when cold rolling deformation is introduced prior to the second aging treatment.
When introducing warm rolling at 100~110 °C prior to the second aging treatment, the
tensile strength and yield strength can reach 746MPa and 696MPa, respectively, exceeding
the strength of most 7xxx series alloys [36].

Ding [42,43] found that the contribution of precipitation strengthening to the overall
strength in age-hardening Al-Mg-Zn alloys can be more than 80%. The effect of grain
boundary strengthening is weak and does not change significantly with the grain size.
Furthermore, the increase of Mg content in a certain range will increase the effect of solid
solution strengthening, but also increases the difficulty of rolling.

Regarding the study of the fracture toughness of Al-Mg-Zn-Cu alloys, the effect of
aging precipitates and the structure of grains is mainly considered because there are almost
no intermetallic compounds and dispersed particles in these alloys. It was found that
the fracture toughness decreases with the increase of the Zn/Mg ratio. When the Mg
content is high, the addition of a small amount of Cu is unfavorable to the toughness.
Compared with that of Cu, Zn has a greater influence on the fracture toughness, which
decreases rapidly along with increasing the Zn content. When the content of other elements
is certain, the higher the Mg content, the lower the toughness. In addition, compared with
the morphology obtained from the T6 treatment, when the alloys are treated using the
FTMT process, a large number of deformed structures are fabricated, in which the low
angle grain boundary accounts for a large proportion, and the fully recrystallized structure
accounts for a small proportion. Grain deformation leads to the rapid increase in the yield
stress of PFZs and narrows down the yield stress gap between the intragranular and grain
boundary, improving the fracture toughness to some extent [36].

According to the results (Figure 9) of Liu et al. [41], the addition of 0.2 wt% Ag
improved the fracture toughness of Al-5Mg-3Zn alloys because of the weak dislocation
pile-up around MPTs and the low fraction of deformed grains. The addition of 0.4 wt% and
0.6 wt% Ag decreases the fracture toughness, even lower than that of the Ag-free alloys,
because an array of coarse constituents promotes the micro void nucleation, growth and
crack propagation.
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Figure 9. Tear test results of Al-bMg-3Zn based alloys (1#, 2#, 3# and 4# indicate Ag content of 0, 0.2,
0.4 and 0.6 wt%) (a) UIE (unit initiation energy) and UPE (unit propagation energy) results, (b) tear
samples’ macroscopy [41].

3.2. Corrosion Behavior

The IGC mechanism of Al-Mg-Zn-Cu alloys is the anodic dissolution of the T-phase
along the grain boundaries, and the relevant schematic diagram is shown in Figure 8. The
IGC resistance of alloys increases with the increase of the (Zn + Cu)/Mg ratio. For alloys
with lower (Zn + Cu)/Mg ratios (Figure 8a,b), the main factor affecting the IGC resistance
is the potential difference between GBPs and the Al matrix. At higher (Zn + Cu)/Mg ratios
(Figure 8c,d), the IGC resistance mainly depends on the continuity of GBPs [19,36].

Meng et al. [23] investigated the effect of the Zn content on the IGC behavior of
Al-5.8Mg alloys. The addition of Zn transforms GBPs from (3-AlsMgy to T-Mgsa(Al, Zn)sg,
significantly improving its IGC resistance. Moreover, Zn increases the number of the low
angle grain boundary, which is beneficial to the improvement of IGC.

Zhang et al. [33] studied the influence of Cu, Ag and T6 heat treatment on the IGC
performance of Al-Mg-Zn-Cu-Ag. The weight loss of alloys after nitric acid mass loss
test (NAMLT) are shown in Figure 10. It can be seen that the IGC performance of alloys
is related to different aging states: the alloy at a solid solution state has the best IGC
resistance; the under-aging and over-aging states come second; and the peak aging state
has the worst IGC resistance. The difference in IGC resistance is mainly related to the
continuity of GBPs and it can be explained in Figure 11. At the solid solution state, there
is no phase precipitation at the grain boundaries and within the grains, and the electrical
potential in the microstructure is equal everywhere, showing excellent corrosion resistance.
In the subsequent aging process to peak aging, the T-phase gradually precipitates at the
grain boundary and tends to become larger and distribute continuously. The continuous
precipitation phase acts as a channel for corrosion, leading to the occurrence of IGC. When
the alloy reaches the over-aging state, the coarser grain boundary precipitation phase
distributes discontinuously, resulting to the improvement of the IGC resistance. From
Figure 10b, with the addition of the Ag element, the weight loss of alloys shows a trend
of increasing and then decreasing, which is mainly related to the width of PFZs and the
potential difference between GBPs and the matrix.

Hou et al. [44] introduced high temperature pre-treatment (HTPT) which is kind of heat
treatment process after the solution, but before the aging treatment. The effect of HTPT at
different temperatures on the mechanical properties and IGC of Al-5.16Mg-3.12Zn-0.15Cu
alloys has been investigated. The relationships between mechanical properties, IGC resis-
tance and microstructure evolution during HTPT and the subsequent aging process have
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been established, as shown in Figure 12. It can be seen that the IGC resistance is enhanced
with the decreasing pre-aging temperature, resulting from the discontinuity degree of
GBPs, as well as the Mg and Zn element concentration difference between GBPs and PFZs.
Compared with the T6 treatment, 410HTPT + T6 treatment can improve the IGC resistance
of alloys without significant strength loss. This is related to the preferentially segregated
Mg and Zn atoms along the grain boundaries, and the solid solution state in grains with
uniform dispersion distribution and high number density.

Ma et al. [45] studied the effect of retrogression and re-aging (RRA) treatment on the
IGC behavior of Al-5Mg-3Zn alloys. When retrogressed at 405 °C or 420 °C, the alloys
own discontinuously distributed GBPs and small Mg and Zn content difference, result in a
small potential difference between GBPs and PFZ. Therefore, RRA treatment allows alloys
to exhibit a better IGC resistance compared with the T6 treatment.
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Figure 10. Mass loss after NAMLT (a)the alloy 5 after aging at 180 °C for different aging times, (b) all
of the tested five alloys during peak aging at 180 °C (alloy 1: Al-4.5Mg-0.6Zn-0.2Cu; alloy 2: Al-
4.5Mg-0.6Zn-0.5Cu; alloy 3: Al-4.5Mg-0.6Zn-0.5Cu-0.2Ag; alloy 4: Al-4.5Mg-0.6Zn-0.5Cu-0.4Ag;
alloy 5: Al-4.5Mg-0.6Zn-0.5Cu-0.7Ag) [33].
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Figure 11. Schematic diagram of the microstructure evolution of alloys during aging at 180 °C (T-1,
T-36, T-72 indicate aging for 1 h, 36 h and 72 h, respectively) (the four pictures represent the solid
solution state, under-aging state, peak aging state and over-aging state, respectively) [33].
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Figure 12. Mechanical properties, corrosion depth, and microstructure evolution of Al-5.16Mg-
3.12Zn-0.15Cu alloys after various treatments [44].

4. Summary and Outlook

The novel age-hardening Al-Mg-Zn(-Cu) wrought alloys are strengthened by the
T-Mgz>(Al, X)49 phase, which can synergically improve the mechanical properties and
corrosion resistance of Al-Mg alloys. This kind of crossover alloy also provides an idea
for the fabrication of 500 MPa high-strength hot stamping aluminum alloy materials [46].
Excellent comprehensive properties (strength, toughness, corrosion resistance, etc.) make
it promising for applications in automotive [47-52], marine [53], aerospace [36], armor
materials [54] and so on.

However, the complex service environment and rapid economic growth have raised
expectations for the performance of alloys. As a result, further research is needed in
many aspects of this system of alloys. In light of current state of scientific research and
industrial application requirements, future research directions of Al-Mg-Zn(-Cu) alloys can
be summarized as follows.

(1) The thermodynamics and kinetics of the T-phase precipitation in Al-Mg-Zn(-Cu)
alloys require in-depth research, especially the effect of trace elements Mn, Cr and Fe on the
precipitation behavior of the T-phase. Alloy design can be further explained and optimized
by the phase diagram in the form of isothermal sections. At the same time, it is necessary
to accelerate the age-hardening response rate by means of composition design and process
optimization. A relatively short heat treatment process of Al-Mg-Zn(-Cu) alloys can reduce
the cost of industrialization practice;

(2) With the help of thermodynamic calculation and phase diagram simulation, trace
alloying elements, such as Sc and Zr can be added based on the composition of Al-Mg-Zn(-
Cu) alloys. The synergistic strengthening of biphasic or even multiphasic precipitation of the
T-phase and Al3(Sc, Zr) phase can improve the strength and fracture toughness simultaneously;

(3) Attempts can be made to fine-tune the precipitation of the T-phase by adding
micro-alloying elements and optimizing the heat treatment process. The discontinuously
distributed T-phase at the grain boundaries during peak aging state can greatly improve
the IGC resistance;

(4) Current research on Al-Mg-Zn(-Cu) alloys focuses on the mechanical properties
and corrosion performance. However, many other important issues also need be studied in
depth, such as fatigue properties, susceptibility to plastic shaping and joining technologies,
as well as susceptibility to machining, all of which play a critical role in industrial applica-
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tions. Take fatigue properties as an example, fatigue properties of wrought Al alloys can be
improved by enhancing the tensile strength, improving the microstructure homogeneity
and reducing defect size or density. Are these methods suitable for improving fatigue
properties of Al-Mg-Zn(-Cu) alloys? The effect of element content and heat treatment
process on fatigue properties of Al-Mg-Zn(-Cu) alloys can be a future research direction, so
as to enhance the overall performance of alloys and achieve industrial applications;

(5) The commercialization and practical applications of new materials are often hin-
dered by the following two critical factors: scalability of the technology for industrial
production and the cost. A lot of problems may be encountered for commercializing this
alloy, such as consistent production at a large scale, purchasing and installing a produc-
tion facility as well as the cost of producing the product itself. These factors need to be
well-considered to achieve industrial application of Al-Mg-Zn(-Cu) alloys.
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