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Abstract: Effects of solution and aging treatment on the microstructure and mechanical properties of a novel
Al-Zn-Mg-Cu alloy by microalloying rare elements Sc and Er were studied. The results show that solution time
has a visible influence on the microstructure and mechanical properties of the alloy. Specifically, as the solution
time increases, the area fraction of the residual phase in the alloy decreases, and the shape of the grain
becomes more spheroidal and coarser, leading to a decrease in hardness. This is attributed to the dissolution
of strengthening phases during the solution treatment, which weakens the solid solution strengthening effect.
The single-stage aging treatment shows an initial increase in strength and hardness of the alloy, followed by a
decrease as the aging time is extended, until a steady state is achieved. The optimal single-aging conditions
are found to be at 120 °C for 24 h, where the alloy exhibits an excellent combination of high strength and good
ductility, with an ultimate tensile strength (UTS) of 523 MPa, yield strength (YS) of 482 MPa, and elongation (El)
of 1.75%, respectively. Compared to single-stage aging, double-stage aging (120 °C for 24 h and then 150 °C
for 52 h) significantly increases the elongation of the alloy (4.17%), but the UTS reduces to 465.29 MPa, and YS
reduces to 410.64 MPa. Transmission electron microscopy (TEM) observations disclose that the grain size, the
distribution spacing of precipitates along the grain boundary, and the width of the precipitation-free zone (PFZ) all
undergo augmentation as the duration of the second stage aging process elongates.
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1 IIltI'OdUCtiOH alloying, processing and heat treatment, Al-Zn-Mg-Cu

alloys could be applied more widely in the aerospace

High-strength, precipitation-hardened 7xxx series
Al-Zn-Mg-Cu alloys, characterized by their advanced
age-hardening response, are widely utilized in the
fabrication of critical aircraft structural components,
where they are exposed to stringent conditions. Strength,
ductility, modulus, corrosion resistance, and damage
tolerance (such as fatigue resistance and fracture
toughness) are crucial characteristics that need to be taken
into account for these applications. With suitable elemental
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industry due to their remarkable properties .

In order to meet the high requirements of modern
industry, the micro-alloying technology, as an effective
method, has been widely applied to improve the
comprehensive performance of many aluminum alloys,
including Al-Zn-Mg-Cu alloys. Sc and Zr transition
metals, as well as Er could react with liquid aluminum
and form thermodynamically stable dispersed phases
known as Al;M trialuminides. These phases have a
similar crystal structure and lower lattice parameter
mismatch in relation to the o-Al matrix ®*,

The addition of Sc has a strong refining effect on
the grain structure of Al-matrix and forms a super
saturated solid solution during solidification. Fine,
coherent precipitates with an L1, structure, specifically
Al,Sc, can form during the decomposition of an Al-Sc
solid solution ¥, Scanium (Sc) enhances the
recrystallization resistance of the alloys. It is reported
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that recrystallization of aluminum alloys containing Sc occurs
at temperatures above 375 °C, which is about 100 °C higher
than that of Sc free alloys ™. Li et al. ” investigated the effects
of minor Sc on the microstructure and mechanical properties of
Al-Zn-Mg-Cu-Zr based alloys. With the addition of 0.21% Sc,
both the ultimate tensile strength and yield strength were
improved greatly. Additionally, the as-cast crystal grains were
refined and the recrystallization of the studied alloys was strongly
retarded. Similar to Sc, the heaviest rare earth element erbium
(Er) can partially or fully substitute for Sc in the L1, structured
Al,(Sc, Er) phase”. This substitution is found to enhance
the strength and refine the grains by forming the Al,Er phase.
The dispersed nanosized Al Er phase serves as the sites for
heterogeneous nucleation of the n(MgZn,) phase, which
results in grain refinement and an improvement in mechanical
properties, and at the same time reduce the cost of alloys "'
Li et al. " studied the effect of Er addition on microstructure
and mechanical properties of Al-20% Si alloy. It has been
found that Er can significantly refine the primary Si crystals
and modify eutectic Si structure, finally promote the ultimate
tensile strength and elongation of the alloy. Zirconium (Zr) also
could improve the strength by suppressing recrystallization and
refining grains . Shi et al. " studied the effect of Zr addition
on the microstructural evolution of AA7150 aluminum alloy,
which shows that Zr could inhibit the dynamic recrystallization
and dislocation motion. Fortunately, combined addition of rare
earth elements (Sc, Er) and transition elements (Zr) to aluminum
alloys can yield remarkable enhancements in the alloy’s overall
performance due to the formation of thermally stable coherent
L1,-stuctured ALM (M=Sc Er,_, or Er Zr,_.etc ) nanoparticles "'*..

Considerable research works have shown that the combination
of microalloying and heat treatment enables the alloy to
achieve ideal comprehensive properties ''®. Thus, in order
to further improve the mechanical properties, Al-Zn-Mg-Cu
alloys are often subjected to different heat treatments, including
homogenization, solution, and aging. Solution treatment is the
first step required to determine the final properties of Al alloy,
and its role is to redissolve the residual phases into a(Al) matrix

U7 Wang et al. "® investigated the effect of

as much as possible
solution treatment on microstructural and mechanical properties
of Al-9.0Zn-2.8Mg-2.5Cu-0.12Zr-0.03Sc alloy. The results
showed that solution treatment could avoid the recrystallization
of alloy with minor additions of Sc (<0.1%), and acquired
the peak value of tensile strength. Solution treatment could
also minimize second phases, promote uniform passive film
thickness and uniform solute segregation, offering insights for
improving corrosion resistance ">, As is known, Al-Zn-Mg-Cu
alloy is an typical aging-strengthened aluminum alloy. The
aging process effectively promotes the precipitation of the

second phases in the supersaturated solid solution ", which are
dispersed throughout the Al matrix. This impedes the movement
of grain boundaries and dislocations, ultimately enhancing the
strength of the alloy. High strength can be reached by single-stage
or double-stage aging treatments . In most cases, double-stage
aging produces finer precipitation phases and enhance
mechanical strength than single-stage aging. This process can
regulate the comprehensive properties of aluminum alloys by
optimizing the distribution and size of the precipitates %",

Extensive research has been conducted by scholars in the
domain of heat treatment systems ' '*'> 1. Nevertheless, the
effect of both alloying process and single/dual-stage aging heat
treatment on high-Zn 7xxxx alloys is somewhat insufficient.
The current work focuses on a typical high-Zn aluminum
alloy with low-Cu content, and trace amounts of the rare earth
elements Sc and Er, as well as transition metal Zr. The objective
is to develop a new choise for the utilization of aluminum alloys
in aerospace production.

2 Materials and experimental
methods

The experimental procedure involved the use of a vacuum
induction melting furnace to produce a self-made 7xxx series
aluminum alloy. The ingot was subsequently homogenized at
a temperature of 465 °C for a duration of 24 h, based on the
findings from differential scanning calorimetry (DSC) analysis.
The distinct phase transformation temperatures of the alloy
were determined through DSC tests conducted using a 250 DSC
machine. These tests involved heating the sample from room
temperature to 700 °C at a rate of 10 °C-min’ with argon gas
serving as the protective shielding atmosphere. Following the
homogenized process, the nominal chemical elements of the
ingot were meticulously analyzed using inductively coupled
plasma (ICP) spectroscopy. Table 1 presents the nominal and
measured values of the alloy’s chemical composition.

Figure 1 illustrates the schematic diagram of the heat treatment
process for the alloys, while Table 2 details the heat treatment
parameters, including the single-stage aging and double-stage
aging following the solution treatment. Hardness measurements
were performed using a RTD700 Rockwell hardness tester,
applying a load of 588.24 N for a duration of 10 s. Compliance
with the GB/T228.1-2010 standard, the tensile properties
reported were the mean values obtained from three samples per
condition, tested on an Instron 5982 machine. The microstructure
was examined using polarized light microscopy, and the phase
constitution of the alloy at various states were observed and
analyzed using a scanning electron microscopy (SEM) equipped
with an energy dispersive X-ray spectroscopy (EDS). To

Table 1: Chemical composition of the experimental alloy (wt.%)

Composition

Nominal value <0.05 <0.05 1.6 22 0.10 0.15 6.10 0.10 0.15 0.15 Bal.

Measured value 0.02 0.05 1.51 213 0.10 0.16 6.16 0.10 0.16 0.18 Bal.
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Fig. 1: Schematic diagram of heat treatment process for
the investigated aluminum alloy

analyze the precipitates, a transmission electron microscope
(TEM-JEM-3010) was employed, and the TEM samples were
prepared via twin-jet polishing with an electrolyte solution
(30vol.% of HNO; and 70vol.% of CH;OH) at a voltage of
15 V within a temperature range of 25 °C to 30 °C. The alloy
trace composition was analyzed by wavelength dispersive
spectroscopy (WDS) using an electron probe micro analyzer
(EPMA, JXA-iHP200F).

Table 2: Different heat treatment processes of the aluminum alloy

Homogenization Solutionizing

465 °C /24 h 470 °C/(30, 60, 90, 120 min)

3 Results

3.1 Microstructure

Figure 2 shows the polarized light metallographic structure
and SEM images of the alloy at as-cast and homogeneous
states. The as-cast structure exhibits a classic dendritic structure
[Fig. 2(a)], with an average grain size of approximately 25 um.
Segregation is evident within the ingot [Fig. 2(b)], and the
presence of numerous non-equilibrium precipitated phases
is observed at the grain boundaries, as well as granular
precipitation phases within the grains. Table 3 presents the
results of the quantitative EDS analysls of positions marked in
Fig. 2(c). These analysis results indicate that the white granular
precipitation phase (Position 1) is predominantly Al;(Sc, Zr, Ti).
Meanwhile, the white long rod-like precipitated phase at grain
boundary (Position 2) is identified as Al;Cu,Er. Elemental
composition analysis was conducted by means of EPMA. A
representative mapping image is displayed in Fig. 2(g), which
reveals that the elements Er and Cu are primarily enriched at the
grain boundaries. EDS analysis further confirms that Sc, Zr, and
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Aging
120 °C/(3, 6, 12, 24, 48, 72, 96 h)

120 °C/8 h+(130, 140, 150 °C)/(16, 28, 52, 76, 100 h)

Ti elements predominantly form bulk precipitates within the
grain matrix.

Figure 2(f) presents the results of DSC of the alloy, which
presents a distinct endothermic peak at 476.5 °C. Typically, the
homogenization temperature should be set approximately 10 °C
below this peak temperature to avoid overheating. Consequently,
a homogenization temperature of 465 °C is chosen for this
study. The microstructure of the alloy after homogenization
treatment at 465 °C for 24 h is shown in Figs. 2(d-e).
Following the homogenization process, the majority of the
second phases dissolves into the o-Al matrix. The grains have
undergone significant merging and growth, with the average
grain size increasing by approximately 10 um. The continuous
second phases that are originally distributed along the grain
boundaries in the as-cast state become discontinuous after
homogenization, as depicted in Fig. 2(e). This transformation
indicates a more uniform distribution of elements and a
reduction in micro segregation, which is beneficial for

improving the mechanical properties and workability of the
novel alloy.

Relative heat flow (mW-mg")

636.5°C—

500 600 700
Temperature (°C)
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Fig. 2: Polarized light microstructure (a), SEM in low magnification (b) and high magnification (c) of the as-cast
alloy; polarized light microstructure (d) and SEM (e) of the alloy after homogenization at 465 °C for 24 h;
DSC curve (f) and EPMA mapping image (g) of as-cast alloy

Table 3: EDS elemental analyses of positions marked in Fig. 2(c) (at.%)

Position

1 81.42

1.01 2.89 0.33

2 10.54 1.36 3.57 80.67

3.2 Effect of solution treatment

The primary objectives of solution treatment in aluminum
alloys are to maximize the dissolution of second-phase
particles into the supersaturated solid solution and to enable
the subsequent precipitation of nanoscale phases during the
artificial aging process " *"** Figures 3(a-d) illustrate the
metallographic structure and grain size distribution of the
alloy at various solution treatment times. The microstructure

8

3.73 7.72 0.07 2.75 0.06

0.49 0.06 3.14 0.03 0.11

of the solution treated sample remains largely unchanged with
the prolongation of the holding time. A modest increase in
average grain size is observed, with the grain size distribution
maintaining a monotonic trend. The average grain sizes for the
samples are 53.09, 54.46, 55.78, and 57.33 pm, respectively,
indicating a gradual growth in grain size as the solution time
extends.
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Fig. 3: Metallographic structure diagram, grain size distribution, and hardness of the alloy solution treated
at 470 °C for different times: (a) 30 min; (b) 60 min; (c) 90 min; (d) 120 min; and (e) hardness
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Figure 3(e) reveals the mechanical properties of the alloy
after solution treatment at 470 °C for different durations.
The solution time markedly influences the hardness of the
alloy, with hardness decreasing as the holding time increases.
The increase in solution time on the novel Al-Zn-Mg-Cu alloy
enhances the dissolution of second phases. This is evident from
the interdendritic phase volume fractions of the alloy solution
treated at 470 °C for durations of 30, 60, 90, and 120 min, which
are 0.34%, 0.16%, 0.14%, and 0.09%, respectively (Fig. 4).
To some extent, the greater the decrease in hardness, the more
effective the solution treatment. The long duration of the
solution treatment makes the solute atoms fully and uniformly
distributed in the alloy. However, with the further extension
of the solution time, coarsening second phase precipitates
and grains gradually grow up, which may weaken the second
phase strengthening effect and soften the alloy, ultimately
reducing the hardness of the alloy [Fig. 3(e)]. Based on these
findings, the optimal solution treatment process for the alloy
was determined to be at 470 °C for 90 min. Subsequent studies
have been conducted using this established solution treatment
protocol.

3.3 Effect of single-stage aging on properties
of the alloy

Figure 5 depicts the changes in hardness and tensile properties
of the alloy at an aging temperature of 120 °C for various aging
times: 3 h, 6 h, 12 h, 24 h, 48 h, 72 h, and 96 h, respectively.
As observed in Fig. 5(a), the studied alloy exhibits obvious
age hardening behavior. At the start of the aging process (0 h),
the alloy has an initial Rockwell hardness of 37.69 HRA. As the
aging time increases, the hardness of the alloy shows a significant
initial increase during the early stage of aging (under-aging).
At 3 h of aging, the hardness jumps to 56.03 HRA, reaching its
peak value of 59.09 HRA after 24 h (peak-aging). Subsequently,
the hardness slightly decreases and then remains relatively
stable over an extended period (over-aging), indicating that
the alloy has entered a state of equilibrium where the rate of
precipitation and coarsening of the strengthening phases is
balanced.

Figure 5(b) shows the tensile properties of the alloy at
various aging times. It is evident that both the ultimate tensile
strength (UTS) and yield strength (YS) of the alloy initially
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Fig. 4: SEM images of the studied alloys solutioned at 470 °C for different times: (a) 0 min; (b) 30 min; (c) 60 min;
(d) 90 min; (e)120 min; and (f) area fraction of residual phase of different solution times
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Fig. 5: Effect of single stage aging on hardness (a) and tensile properties (b) of the alloy
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increase and then decrease as the aging time is prolonged. In
contrast, the elongation (EL) of the alloy exhibits the opposite
trend. Specifically, when aged at 120 °C for 3 h, 6 h, 12 h, and
24 h, both the UTS and YS of the alloy show an upward trend
with increasing the aging time. The alloy achieves its maximum
tensile properties at 120 °C for 24 h, with a UTS of 523 MPa, a
YS of 482 MPa, and an EL of 1.75%. However, as the aging
time extends from 24 h to 48 h, the alloy transitions from the
peak-aged to the over-aged state, and the UTS and YS begin
to decline slightly. After an aging treatment at 120 °C for 96 h,
the peak values of UTS and Y'S decrease by 28 MPa and 17 MPa,
respectively, indicating that the alloy has undergone excessive
aging, leading to a gradual loss of strength. With the extension
of aging time, both UTS and YS increase, while the EL
decreases. The mechanical properties of the alloy in the
peak-aged state (24 h) reach a good combination of UTS and
YS. Consequently, the best single-stage aging regime for
the alloy is aged at 120 °C for 24 h, based on the analysis of
hardness and tensile properties.

Generally, the precipitation sequence of Al-Zn-Mg-Cu
alloy in the aging process is as follows: supersaturated solid
solution (SSS)—GP zones— metastable ' (MgZn,)—stable
1 (MgZn,) "**'. Among them, the GP zone and the 1' phase
are the main reinforcement phases. For 7xxx series Al alloy,
different aging treatments will cause different changes in the
metallographic structure and mechanical properties of the

alloy. The properties of the alloy are directly affected by the
structure and morphology of the precipitated phases on the
boundary. Figure 6 shows the TEM microstructures of the
alloys after aged at 120 °C for different times. After aging
treatment for 6 h [Fig. 6(a)], it is evident that the GP zones
form with a high density and are distributed within a(Al)
matrix. Additionally, the precipitates n1'(MgZn,) along grain
boundaries are continuous and their sizes are small [Fig. 6(d)].
Meanwhile, precipitation free zone (PFZ) is formed with the
size of around 55 nm. After aging treatment at 120 °C for 24 h,
more precipitates transform from metastable n' precipitates
to stable n precipitates with the increasing aging time. The 1
precipitates are distinctly coarsening and completely discontinuous
along grain boundary [Fig. 6(e)]. When the aging time reaches
72 h, both the distribution spacing and grain size of the
precipitates along the grain boundary undergo further
enlargement. The PFZ, with the size of around 569 nm in width,
can be easily observed along grain boundaries [Fig. 6(f)]. The
relatively small size of MgZn, phase, GP zones, and PFZ present
in the peak-aged alloy serve to robustly obstruct the migration of
dislocations, thereby markedly enhancing the tensile strength of
the alloy. The observed decrease in ductility for the alloy that has
been aged at 120 °C can be ascribed to the growth of the MgZn,
phase. With the increasing aging time, the distribution density of
GP zones decreases, larger size of MgZn, and PFZ forms, which
lead to the decrease in mechanical properties of the alloy.

GP zones

Fig. 6: TEM images of studied alloy after aged at 120 °C for various durations: (a, d) 6 h; (b, €) 24 h; (c,f) 72 h

3.4 Effect of double-stage aging on properties
of alloy

Figure 7 depicts the hardness of the specimens during
different double-stage aging processes. The trend in hardness
variation is largely consistent across various secondary aging
temperatures. The alloy quickly attains its peak hardness after
16 h of secondary aging and then exhibits a gradual downward
trend as the aging time increases. It is observed that higher
aging temperatures expedite the attainment of peak hardness
of the alloy.

Table 4 reveals the tensile properties of the alloy after
various secondary aging treatments. For a given secondary
aging temperature, both the UTS and YS of the alloy initially
increase and then decrease as the aging time is extended,
except aging at 130 °C, while the EL fluctuates slightly,
typically within the range of 2% to 4%. This behavior is
consistent with the typical aging response of aluminum alloys,
where the alloy reaches a peak strength and then gradually
overages, leading to a decline in mechanical properties. As the
secondary aging temperature rises and the aging time prolongs,
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Fig. 7: Effect of double-stage aging on hardness

of the alloy

the decreases in tensile strength and yield strength become more
pronounced. For instance, at a secondary aging temperature
of 130 °C, the UTS and YS of the alloy decrease from
519.19 MPa and 450.61 MPa to 452.88 MPa and 436.13 MPa,
respectively, representing reductions of 12.77% and 3.32%, when
the aging time is increased from 16 h to 100 h. Similarly, at
140 °C, the losses in UTS and YS are 4.91% and 19.66%,
and at 150 °C, they are reduced by 15.62% and 23.90%,
respectively. The data in Table 4 also indicate that the optimal
balance of strength and plasticity is achieved when the alloy is
aged for 52 h across different secondary aging temperatures.
This suggests that there is an optimal aging time window
for each temperature that maximizes the alloy’s mechanical

Table 4: Effect of double-stage aging on mechanical properties of the Al-Zn-Mg-Cu alloy

Temperature Second aging UTS (MPa) YS (MPa) EL (%)
16 h 519.19+5 450.613 3.7310.3
28 h 482.98+4 450.25+4 1.830.5
130 °C 52 h 514.77t5 454.45+5 2.34+0.4
76 h 506.96+6 460.27+4 1.73+£0.5
100 h 452.88+5 436.1316 1.97+0.2
16 h 377.64+4 360.33+5 2.07+0.2
28 h 377.68+3 337.185 2.37+0.4
140 °C 52 h 381.655 321.31¢4 2.14£0.3
76 h 374.72+4 342.13+4 1.47+0.3
100 h 359.09+6 289.47+2 1.63+0.2
16 h 342.03+3 342.32+4 3.77+0.3
28 h 440.9414 486.01+2 3.43+0.2
150 °C 52 h 465.29+3 410.64+3 4.17+0.4
76 h 312.13+2 274174 3.1240.3
100 h 288.67+6 260.52+3 3.47+0.2

properties, beyond which over aging begins to occur, leading
to a gradual deterioration in performance. The decrease in
mechanical properties of the alloy during aging is indeed
closely related to the coarsening of precipitated phases and the
significant widening of PFZ.

The bright-field TEM images in Fig. 8 illustrate the matrix
strengthening phases in the investigated alloy at various
secondary aging temperatures for an aging time of 52 h. Three
conditions reveal a high density of finely dispersed n' phases.
As depicted in Figs. 8(a-c), the n' phases are comparatively
well-distributed. However, as depicted in Figs. 8(a,-c)), it is
evident that with the elevation of the secondary aging temperature,
the width of the PFZ at the grain boundaries, as well as the
coarsening of the precipitation phase at grain boundaries,
incrementally widens from around 74 nm to 170 nm. This
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phenomenon is accompanied by a gradual reduction in the
tensile strength of the alloy.

The optimized heat treatment process illustrated in Fig. 9
demonstrates remarkable advancements compared to
Refs. [30-34]. This optimized process results in enhanced
strength for the alloy. Additionally, a significantly greater
strength can be attained through single-stage aging, while a
notably higher elongation can be achieved through double-stage
aging. Zhang et al. "
with the addition of Si-Zr-Er, the optimum single-stage aging
heat treatment regime was finally obtained as 150 °Cx4 h,
and its mechanical properties are slightly lower than those of

investigated an Al-Zn-Mg-Cu alloy

the present experimental alloy. Another study involved the
incorporation of Sc, Cr, and Zr as microalloying elements into
a high-strength, high-ductility Al-Zn-Mg-Cu alloy, followed by
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Fig. 8: TEM images of studied alloy after aged for 52 h at different secondary aging temperatures: (a-a,) 130 °C;
(b-b,) 140 °C; (c-c,) 150 °C
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Fig. 9: Comparison of UTS versus EL for the studied
alloy with the reported Al-Zn-Mg alloys #**

B4 with the aim of

a comprehensive T6 heat treatment process
achieving high elongation. The strength of the alloy subjected
to the full T6 process was notably lower than that of the current
experimental alloy. Consequently, by employing an optimal heat
treatment process, alloys can be tailored to exhibit exceptional
performance, with the present experimental alloy surpassing

other aluminum alloys in terms of overall performance.

4 Conclusions

This study examined the mechanical properties and
microstructural evolution of the 7150 alloy, which has been
further alloyed with Sc and Er, and subjected to various heat
treatment processes. Effect of single-aging and double-aging
processes on the alloy’s mechanical characteristics and
microstructural alterations were studied, utilizing SEM, TEM,
and EPMA techniques. Through meticulous investigation, the
profound impact of Sc and Er elements on the hardening
behavior of the alloy has been examined. Based on our
observations, the following conclusions can be drawn:

(1) In solid solution treatment, with the increase of solution

time, the hardness of the alloy decreases. When solution at 470 °C
for 90 min, good comprehensive mechanical performances can be
obtained, and the hardness reaches 37.55 HRA.

(2) The strength and hardness of the alloy gradually increase
with the extension of single-stage aging time, reaching a
peak at 24 h. This peak is characterized by ultimate tensile
strength of 523.74 MPa, yield strength of 482.67 MPa, and
hardness of 59.09 HRA. However, with the extension of aging
time, the mechanical properties of the alloy decrease due to
the coarsening of the precipitated phases and widening of
precipitation free zone at grain boundaries.

(3) The optimal double-stage aging treatment for the alloy,
as determined by evaluating hardness, strength, and elongation,
is as follows: an initial aging at 120 °C for 8 h, followed by a
second aging at 150 °C for 52 h. This treatment yields a hardness
of 57.66 HRA, an ultimate tensile strength of 465.29 MPa, a
yield strength of 410.64 MPa, and an elongation of 4.17%.
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