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Abstract

Al-Zn-Mg-Cu alloys are widely used as heat-treatable ultra-high-strength materials in
aerospace structural applications. While conventional single-stage aging enables high
strength, advanced performance demands call for precise microstructural control via multi-
stage aging. In this study, we employ a combination of scanning transmission electron
microscopy (STEM), energy-dispersive X-ray spectroscopy (EDS), and X-ray diffraction
(XRD) to investigate the microstructural evolution and its correlation with mechanical
properties of AA7150 aluminum alloy subjected to two-step aging treatments, following
a 6 h pre-aging at 120 ◦C. Through atomic-scale STEM imaging along the [110]Al zone
axis, we systematically characterize the precipitation behavior of GPII zones, η′ phases,
and equilibrium η phases both within the grains and at grain boundaries under varying
secondary aging (SA) conditions. Our results reveal that increasing the SA temperature
from 140 ◦C to 180 ◦C leads to coarsening and reduced number density of intragranular
precipitates, while promoting the continuous and coarse precipitation of η phases along
grain boundaries, accompanied by a widening of the precipitation-free zone (PFZ). Notably,
SA at 160 ◦C induces the formation of fine, uniformly dispersed nanoscale η′ precipitates
in the alloy, as confirmed by XRD phase analysis. Aging at this temperature markedly
enhances the mechanical properties, achieving an ultimate tensile strength (UTS) of 613 MPa
and a yield strength (YS) of 598 MPa, while presenting an exceptionally broad peak-aging
plateau. Owing to this feature, a moderate extension of the SA duration does not reduce
strength and can further improve ductility, increasing the elongation (EL) to 14.26%. These
results demonstrate a novel two-step heat-treatment strategy that simultaneously achieves
ultra-high strength and excellent ductility, highlighting the critical role of advanced electron
microscopy in elucidating phase-transformation pathways that inform microstructure-
guided alloy design and processing.

Keywords: AA7150 alloy; aging treatment; strength; precipitates; microstructure

1. Introduction
AA7150 is a typical representative of the 7xxx series of ultra-high-strength aluminum

alloys. It is widely used in primary load-bearing structural components of large airliners,
including fuselage frames and wing panels, owing to its excellent specific strength, fatigue
resistance, and good formability [1]. With the shift in next-generation aircraft toward
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lightweight and long-life designs, the performance requirements for aluminum alloy com-
ponents have become increasingly stringent. In particular, improvements are needed in
strength, toughness, and resistance to stress-corrosion cracking. These components must
sustain high strength across a wide service temperature range (−50 ◦C to 150 ◦C). At the
same time, they must also provide superior stress-corrosion resistance to withstand harsh
environmental conditions [2,3]. Therefore, considering the strict service demands of large
thin-walled components, enhancing their mechanical performance has become an urgent
task to meet the requirements of next-generation aerospace engineering.

These alloys are often susceptible to fracture and exhibit reduced ductility in the
as-cast condition [4]. To improve their mechanical properties, a combination of heat
treatment and hot working has historically been employed [5]. Aging treatment plays
a key role in strengthening 7xxx-series aluminum alloys. The standard procedure for
artificial peak-aging (T6 treatment) typically involves a heat treatment at 120 ◦C for 24 h [6].
This produces a uniform distribution of nanoscale precipitates, mainly Guinier–Preston
(GP) zones and metastable η′ phases [7–9]. However, the 24 h cycle leads to high energy
consumption and processing costs, which restrict large-scale industrial application. To
shorten the cycle while maintaining strength, many researchers have proposed multi-stage
aging as an optimization strategy [10–13]. In this approach, high-density nucleation of GP
zones occurs during low-temperature aging, followed by the precipitation of η′ phases
at higher temperatures [14,15]. Compared with conventional aging, multi-stage aging
enables more precise regulation of precipitate evolution. It allows simultaneous control
over size distribution, composition, crystal structure, morphology, and spatial arrangement
of nanoscale particles [16]. These modifications can significantly enhance the mechanical
and overall properties of the material. In studies of multi-stage aging processes, numerous
researchers have explored the relationship between precipitation phase evolution under
varying temperature and time conditions and the mechanical properties of alloys. For
instance, Sun et al. [17] showed that multi-stage intermittent aging reduced dislocation
density and nearly eliminated residual stress in Al-Zn-Mg-Cu alloys. Yan et al. [18] reported
that pre-aging Al-Li alloys at 120 ◦C for 12 h enhanced diffusion of Cu and Li atoms to
{111}Al planes, while retaining vacancies that promoted T1 precipitation. Li et al. [19]
employed a reverse aging process to promote dissolution of coarse η phase in 7075 alloy
and induce substantial precipitation of nanoscale η′ phase.

As a typical example of multistage aging, the T74 tempering process employs a
stepped temperature control strategy: primary aging (T1 stage) is performed at 100–120 ◦C,
followed by secondary aging (T2 stage) at 140–180 ◦C [20,21]. This staged conditioning
mechanism significantly enhances stress corrosion resistance in 7xxx-series (Al–Zn–Mg–Cu)
alloys by optimizing precipitate distribution. However, it typically causes a 10–15% reduc-
tion in tensile strength compared with the peak-aged T6 condition [22–24]. For AA7150,
a precipitation-strengthened alloy, the mechanical properties and fracture behavior are
governed by the multiscale microstructure formed during aging. Key factors include the
size and type of intragranular and grain-boundary precipitates (GBPs), grain orientation,
and the width of the precipitation-free zone (PFZ) [25]. Therefore, in view of the aging
characteristics of this alloy, it is necessary to further optimize the strength and toughness of
AA7150 within the T74 processing framework. At relatively low temperatures, promoting
the formation of a high density of uniformly distributed GP zones and early η′ nuclei
provides abundant nucleation sites for subsequent aging. By systematically adjusting the
secondary-aging temperature and holding time, it becomes possible to suppress the devel-
opment of coarse continuous GBPs while enhancing the intragranular dispersion of fine
precipitates, thereby achieving a synergistic improvement in both strength and ductility.
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To investigate the effect of secondary aging treatment on the mechanical properties and
microstructure of AA7150 aluminum alloy, various secondary aging processes were examined
using tensile testing, scanning transmission electron microscopy (STEM), and X-ray diffraction
(XRD). Ultimately, the type and distribution of precipitates in AA7150 were tailored through a
secondary aging design, thereby elucidating their influence on the alloy’s mechanical properties.

2. Material and Experimental
2.1. Materials

A 35 mm thick commercially available AA7150 aluminum alloy plate was used as the
base material for the experiment, with its chemical composition listed in Table 1. Prior to the
experiment, the plate required pretreatment, which involved solid solution strengthening
at a holding temperature of 470 ◦C for 60 min, followed by rapid water quenching to room
temperature (25 ◦C) within 5 s. The aluminum alloy plate was then machined into dog-
bone-shaped specimens along the rolling direction, with the geometry and dimensions of the
specimens illustrated in Figure 1. Before the two-step aging process, the specimens were in
the T4 condition, with an ultimate tensile strength (UTS) of 417.6 MPa, yield strength (YS)
of 412.3 MPa, and elongation (EL) of 16.3% [26]. All samples were pre-aged uniformly at
120 ◦C for 6 h before secondary aging. The secondary aging was performed at 140 ◦C, 160 ◦C,
and 180 ◦C for 2, 4, 6, 8, and 12 h, followed by air cooling to room temperature. The overall
heat treatment procedure is shown in Figure 2. The pre-aging regime of 120 ◦C for 6 h was
selected to establish an optimal microstructural precursor for the subsequent secondary aging.
Previous studies [26] have shown that this temperature effectively promotes the formation of
a high density of fine metastable η′ nuclei while remaining below the threshold for significant
coarsening. A 6 h duration produces a well-developed yet slightly under-aged state, ensuring
a uniform distribution of these η′ precipitates. Such a microstructure provides abundant
nucleation sites during the second aging stage, refining the final precipitate distribution and
enhancing the synergy between strength and ductility. In addition, this pre-aging condition
partially consumes supersaturated vacancies, suppressing excessive diffusion and precipitate
coarsening at elevated temperatures, thereby offering a broader processing window for
optimizing the final mechanical properties.

Figure 1. Schematic illustrations of the aged sample and analysis specimens. (a) Dimensions of the
aged specimen (unit: mm). Schematics of the samples prepared for (b) TEM characterization and
(c) tensile testing.
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Table 1. The main chemical composition of alloy 7150 (wt.%) [26].

Zn Mg Cu Mn Fe Si Ni Cr Ti Al

6.1 2.19 2.19 <0.01 0.083 0.048 <0.01 0.16 0.025 Bal.

Figure 2. Time/temperature schematic of the whole process chain.

2.2. Mechanical Property Tests

After two-step aging treatments, uniaxial tensile tests were performed on specimens
with different secondary aging processes on a 100-kN MTS-Model E45 testing machine (MTS
Systems Corporation, Eden Prairie, MN, USA) (equipped with a YYU-12.5-25 electronic
extensbbbometer (NCS Testing Technology Co., Ltd., Beijing, China) for precise measure-
ment of pre-yield strain) at room temperature, with a tensile strain rate of 1 × 10−3 s−1. To
ensure data reliability, each test was repeated three times for each set of process parameters.
For clarity in presenting the results, the secondary-aged samples were designated using
an abbreviated naming convention. For instance, “SA180-2 h” denotes a secondary aging
treatment at 180 ◦C for 2 h, with other samples named following the same pattern.

2.3. Microstructure Characterization

Microstructural characterization was conducted using a Thermo-Fisher Talos F200X
transmission electron microscope (Thermo Fisher Scientific Inc., Waltham, MA, USA)
equipped with a high-angle annular dark-field (HAADF) detector, operating at 200 kV.
Initially, the samples were mechanically polished by sequentially grinding their surfaces
with abrasive papers of varying grits. Subsequently, the samples were finely polished with
a polishing solution to achieve a thickness of approximately 70 µm and then sectioned into
thin aluminum discs of about 3 mm in diameter. For STEM analysis, the samples were
thinned using a Struers TenuPol-5 double-jet electrolytic polisher (Struers ApS, Ballerup,
Denmark) with an electrolyte composed of 30% nitric acid in ethanol, maintained at
temperatures below −25 ◦C and an operating voltage of 15 V.

XRD analysis was employed to examine the evolution of the precipitated phases.
The samples were initially mechanically polished to a thickness of 0.2–0.3 mm and then
sectioned into rectangular specimens measuring 5 mm in width and 7 mm in length. A
Bruker D8 Ultra Front X-ray diffractometer (Bruker AXS, Karlsruhe, Germany), operating at
an accelerating voltage of 4 kV and a current of 30 mA, was employed. The scanning mode
was set to 2θ, with a scanning angle range of 20◦ to 90◦, and a scanning speed of 2◦/min.
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3. Results
3.1. Microstructure of Two-Step Aging Samples

Figure 3 shows the microstructural features of Al-Zn-Mg alloys under different peak-
aging conditions, observed by scanning transmission electron microscopy (STEM) along
the [110]Al zone axis. As shown in Figure 3a, numerous dense and fine needle-like precipi-
tates, ranging in size from 4 to 10 nm, are observed in the bright-field (BF) image. These
precipitates are identified as the η′ phase (MgZn2), which is the primary strengthening
phase in Al-Zn-Mg alloys [27,28]. The η′ phase forms as metastable precipitate during the
early stages of aging and is either coherent or semi-coherent with the aluminum matrix,
contributing to significant strengthening through dislocation pinning [29,30]. Notably, a
portion of near-spherical η′ precipitates (5–8 nm in diameter) was observed, likely result-
ing from non-uniform nucleation on two mutually perpendicular {111}Al crystallographic
planes, a phenomenon influenced by the 35.26◦ angular difference between the (110)Al

and {111}Al planes [26]. This crystallographic constraint results in anisotropic growth
kinetics, with the precipitate growing preferentially along the <111>Al direction when
viewed along the [110]Al zone axis, resulting in a needle-like morphology in projection. The
SA160-6 h sample, with a very fine and diffuse distribution of the strengthened η′ phase
(Figure 3b), exhibits spatial homogeneity, which is highly beneficial for the strength of
aluminum alloys [31]. In contrast, the precipitates in the SA180-2 h sample begin to coarsen,
and a small amount of η phase (MgZn2) appears; however, the η′-strengthened phase
remains dominant, and the η′ phase is more effective than the η phase for strengthening in
Al-Zn-Mg alloys [32].

 

Figure 3. STEM-BF images and SAED spots of intragranular precipitates along the [110]Al direction for
secondary peak-aging samples at different temperatures: (a) SA140-4 h; (b) SA160-6 h; (c) SA180-2 h.

Figure 4 shows HRTEM and STEM images of the SA160-2 h sample obtained along the
[110]Al crystallographic axis, together with the corresponding selected area electron diffraction
pattern (SAEDP). Two distinct precipitate morphologies are visible. The GPII zones (circled in
red) exhibit a plate-like shape, with a length of 5–10 nm, as shown in the local magnification
in Figure 4c. In contrast, the η′ precipitates (circled in yellow) display a rod-like morphology,
with an average length of 7.92 nm and a width of 2.2 nm, as shown in Figure 4d. Notably, the
GPII zone displays a localized and inhomogeneous distribution, whereas the η′ precipitates
are homogeneously distributed throughout the matrix (Figure 4b). A comparison with the
SA160-6 h sample (Figure 3b) highlights the dynamic evolution of the precipitate population
during prolonged secondary aging. In the SA160-2 h state, residual GPII zones coexist with η′

precipitates, representing an intermediate stage in the transformation of GPII. By contrast, in the
SA160-6 h sample, the GPII zones disappear completely and are replaced by a higher density of
η′ precipitates. This phase transformation suggests that the nucleation kinetics of the η′ phase
surpass the stability of the GPII zone as aging progresses. The marked increase in the density of
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η′ precipitates in SA160-6 h compared with SA160-2 h indicates that solute redistribution and
interfacial energy minimization are promoted by extended thermal exposure.

Figure 4. STEM images and SAED spots of the SA160-2 h sample ([110]Al axis): (a) High resolution
HAADF-STEM images; (b) bright-field STEM image; (c) magnified view of a GPII zone; (d) magnified
view of an η′ precipitate.

Figure 5 presents the characteristic microstructure at both the grain boundaries and
within the grains of the sample aged at 160 ◦C for 12 h. As shown in Figure 5a, coarse
precipitates are distributed continuously along the grain boundaries. Kawabata et al. [33]
reported that such coarse boundary precipitates deplete solute atoms in the adjacent
matrix, producing a PFZ on both sides of the boundary. This phenomenon weakens local
strengthening and reduces the overall toughness of the alloy. The intragranular precipitates
are shown in Figure 5b. Most exhibit spherical or short-rod morphologies. A pronounced
increase in the number of η phases is observed, accompanied by a decrease in the number
density of η′ precipitates. With prolonged aging, these intragranular precipitates undergo
significant coarsening, with average diameters ranging from 6.1 to 10.5 nm. This coarsening
alters the precipitate size distribution and may reduce the precipitation-strengthening effect,
ultimately degrading the alloy’s mechanical performance.

Figure 6 presents bright-field STEM images and energy-dispersive spectroscopy (EDS)
maps illustrating the grain boundaries of samples subjected to various secondary aging tem-
peratures. These images clearly show the distribution of fine precipitates in the matrix, such as
GPII zones and metastable η′ precipitates. Additionally, larger rod-like precipitates are observed
along the grain boundaries. In the SA140-4 h sample, the grain boundary precipitates (GBPs)
measured approximately 19.6 nm in size and were discretely arranged in chains along the grain



Materials 2025, 18, 4763 7 of 17

boundaries, and a PFZ with a width of 22.9 nm was also observed (Figure 6a). As the peak-aging
temperature increased to 160 ◦C (SA160-6 h), the continuity of the GBPs was enhanced, resulting
in a quasi-continuous distribution, and the PFZ width increased to 27.6 nm (Figure 6c). When
the temperature was further increased to 180 ◦C (SA180-2 h), the grain boundary precipitation
was clearly distributed in a continuous manner and significantly coarsened, which led to a
PFZ of 32.3 nm (Figure 6e). The SA160-2 h sample exhibited more continuous grain boundary
precipitation, with a significantly narrower PFZ (27.6 nm) compared to SA160-6 h, while in the
SA160-12 h sample, the precipitates exhibited a more continuous distribution, with significant
coarsening, leading to a wider PFZ (34.1 nm) due to the longer aging time (Figure 6i). Moreover,
the interfacial precipitates were rich in Zn, Mg, and Cu, suggesting that these precipitates are
stable equilibrium η phases [34]. In addition, previous studies employing EDS line-scan analysis
have confirmed that, along directions perpendicular to the grain boundary, the concentrations
of Zn and Mg decrease markedly within the PFZ while exhibiting pronounced enrichment at
the grain boundary itself [35]. This characteristic “depletion–enrichment” pattern confirms that
η-phase precipitates at the boundary consume solute from the adjacent matrix, directly driving
the formation and widening of the PFZ.

 

Figure 5. BF-STEM and SAED spots image of SA160-12 h sample ([110]Al axis): (a) Grain boundary
microstructure; (b) Intragranular microstructure.

3.2. Mechanical Properties

Figure 7 illustrates the mechanical properties of the samples during secondary aging,
including YS, UTS, and EL. It can be observed that specimens subjected to initial pre-aging at
120 ◦C for 6 h before the second-stage aging exhibited lower strengths, with UTS and YS values
of approximately 578 MPa and 552 MPa, respectively. This can be attributed to the shorter
pre-aging time, leaving the alloys in an unstable state. During the second-stage aging process,
the strength of the alloy at an aging temperature of 140 ◦C reached the peak-aging plateau
after about 4 h (approximately 605 MPa for UTS and 584 MPa for YS) and remained at peak
strength for 8 h, with minor fluctuations. As the secondary aging temperature increased to
160 ◦C, the peak-aging time shortened to 2 h, with minimal fluctuations between 2 h and 8 h,
and a peak-aging plateau lasting for 6 h, during which the highest values reached approximately
613 MPa for UTS and 598 MPa for YS. Subsequently, the performance began to decline, showing
the over-aging effect. The over-aging effect is more pronounced at 180 ◦C, reaching its peak in
only 2 h (approximately 606 MPa for UTS and 589 MPa for YS), and subsequently, its tensile
and yield strengths decrease rapidly as the aging time increases, with no distinct peak-aging
plateau observed. The YS and UTS curves indicate that the aging kinetics of the alloy accelerates
with increasing secondary aging temperature, leading to the early onset of peak strength and a
more pronounced over-aging stage.
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Figure 6. DF-STEM and EDS diagram of boundary precipitates of samples processed with different
SA treatments: (a,b) SA140-4 h; (c,d) SA160-6 h; (e,f) SA180-2 h; (g,h) SA160-2 h; (i,j) SA160-12 h.
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Figure 7. Mechanical property evolution during SA at 140 ◦C, 160 ◦C, and 180 ◦C: (a) ultimate tensile
strength curves; (b) yield strength curves; (c) elongation curves.

During the secondary aging process, the elongation of the samples exhibited an
initial decrease, followed by an increase and then a subsequent decrease. For example,
the elongation of the SA180 sample decreased significantly after 2 h of aging, which can
be attributed to the increased number of precipitates formed during secondary aging,
resulting in an enhanced dislocation-pinning effect that adversely affected the alloy’s
toughness. However, when the secondary aging time was extended to 6 h, the coarsening
and quasi-continuous distribution of the GBPs resulted in a significant increase in the
alloy’s elongation. It is noteworthy that the secondary aging of SA160 samples can be
primarily divided into two stages: the “0–2 h under-aging zone” and the “2–8 h peak-aging
zone.” In the peak-aging zone, the strength remains stable at a relatively high level. In
contrast, the SA180 samples exhibit only a brief period of peak strength. The elongation
curves indicate that the SA160 samples achieve better elongation at 6 h of secondary aging,
reaching 14.26% (Figure 7c), suggesting that an appropriate extension of the secondary
aging time can enhance the material’s plasticity and toughness without compromising
strength, thereby improving the forming accuracy of the plate. In conclusion, the optimal
mechanical properties of the AA7150 alloy were achieved using the 120 ◦C/6 h + 160 ◦C/6 h
aging process.

4. Discussion
4.1. Microstructural Evolution

In this study, both the η′ phases and the GPII zones were observed, exerting a critical
influence on the strength of Al-Zn-Mg-Cu alloys. To systematically analyze the dynamic
evolution of microstructures during secondary aging, a refined characterization of precipi-



Materials 2025, 18, 4763 10 of 17

tate types and their evolutionary pathways has been intensively conducted [24]. The precip-
itation kinetics during the secondary aging stage, particularly the metastable-to-equilibrium
phase transition, are synergistically regulated by both the thermodynamic driving force
and diffusion mechanisms, characterized by multi-scale coupling. Under secondary aging
conditions, the interfacial energy-dominated phase coarsening and dislocation-assisted
solute migration collectively act to gradually destabilize the GP zones and η′ phases formed
during the initial aging process. Consequently, the deconstruction and reorganization of
metastable precipitate architectures introduced by pre-aging during secondary aging are
primarily governed by long-range solute diffusion driven by vacancy concentration gradi-
ents and by the reduction in phase transition barriers induced by the relaxation of lattice
strain [36].

Figure 8 illustrates the evolution of precipitate size during the secondary aging pro-
cess of the sample following a 6 h pre-aging treatment at 120 ◦C. After pre-aging, the
predominantly metastable GPII zone and η′ phase were formed in the samples; these
two precipitates are generally considered the main strengthening phases in Al-Zn-Mg-Cu
alloys [37]. During secondary aging, the solute atoms in the matrix begin to diffuse and
redistribute under high-temperature excitation at 160 ◦C. This results in solutes released
from the partial dissolution of smaller GPII zones being captured by adjacent larger zones,
while localized merging or co-growth effects may occur between adjacent GPII zones,
leading to a faster growth rate of the GPII zone size (Figure 8a,b). In the early stage of
secondary aging (2–6 h), the η′ phase undergoes coarsening primarily through the Ostwald
ripening mechanism: small-sized η′ phases gradually dissolve, while large-sized η′ phases
grow. Simultaneously, the localized solute supersaturation regions facilitate the initiation
of η′ phase precipitation through a heterogeneous nucleation mechanism [38]. At this
stage, although the average length of the η′ phase continued to increase, its growth rate
leveled off (Figure 8e). In contrast, the GPII zone began to dissolve rapidly (Figure 8a–c),
leading to a significant decrease in its number, with its dissolution rate also showing a
decreasing trend. After 6 h of secondary aging, the size growth of the GPII zone gradually
stabilizes, and the GPII zone in the matrix is essentially replaced by the metastable η′ phase.
During the decomposition of the GPII zone, the released Zn/Mg atoms diffuse through
the dislocation network, providing a driving force for the further growth of the η′ phase
(Figure 8c). Although the growth rate of the precipitates slowed during secondary aging,
their overall size continued to increase over time (Figure 8e). As the aging time extends to
12 h, the prolonged aging provides sufficient diffusion time for the solute atoms, allowing
the metastable η′ phase to gradually transform into the thermodynamically more stable
equilibrium η phase. The transformation process is driven by the minimization of the
system’s free energy and is kinetically accelerated by vacancy-assisted solute diffusion and
interfacial strain relaxation. The η phase usually nucleates preferentially at the η′-phase-
matrix interface or grain boundary defects, and coarsening occurs through the depletion of
Zn/Mg atoms in the η′ phase (Figure 8d). This results in a reduction in the number and
size of the η′ phase, with the size distribution becoming polarized, leading to the formation
of an over-aged microstructure dominated by the incoherent η phase.

Grain boundaries, acting as effective enrichment zones for solute atoms and vacancies,
often serve as locations for the aggregation of precipitated phases [39]. In aluminum alloys,
the formation of the equilibrium η phase at grain boundaries and its coarsening process
are typically accompanied by the formation of a PFZ along the grain boundaries [40]. This
phenomenon negatively impacts the mechanical properties of aluminum alloys, primarily
manifesting as a decrease in strength due to the weakening of the precipitation hardening
effect within the PFZ region [41]. As shown in Figure 6, during the secondary aging
process at 160 ◦C, prolonged aging exacerbates the diffusion of solute atoms along the grain
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boundaries, promoting the precipitation of the coarse equilibrium η phase. This results in a
significant increase in the PFZ width and the average size of the GBPs. The formation of
coarse precipitates causes significant depletion of solute atoms near the grain boundaries,
thereby reducing the local solute atom concentration in this region.

Figure 8. STEM-DF images showing the microstructure of the pre-staged sample and its secondary
aging at 160 ◦C: (a) pre-staged sample; (b) secondary aging for 2 h; (c) secondary aging for 6 h;
(d) secondary aging for 12 h; (e) average diameter of the secondary aging sample.

4.2. Microstructure and Properties

To elucidate the dominant effect of secondary aging on the mechanical behavior of
AA7150 aluminum alloy, this study focuses on the coupling relationship between the dy-
namic evolution of the precipitated phases and the strengthening mechanism. According
to references [42,43], secondary aging significantly governs the precipitation strengthening
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effect by modulating the size, volume fraction, and distribution characteristics of the precip-
itated phases. Precipitation strengthening is the primary factor in improving the mechanical
properties of Al-Zn-Mg-Cu alloys [44,45]. The precipitation strengthening mechanism was
determined by comparing the strength increments associated with dislocation shear and
Orowan bypass mechanisms. An operational mechanism was developed based on smaller
strength increments [46]. The Orowan bypass mechanism targets non-shearable precipi-
tates, such as the roughened η phase, where dislocations form Orowan rings by bypassing.
Its strength increment can be expressed by the following equation [47]:

∆σOr = M
0.4Gb

π
√

1 − ν
·

ln
(

2
√

2
3 r/b

)
λp

(1)

This equation describes the Orowan dislocation bypassing mechanism and incorpo-
rates several parameters including Poisson’s ratio (ν), which is typically about 0.33 for
the AA7150 alloy. Additionally, the edge-to-edge inter-precipitate distance (λp) is taken

into account, where λp is expressed as λp = 2
√

2
3 r

(√
π
4 f − 1

)
, where r and f denote the

average radius and volume fraction of the precipitates, respectively.
The strength of a material is primarily influenced by fine intracrystalline precipitates

and dispersed phases. When the GBPs are relatively fine and predominantly consist
of metastable GPII regions and fine η′ precipitates, dislocations can easily shear these
precipitates. Therefore, the strengthening effect is as follows [48]:

∆τcut = α f 1/2r1/2 (2)

In the above equation, α represents a constant, the interfacial reinforcement factor,
f represents the volume fraction of the precipitate, and r corresponds to the radius of
the precipitate.

Therefore, for larger precipitates, the strength of Al-Zn-Mg alloys exhibits a negative
correlation with the radius of the precipitates and a positive correlation with the volume
fraction. In contrast, for fine precipitates, the strength is positively correlated with both the
radius and the volume fraction of the precipitates.

Figure 3a illustrates that the primary precipitates in the SA140-4 h samples at the
peak-aging plateau are the η′ phase, along with a small number of GPII zones. These
precipitates are small in size, high in number, and maintain an incoherent or semi-coherent
relationship with the matrix, causing dislocations to pass through them predominantly via
shear mechanisms, thus yielding a limited strengthening effect. However, for the SA160-6 h
sample at a higher temperature, the precipitate phase evolved into a larger number of
more stable semi-coherent η′ phases, and the GPII zone nearly disappeared (Figure 3b).
The secondary aging condition of SA160-6 h promoted the precipitation of additional
solute atoms, resulting in a higher overall number of precipitates. Although the size of the
individual precipitates increased, the higher density and more homogeneous distribution
likely provided more dislocation pinning points. Furthermore, the semi-coherent lattice
relationship enhanced the binding of the precipitate phase, further hindering dislocation
motion, and the coarsening of the η′ phase enhanced the Orowan bypass mechanism.
As a result, the SA160-6 h sample exhibits greater strength compared to the SA140-4 h
sample (Figure 7b).

Compared with the SA140-4 h and SA160-6 h samples, the SA180-2 h sample exhibited
a small amount of non-uniform coarse η phase (Figure 3c). The high-temperature, short-
duration aging led to the rapid nucleation of precipitated phases, but they did not distribute
uniformly in time. Additionally, the merging of precipitates in some regions reduced the
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overall number of precipitates that effectively hindered dislocations. The transformation of
the η′ phase into the η phase weakened both the shear-strengthening and Orowan bypass-
strengthening effects. As a result, the strength of the SA180-2 h sample is lower compared
to that of the SA160-6 h sample (Figure 7b).

Figure 9 illustrates the evolution of XRD patterns for Al-Zn-Mg-Cu alloys subjected to
different treatment times at a secondary aging temperature of 160 ◦C. The curves reveal
that the individual characteristic peaks corresponding to the metastable η′ and equilibrium
η phases are weaker for the SA160-2 h sample, suggesting that the total volume fraction of
precipitated phases in the alloy remains low. This phenomenon can be attributed to the
dual constraints of nucleation barriers and diffusion kinetics, where the shorter secondary
aging time does not allow sufficient time for the precipitates to form nuclei and grow. The
insufficient precipitation results in a less pronounced aging strengthening effect, leading to
lower alloy strengths. As the aging time was extended to 6 h, the intensity of the characteris-
tic peak at 2θ = 23◦ in the XRD pattern significantly increased, with the peak shifting to the
right of the standard η phase (101) diffraction. TEM analysis revealed that the content of GP
zones had diminished considerably, and the sample was primarily composed of η and η′

phases. The diffraction pattern corresponding to 2θ = 23◦ deviated from the (101) diffraction
of the η phase, indicating the presence of η′ phase, which demonstrates the dense precipita-
tion behavior of the metastable η′ phase. This precipitation kinetics aligns with the classical
nucleation-growth theory, where prolonged aging treatment provides solute atoms with
sufficient diffusion activation energy, facilitating the transformation of GP zones into the η′

phase and enhancing aging strengthening. Further extending the aging time to 12 h resulted
in a slight weakening of the peak near 2θ = 23◦, while peaks at 2θ = 29◦ and 37◦ exhibited no-
table intensification and became sharper, corresponding to the η phase (102) and (103) plane
diffractions, respectively. Additionally, it was observed that the peaks in the 2θ range of 40◦

to 43◦ exhibited broadening in all three aging times, which primarily corresponded to the
diffractions of GPII and η′ phases. In this range, at 12 h, the diffraction peaks of the η phase
(112) and (201) planes were significantly enhanced. Lattice constants were refined using the
Jade software (version 9.02), yielding values of a = b = 5.15 Å and c = 8.48 Å, consistent with
previous studies [49,50]. This indicates that the transformation from the metastable to the
equilibrium phase entered the Ostwald ripening stage, with an increased proportion of the
η′ phase. This is due to the extended aging time at a constant temperature, which creates
favorable conditions for the growth and coarsening of precipitates. The transformation
follows the precipitation sequence, where smaller η′ particles dissolve, and solute atoms
are transported to larger η phase particles via bulk diffusion, causing precipitate coarsening
and loss of interfacial cohesion. This phase transition is accompanied by a reduction in
strain field strengthening and a weakening of the dislocation cutting mechanism, leading
to a decrease in strength. Consequently, the best strength properties were observed in the
SA160-6 h samples, as shown in Section 3.2, with a UTS of 613 MPa, a YS of 598 MPa, and
an elongation of 14.26%. Compared with other peak-aging treatments (e.g., SA140-4 h and
SA180-2 h), the SA160-6 h condition achieves a superior balance between strength and
ductility. Moreover, relative to conventional T6 processing or retrogression and re-aging
(RRA, 120 ◦C/24 h + 190 ◦C/0.5 h + 120 ◦C/24 h) [51], the SA160-6 h delivers comparable
mechanical properties (T651 condition [52], UTS ~600 MPa, EL ~15.6%; RRA condition [51],
UTS ~600 MPa, EL ~10%) while significantly reducing the overall processing time, thereby
demonstrating both superior efficiency and performance advantages.
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Figure 9. XRD patterns of Al-Zn-Mg-Cu alloy after treatment with different secondary aging times
at 160 ◦C.

5. Conclusions
This study systematically investigates the effect of secondary aging on the precipitation

behavior and mechanical properties of Al-Zn-Mg-Cu alloys. A two-step aging strategy
(120 ◦C/6 h pre-aging + 160 ◦C/6 h SA) is proposed and validated. Compared with
conventional T6 and RRA treatments, this approach not only significantly reduces the
overall processing time but also avoids the complex operations and stability risks associated
with the rapid high-temperature regression step in RRA, ultimately achieving an excellent
balance between strength and ductility. The following conclusions are drawn:

(1) After the two-step aging treatment, the precipitates primarily consisted of the
metastable η′ phase and the equilibrium η phase, with a relatively uniform dis-
tribution. Precipitate strengthening is the primary mechanism for strengthening the
alloy, and a precipitation-free zone (PFZ) is clearly observed at the grain boundaries.
Additionally, it was found that increasing the secondary aging temperature shortened
the time required for the alloy to reach the peak-aging plateau.

(2) Under the regulation of secondary aging temperatures (140 ◦C, 160 ◦C, 180 ◦C), the
samples subjected to peak-aging at 160 ◦C exhibited the optimal overall performance
(tensile strength of 613 MPa, yield strength of 589 MPa, and elongation of 14.26%).
Additionally, it was observed that with the extension of aging time, the longest
duration of the peak plateau period was 6 h at 160 ◦C, and elongation increased
slightly during this period. This indicates that appropriately extending the secondary
aging time at this temperature can enhance the plasticity and toughness of the material
without a loss in strength.

(3) A relatively short secondary aging time can result in the metastable η′ strengthening
phase not having enough time to nucleate and grow, leading to a less pronounced
aging strengthening effect. On the other hand, excessive prolongation of the secondary
aging time results in the formation of a large number of equilibrium η phases. The
larger size of the equilibrium η phase not only fails to strengthen the alloy but also
consumes a large amount of zinc and magnesium, restricting the precipitation of
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the η′ phase during aging. Additionally, the widening of the PFZ around the coarse
equilibrium η phases further reduces the mechanical properties of the alloy.
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