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Abstract: The effects of interrupted aging on mechanical properties and corrosion resistance of 7A75 aluminum alloy
extruded bar were investigated through various analyses, including electrical conductivity, mechanical properties, local
corrosion properties, and slow strain rate tensile stress corrosion tests. Microstructure characterization techniques such
as metallographic microscopy, scanning electron microscopy (SEM), and transmission electron microscopy (TEM)
were also employed. The results indicate that the tensile strength of the alloy produced by T6I6 aging is similar to that
produced by T614 aging, and it even exceeds 700 MPa. Furthermore, the yield strength increases by 52.7 MPa, reaching
654.8 MPa after T616 aging treatment. The maximum depths of intergranular corrosion (IGC) and exfoliation corrosion
(EXCO) decrease from 116.3 and 468.5 um to 89.5 and 324.3 um, respectively. The stress corrosion factor also
decreases from 2.1% to 1.6%. These findings suggest that the alloy treated with T616 aging exhibits both high strength
and excellent stress corrosion cracking resistance. Similarly, when the alloy is treated with T614, T616 and T617 aging,
the sizes of grain boundary precipitates (GBPs) are found to be 5.2, 18.4, and 32.8 nm, respectively. The sizes of matrix
precipitates are 4.8, 5.7 and 15.7 nm, respectively. The atomic fractions of Zn in GBPs are 9.92 at.%, 8.23 at.% and
6.87 at.%, respectively, while the atomic fractions of Mg are 12.66 at.%, 8.43 at.% and 7.00 at.%, respectively.
Additionally, the atomic fractions of Cu are 1.83 at.%, 2.47 at.% and 3.41 at.%, respectively.

Key words: 7A75 aluminum alloy; interrupted aging; aging precipitation behavior; mechanical properties; intergranular
corrosion; exfoliation corrosion; stress corrosion cracking

1 Introduction

Precipitation-strengthenable ~ Al-Zn—Mg—Cu
alloys are extensively applied as crucial structural
materials in the transportation industry to decrease
component mass [1,2]. The excellent mechanical
properties of the alloys, particularly their high
specific strength, make them highly sought-after for
diverse applications [3,4]. However, Al-Zn—Mg—
Cu alloys are susceptible to various forms of
corrosion, including intergranular corrosion (IGC),
exfoliation corrosion (EXCO) and stress corrosion
cracking (SCC). Consequently, achieving a balance

between mechanical properties and corrosion
resistance has emerged as a significant area of
research.

The properties of Al-Zn—Mg—Cu alloys,
particularly the mechanical properties and corrosion
resistance, are primarily influenced by the
precipitation behavior during aging processes [5].
The precipitation sequence of Al-Zn—-Mg—Cu
alloys is as follows: supersaturated solid solution —
GP (I, IT) zones — 7' precipitates — # precipitates [6].
In general, the primary strengthening precipitates
during the aging processes are the coherent GP (I, II)
zones and semi-coherent #' precipitates [2—7].
However, a prolonged aging time can lead to the
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formation of non-coherent # precipitates within
the matrix, which can reduce the intensity of the
alloys [8]. Additionally, the stable # precipitates
with different morphologies and distributions tend
to form along the grain boundaries, significantly
affecting the corrosion resistance of alloys [9,10].
It is well known that Al-Zn—Mg—Cu alloys can
achieve the highest strength after T6 aging
treatment, but they are more susceptible to various
forms of corrosion [2,11,12]. The T7X and other
over-aged states can effectively improve the
corrosion resistance of the alloys but at the cost of
10%—15% loss in strength [2,13,14]. To overcome
the problems of precipitation-free zones (PFZs) and
improve the mechanical properties of the alloys, a
new aging treatment, interrupted aging, has been
proposed recently. Interrupted aging has been
widely used in 2XXX series aluminum alloys, and
Al-Zn—Mg—Cu alloys have also adopted this aging
treatment to gradually improve their comprehensive
properties. JACUMASSO et al [15] found that 7050
aluminum alloy can obtain higher precipitate phase
density and better mechanical properties through
T6l4 aging treatment, which involves 485 °C
solution heat treatment for 4 h, 130 °C for 30 min,
and 65 °C for 24 h. ANTUNES et al [16] found that
the tensile strength of 7050 aluminum alloy can
reach 561.0 MPa via T6I4 aging, which involves
solution heat treatment at 485 °C for 4 h followed
by artificial aging at 145 °C for 30 min and 65 °C
for 24 h. Similarly, 7075 aluminum alloy also
adopts this aging treatment to improve its
mechanical properties. LI et al [17] found that the
tensile strength of 7075 aluminum alloy sheet with
2 mm in thickness can reach 563.0 MPa via T616
process, which involves heat treatment at 470 °C
for 1 h, 130 °C for 80 min, 65 °C for 240 h and
130°C for 18 h, but the corrosion resistance
becomes worse than that achieved by T73 aging
treatment. KACZMAREK et al [18] found that the
yield strength of 7075 aluminum alloy can reach
460.0 MPa and 520.0 MPa respectively by means
of T614 and T616 aging processes after solution heat
treatment at 540 °C. It is evident that the interrupted
aging treatment strongly affects the mechanical
properties and corrosion resistance of aluminum
alloys. However, the effects of interrupted aging on
the comprehensive properties and the mechanisms
of 7A75 aluminum alloy extruded bar have not
been systematically studied, and the further

exploration and summary are urgently needed.

In this study, the effects of T6I4, T6l6 and
T617 aging treatments on the mechanical properties
and corrosion resistance of 7A75 aluminum alloy
extruded bar were investigated. The objective is to
enhance both the mechanical properties and
corrosion resistance of the alloy. Various interrupted
aging processes were examined, and their impacts
on mechanical properties and corrosion resistance
of the alloy were analyzed and discussed in relation
to the microstructure. The findings of this study
contribute to our understanding of the relationship
between mechanical properties and corrosion
resistance of 7A75 aluminum alloy extruded bar
produced through different interrupted aging
treatments. Additionally, these results offer valuable
insights for achieving high comprehensive
properties in the 7A75 aluminum alloy extruded
bar.

2 Experimental

2.1 Materials and treatments

The raw material utilized in this study is 7A75
aluminum alloy extruded bar with a diameter of
12 mm, which underwent T6 aging treatment. The
chemical composition of the alloy is presented in
Table 1. The two-stage solid solution treatment
involved heating the bars to 450°C for 1h,
followed by heating them to 490 °C for 1 h. Initially,
the bars were held at 450 °C for 1 h and then
rapidly heated to 490 °C within 5 min. Subsequently,
the bars were maintained at 490 °C for 1 h in the
furnace and then quenched in water to bring them
back to room temperature. After this, the aging
process involved heating the bars to 121 °C for 2 h.
Finally, the bars were held at a relatively low
temperature for long insulation followed by
re-aging treatment. After each step, the bars were
water-quenched to room temperature. The parameters
for the aging treatments are listed in Table 2.

Table 1 Chemical composition of 7A75 aluminum alloy
(wt.%)

Zn Mg Cu Mn Cr
5.82 2.63 1.68 0.02 0.20
Ni Ti Fe Si Al
0.01 0.02 0.16 0.06 Bal.
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Table 2 Interrupted aging conditions of 7A75 aluminum alloy

Aging treatment Solid solution treatment Pre-aging Interrupted aging Re-aging
T614 (450°C, 1 h) + (490 °C, 1 h) 121°C,2h 65°C,7d -
T616 (450°C, 1 h) +(490°C, 1 h) 121°C,2h 65°C,7d 121°C, 16 h
T617 (450°C, 1 h) + (490 °C, 1 h) 121°C,2h 65°C,7d 177°C, 16 h

2.2 Properties test and microstructure observation

The samples used for the hardness and
electrical conductivity tests were obtained from the
same area. A 10 mm cylinder was intercepted along
the extrusion direction, and the surface to be tested
was smoothed and flattened prior to the test. The
VH1202 Knoop/Vickers hardness tester was used
for hardness test with a loading load of 19.6 N and
a loading time of 15s to measure hardness. The
Fischer SMP 350 electrical conductivity tester was
used for the electrical conductivity test. The average
values of five data points for hardness and electrical
conductivity were considered as the effective
results.

For the room-temperature tensile test, parallel
sections of the samples with a diameter of 8 mm
and a length of 40 mm were marked. After
undergoing the corresponding aging processes, the
samples were tested using the MTS landmark
100 kN testing machine at a tensile rate of
2 mm/min. The average value of three samples
from the same group was taken as the effective
result of the experiment.

Transmission electron microscopy (TEM)
observation was conducted using the FEI-
Tecnaig20 TEM with an accelerated voltage of
200 kV. The preparation process for TEM samples
involved machining the sample into a thin slice
with a thickness of approximately 80 um. The thin
slice was then punched into disks with a diameter of
3mm. Finally, the RL-2 electrolytic polishing
twin-jet unit was used to thin the samples at a
temperature of around —30 °C and a voltage of 20 V.
The electrolytic solution composition consisted of
30% HNOs and 70% CH3OH (in volume fraction).

For the slow strain rate tensile test, parallel
sections of samples with a diameter of 6 mm and a
length of 30 mm were tested using the YYF-100
slow strain rate stress corrosion testing machine at a
strain rate of 1x107°s™!. The samples were tested in
a 50°C, 3.5wt.% NaCl solution and a 50 °C
silicone oil, respectively. The average values of

three samples from the same group were considered
as the effective result of the experiment.

3 Result

3.1 Electrical

properties

The electrical conductivity and mechanical
properties of 7A75 aluminum alloy treated with
different interrupted aging processes  are
summarized in Table 3. As can be seen, when the
alloy is treated with T6I4 aging process, the
hardness and electrical conductivity of the alloy
reach HV 183.5 and 27.3% (IACS), respectively.
The ultimate tensile strength (UTS) and yield
strength (YS) are 701.8 MPa and 602.1 MPa,
respectively. After T6l6 aging treatment, the
hardness and electrical conductivity of the alloy
increase to HV 1923 and 28.5% (IACS),
respectively. The tensile strength remains
unchanged at 704.4 MPa, but the yield strength
increases by 52.7 to 654.8 MPa, representing an
increase rate of 8.8% compared to T6I4 aging
treatment. Compared to T6I4 aging temper, the
hardness, electrical conductivity and strength of the
alloy undergo significant changes after the T6I7
aging process. Specifically, the hardness decreases
by HV21.7 (11.9%) to HV 161.8, while the
electrical conductivity increases to 36.3% (IACS)
with an increment of 9.0%. The tensile strength and
yield strength decrease to 552.4 MPa and 490.4 MPa,
respectively, representing a decrease of 149.4 MPa
(21.3%) and 111.7 MPa (18.6%), respectively. The
elongations (o) after the three aging treatments are
13.6%, 12.9% and 12.3%, respectively, which
basically have not changed significantly. The yield
ratio, which is the ratio of the yield strength to the
tensile strength of the alloy, can reflect the
toughness level of the alloy to some extent. The
values of the alloy are 0.86, 0.93 and 0.89 when
subjected to T6I4, T616 and T617 aging processes,
respectively.

conductivity and mechanical
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3.2 Precipitation behavior

Figure 1 displays the TEM bright field images
of grain boundary precipitates (GBPs) in 7A75
aluminum alloy, treated with different interrupted
aging methods. In Fig. 1(a), the SADE patterns
along the (110)a; direction reveal the clear
formation of GP (I, II) zones. These zones are
coherent precipitates with the matrix which form
during the initial stages of natural aging or artificial
aging treatment [8,19]. Semi-coherent #’
precipitates can be observed at the visible
diffraction spots located at 1/3 {220} and 2/3 {220}
positions [20]. GP (I, II) zones and #' precipitates
are the primary strengthening precipitation phases
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in this alloy. The presence of diffraction spots near
the {220} position of 2/3 indicates the formation of
non-coherent # precipitates with larger particle sizes,
which can reduce the strength of the alloy to some
extent [21]. When the alloy is subjected to T6l4
aging, fine and continuous precipitates are
distributed along the grain boundaries, with the
width of PFZs measuring 10.6 nm and the size of
GBPs measuring 8.2 nm, respectively (Fig. 1(b)).
Under the T6l6 aging treatment, fine precipitates
are still present along the grain boundaries, but the
degree of continuity is reduced. The width of PFZs
and the size of GBPs increase to 25.1 and 18.4 nm,
respectively (Fig. 1(c)). When the aging treatment

Table 3 Electrical conductivity and mechanical properties of 7A75 aluminum alloy treated by different interrupted

aging processes

Aging treatment  Hardness (HV) Electr1(():/z11 (;:chd;;nwty/ UTS/MPa YS/MPa 0/% 22:
Tol4 183.542.1 27.3£0.1 701.8£1.2  602.1£1.0 13.6+0.1 0.86+0.05
T616 192.3+1.8 28.5+0.1 704.4+6.0  654.8+5.2 12.940.1 0.93+0.05
T6I7 161.8+2.0 36.3£0.2 552.44+3.1  490.4+2.7 12.340.1 0.89+0.05

Rl S TP

Fig. 1 Bright field TEM images at and around GBPs of 7A75 aluminum alloy: (a) SAED of samples near (110)
direction; (b) T614; (c) T616; (d) T617
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is changed to T6I7, the grain boundary
morphologies of the alloy undergo significant
changes. The PFZs widen noticeably, and the size
of GBPs further increases. Additionally, the spaces
between GBPs become wider and wider. The width
of PFZs and the dimension of GBPs are 76.7 and
32.8 nm, respectively (Fig. 1(d)).

Figure 2 displays the TEM bright field images
of matrix precipitates (MPs) in 7A75 aluminum
alloy, which were treated using different interrupted
aging processes. The morphologies of the MPs in

the samples treated with T6I4 and T6I6 aging
processes show minimal differences. In the matrix,
a few coarse rod-like and irregular precipitates can
be observed, while other fine and dispersed second
phases are evenly distributed throughout the alloy.
According to the report of LIU et al [22], these
coarse particles are known as the quenching-
induced # precipitates, which form when the
supersaturated solid solution decomposes due to
insufficient cooling rate during solid solution
treatment. The sizes of the MPs are 4.8 and 5.7 nm
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after T6I4 and T6I6 aging treatments, respectively.
However, when subjected to T6I7 aging treatment,
the morphologies of the MPs significantly differ
from that of the T6l4 and T6l6 aging processes,
with the MPs growing significantly into a size of
approximately 15.7 nm.

Figure 3 displays high angel annular dark field
(STEM-HADDF) images and energy dispersive
spectroscopy (EDS) analysis of 7A75 aluminum
alloy at and around GBPs treated with different
interrupted aging methods. Qualitatively, it can be
observed from Fig. 3 that Zn, Mg and Cu in the
GBPs exhibit noticeable highlighted areas in the
energy spectrum when treated with different
interrupted aging methods. This indicates that Zn,
Mg and Cu have a significant tendency to segregate
within the GBPs of the alloy. On the other hand, Fe,
Cr and Zr in the GBPs do not exhibit prominent
highlighted energy  spectrum,
suggesting that they are uniformly distributed
within the GBPs. Therefore, it can be concluded
that Zn, Mg and Cu exhibit significant segregation
within the GBPs of the alloy, while Fe, Cr, and Zr
do not.

areas in the

To facilitate a more clear and intuitive
quantitative analysis of element segregation at and
around GBPs subjected to different interrupted
aging treatments, several GBPs with distinct
morphology and evident segregation are selected.
These GBPs were then subjected to specific
element composition analysis under each
interrupted aging temper. The results are presented
in Table 4. It is evident that elements in different
GBPs exhibit similar degrees of segregation under
the same aging process. However, when subjected to
different interrupted aging treatments, elements of
the same type display significantly different degrees
of segregation. For instance, the atomic fraction of
Zn in T6l4, T6l6 and T6l7 aging decreases from
9.92% to 8.23% and 6.87%, respectively. Similarly,
the atomic fraction of Mg in T614, T616 and T6I7
aging decreases from 12.66% to 8.43% and 7.00%,
respectively. Conversely, the atomic fraction of Cu
in T614, T6I6 and T617 aging increases from 1.83%
to 2.47% and 3.41%, respectively. Additionally, the
atomic fraction of Fe decreases from 0.13% to
0.05% and 0.05%, while the atomic fraction of Zr
decreases from 0.06% to 0.12% and 0.18%.

3.3 Corrosion tests
3.3.1 Intergranular corrosion test

Figure 4 presents the metallographic images
and a schematic diagram illustrating the maximum
corrosion depth of 7A75 aluminum alloy after
immersion in an IGC solution for 6 h, following
different interrupted aging treatments. It is evident
from that significant IGC characteristic occurs in
samples treated with T6I4 aging. The corrosion
morphology exhibits a grid pattern and penetrates
deeply into the alloy along the grain boundaries,
resulting in extensive corrosion damage to the alloy
with a maximum corrosion depth of 116.3 um
(Fig. 4(a)). In contrast, samples subjected to T6I6
and T6l7 aging treatments do not exhibit obvious
IGC characteristics, as shown in Figs. 4(b) and (c).
However, the corrosion morphologies reveal the
discontinuous corrosion pits with the maximum
corrosion depths of 89.5 and 46.9 um, respectively.
Figure 4(d)
illustrating

provides a schematic

the corrosion depths at

diagram
different
positions of the alloy resulting from the various
interrupted aging treatments. The presence of larger
grains and flat, elongated grains in the edge of the
extruded bar, due to significant grain deformation,
renders the alloy more susceptible to local corrosion.
Consequently, the corrosion depth distribution
indicates that the center of the sample experiences
greater corrosion depth compared to the edge [23].
3.3.2 Exfoliation corrosion test

Figure 5 displays the metallographic images of
the maximum corrosion depth of 7A75 aluminum
alloy after soaking in the EXCO solution for 48 h
and being treated with different interrupted aging
processes. As shown in Fig. 5, the corrosion has
penetrated into the fiber crystal region in the
samples treated with T6I4 aging. Due to the stress
caused by the corrosion products, some of the fiber
crystals have been lifted, resulting in noticeable
delamination and peeling phenomena. The
maximum corrosion depth in this case is 468.5 pm
(Fig. 5(a)). In contrast, in the T616 and T6I7 aging
processes, there is no evident laminar-peeling
phenomenon. Instead, the fiber crystals are
corroded and detached from the matrix, forming
partially pitting pits of various sizes. The maximum
corrosion depths in these cases are 324.3 and
256.9 um, respectively (Figs. 5(b) and (¢)). Figure 5(d)
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Fig. 3 STEM-HADDF images and EDS analysis at and around GBPs of 7A75 aluminum alloy: (a) T6I4; (b) T6l6;
(c) T6I7
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Table 4 Segregation results of different elements of 7A75 aluminum alloy treated by different aging treatments (at.%)

Aging treatment Area No. in Fig. 3 Al Zn Mg Cu Fe Cr Zr
1 74.73 10.13 12.88 1.78 0.13 0.04 0.05

T614 2 74.22 9.73 12.12 1.89 0.12 0.05 0.06
3 74.14 9.91 12.98 1.82 0.14 0.06 0.07

1 80.59 8.32 8.34 2.46 0.06 0.06 0.12

Tol6 2 81.11 8.10 8.42 2.48 0.05 0.03 0.12
3 81.31 8.28 8.53 2.46 0.05 0.05 0.12

1 82.38 6.99 6.95 3.40 0.05 0.06 0.17

2 82.35 6.89 6.97 3.38 0.07 0.05 0.18

ror7 3 82.79 6.73 6.97 3.42 0.03 0.03 0.19
4 82.00 6.86 7.12 3.42 0.05 0.04 0.17

.Corfosidn débth/ um-

T617

T616

% T614
a3 a5 678 9101112
Corrosion location/mm

Fig. 4 IGC morphologies of 7A75 aluminum alloy treated by different interrupted aging treatments: (a) T614; (b) T6l6;

(c) T617; (d) Schematic diagram of corrosion depth

presents a schematic diagram illustrating the
corrosion depths at different positions of the alloy
treated with different interrupted aging processes.
3.3.3 Slow strain rate tensile stress corrosion test
Figure 6 depicts the stress—strain curves of
7A75 aluminum alloy subjected to slow strain rate
tensile SCC tests after different interrupted aging
treatments. The results of slow strain rate tensile
tests are presented in Table 5. Figure 6 and Table 5
demonstrate that the curves for T614, T616 and T617

aging treatments in a 50 °C-3.5 wt.% NaCl solution
and 50 °C-silicone oil exhibit the similar trends.
They remain consistent primarily in the initial stage
of elastic deformation. However, because the CI™ in
NaCl solution has strong corrodibility, it will further
erode the aluminum matrix after breaking the oxide
film of the alloy, which impacts the mechanical
properties of the alloy. Consequently, the strength
of the alloy shows some differences in the
subsequent stages of elastoplastic deformation and
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Fig. 5 EXCO morphologies of 7A75 aluminum alloy treated by different interrupted aging treatments: (a) T614;
(b) T616; (c) T617; (d) Schematic diagram of corrosion depth
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100 100 |/ — T614-50 “C-silicone oil 100
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Strain/%

Strain/% Strain/%

Fig. 6 SCC stress—strain curves of slow strain rate tensile tests of 7A75 aluminum alloy treated by different aging

treatments: (a) T614; (b) T616; (c) T617

Table 5 Results of slow strain rate tensile stress corrosion of 7A75 aluminum alloy

Aging treatment Medium o/MPa 0/% Strength loss/% Issrt/%
50 °C-3.5% NaCl 660.6+£1.8 13.840.2
T614 » ) 1.3+0.5 2.1+£0.3
50 °C-silicone oil 669.5+1.7 14.7+0.1
50 °C-3.5% NaCl 679.0£1.3 12.440.1
T6I6 1.3+£0.4 1.6+0.3
50 °C-silicone oil 687.8t1.4 12.8+0.2
50 °C-3.5% NaCl 525.4+1.2 11.0+0.2
T617 1.1£0.4 1.440.3
50 °C-silicone oil 531.2+1.1 11.440.1

fracture, as shown in Fig. 6. Under the three
different interrupted aging treatments, the strength
and elongation of the alloy in the 50 °C-3.5% NaCl

solution are lower than those in the 50 °C-silicone
oil, indicating a loss of strength and toughness. The
strength losses are 8.9 MPa (1.3%), 8.8 MPa (1.3%)
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and 5.8 MPa (1.1%), and the stress corrosion
factors (Issrr) are 2.1%, 1.6% and 1.4% after T614,
T6l6 and T6I7 aging processes, respectively. A
higher [Issrr indicates a greater sensitivity and
poorer resistance to SCC. The Issrr values for the
samples treated with T6I6 and T6I7 aging are
similar, suggesting that the samples have similar
SCC resistance. However, the Issgr value for the
sample after T6l4 aging is higher, indicating
relatively poor SCC resistance.

Figure 7 presents SEM images of the slow
strain rate tensile corrosion fracture of 7A75
aluminum alloy treated by different interrupted
aging processes. As shown in Figs. 7(a, b), the
morphologies of the tensile fracture in a 50 °C-
3.5% NaCl solution and a 50 °C-silicone oil are
significantly different for the alloy treated with

T6l4 aging. However, both exhibit obvious

Corrosion products

Micro cracks

intergranular fracture characteristics. The corrosion
fracture resulting from the T6I4 aging process
shows evident corrosion areas in the 50 °C-3.5%
NaCl solution, accompanied by the accumulation of
corrosion products forming noticeable corrosion
clusters.  Additionally, there are apparent
microcracks in some areas (Fig. 7(a)). In contrast,
the fracture in the T6I4 aging temper does not form
apparent microcracks in the 50 °C-silicone oil, but
instead produces a large number of tear dimples
near the tear ridges (Fig. 7(b)). The morphologies of
the fracture in the 50 °C-3.5% NaCl solution and
the 50 °C-silicone oil show no significant difference
after T6I6 aging treatment (Figs. 7(c, d)). In both
cases, a large number of tear ridges and dimples
are observed. The type of fracture is a mixed
intergranular fracture, and no apparent corrosion
area is found in the corrosive medium. After T617

Fig. 7 SEM images of slow strain rate tensile fracture of 7A75 aluminum alloy: (a) T614-3.5%NaCl; (b) T614-silicone
oil; (c) T616-3.5%NaCl; (d) T6l6-silicone oil; () T617-3.5%NaCl; (f) T617-silicone oil
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aging treatment, there is essentially no difference in
the morphologies of the fracture between the
50 °C-3.5% NaCl solution and the 50 °C-silicone oil
(Figs. 7(e, f)). In both situations, a large number
of dimples can be observed, with sizes of 12.1
and 10.3 um respectively, indicating obvious
transgranular fracture characteristics.

4 Discussion

4.1 Effect of precipitation behavior on

mechanical properties

Precipitation strengthening is the primary
strengthening mechanism of 7A75 aluminum alloy,
which can be strengthened through heat treatment.
The behavior of precipitation significantly affects
the mechanical properties of the alloy. The primary
strengthening phases are coherent GP (I, II) zones
and semi-coherent #' precipitates [2,7,25]. During
the aging process, the solute concentration in the
matrix decreases, reducing the driving force for
nucleation [2,26,27]. The rates of nucleation
initially increase and then decrease with increasing
aging temperature. There is a critical temperature
below which the rate of nucleation increases with
temperature. Based on the number of previous
investigations [28], the aging temperatures used in
this experiment are considered to be lower than the
critical transition value, and increasing the
temperature promotes nucleation and precipitation
growth.

The typical 5’ precipitates are small, spherical
or rod-shaped structures. It is widely believed that
these precipitates primarily form from GP (I, II)
zones, and some of them can also nucleate and
grow directly from the matrix, especially at high
aging temperature. A lot of researches [29,30]
suggest that the metastable #' precipitates have a
disk shape at the {111}a; plane. During plastic
deformation, dislocations slip along the {111}a
plane, and only the fine semi-coherent 7' metastable
precipitates along (111)s direction can be cut
through, effectively impeding the movement of
dislocations and providing a strong nail-binding
effect. Therefore, fine #' precipitates often exhibit
superior strengthening effects. However, larger #
precipitates are unable to hinder dislocation
movement and instead follow the Orowan bypass

mechanism, resulting in a weaker strengthening
effect [31-33].

The stage of low-temperature interrupted aging
treatments typically involves temperatures below
70 °C for an extended period. This is based on the
principle that, at lower temperatures, the critical
radius of phase transition decreases, allowing for
more stable growth of atomic clusters. This results
in the transformation of these clusters into smaller
and more dispersed GP (I, II) zones and #'
precipitates through prolonged aging treatment,
leading to a stronger strengthening effect. The
distribution of GBPs and MPs, as observed in TEM
images shown in Figs. 1 and 2, is summarized in
Fig. 8. When 7A75 aluminum alloy is treated with
different interrupted aging processes, there is
minimal difference in GBPs between the samples
treated with T614 and T616 aging. However, a small
number of coarse # precipitates are formed due to
the slow quenching rate. These larger particles
contribute relatively less to the strength (Figs. 2(a, b)
and Fig. 8(a)). On the other hand, finer and denser
dispersed 7' precipitates are observed in the matrix
(Figs. 2(c, d) and Fig. 8(b)), providing excellent
strengthening effects and resulting in tensile
strengths of 701.8 and 704.4 MPa, respectively.
However, in samples treated with T6I7 aging
treatment, the quenching-induced coarse # phases
dissolve slowly, and fine second phases gradually
grow in the matrix during the re-aging process,
forming a coarser discrete matrix structure
(Figs. 2(e, f) and Fig. 8(c)). This significantly
weakens the strengthening effect, resulting in a
tensile strength of only 502.4 MPa.

4.2 Effect of precipitation behavior on local
corrosion resistance

The local corrosion resistance of Al-Zn—Mg—
Cu alloys preferentially occurs at the grain
boundaries and extends deeply into the alloys along
these grain boundaries. In a corrosive environment,
the » precipitates at the grain boundaries have a
more negative potential than the Al matrix, acting
as the anode and preferentially dissolving, resulting
in corrosion reactions [34,35]. Additionally, the
segregation of elements, as well as the sizes and
spacings of GBPs, significantly affects the local
corrosion resistance of the alloys [36].
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During the T6I4 aging process, the atomic
fractions of Mg, Zn and Cu elements in GBPs are
9.92%, 12.66% and 1.83%, respectively. The GBPs
are small and continuously distributed along the
grain boundaries. Once local corrosion occurs,
it rapidly propagates along the continuous GBPs
at the grain boundaries (Figs. 1(b) and 8(a)).
Therefore, the local corrosion resistance property is
the lowest at the T6I4 aging temper. After T616
aging treatment, the atomic fraction of Mg, Zn and
Cu in GBPs are 8.23 at.%, 8.43 at.% and 2.47 at.%
respectively. When local corrosion occurs, GBPs
with larger sizes and spacings can reduce the rate of
anodic dissolution at the grain boundaries (Figs. 1(c)
and 8(b)) [37]. Therefore, the local corrosion
resistance property is improved. After T617 aging
treatment, the atomic fractions of Mg, Zn and Cu in
GBPs are 6.87%, 7.00% and 3.41%, respectively.
Coarser and more discontinuous GBPs can disrupt
the corrosion channels along the grain boundaries,
making it difficult for corrosion to propagate
(Figs. 1(d) and 8(c)). Therefore, the local corrosion
resistance property of the alloy is the highest at the
T6I7 temper.

Although the changes in the contents of
various elements in GBPs have a complex effect on

the corrosion behavior, it is generally believed that
an increase in Zn and Mg content is detrimental to
the local corrosion resistance, while an increase in
Cu content is beneficial to improving the local
corrosion resistance of the alloy [38—40]. From
T614 to T616 and then to T617 aging treatments, the
increase in Cu and Cr contents and the decrease in
Zn, Mg and Fe contents (see Table 4) further reduce
the potential difference between GBPs and the Al
matrix and greatly improving the local corrosion
resistance of the alloy.

4.3 Effect of precipitation behavior on stress
corrosion cracking resistance
Al-Zn—Mg—Cu alloys are well-known for

their susceptibility to SCC, particularly in corrosive

environments containing chloride (Cl"), bromide

(Br") and iodide (I"). Several studies [41—43] have

suggested that SCC in these alloys is associated

with hydrogen evolution and the segregation of
grain boundary elements. Figure 9 illustrates the

SCC mechanism in Al-Zn—-Mg—Cu alloys. In

Fig. 9(a), a passivation film forms on the alloy

surface, effectively separating the fresh aluminum

matrix from the corrosive medium and inhibiting
corrosion. However, prolonged exposure to the
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corrosive environment causes the chloride ions to
erode the passivation film, leading to the formation
of corrosive debris and the exposure of the fresh
aluminum matrix to the corrosive medium
(Fig. 9(b)). This gradual corrosion is facilitated by
the increased potential difference between the
grain boundaries and the aluminum matrix, which
results from the segregation of Zn, Mg, Cu, and
other elements at and around the grain boundaries
(Fig. 3 and Table 4). At the grain boundaries, the
main anodic reactions are represented by Egs. (1)
and (2), while the main cathodic reaction is
represented by Eq. (3). These reactions can be
expressed as

Zn—Zn*'+2e (1)
Mg—Mg*+2e 2)
2H,0+2e—20H +H, 3)

Figure 9(c) illustrates the intermediate diagram
of SCC. As the grain
boundaries experience hydrogen evolution reaction
accompanied by local alkalization. Figure 9(d)
presents a schematic diagram of the late stage of

corrosion progresses,

SCC. The dissolution of Zn and Mg in GBPs leads
to the formation and accumulation of Cu-rich
corrosion products in the grain boundaries, resulting
in a higher local corrosion potential. This
phenomenon accelerates the SCC of the residual
phases surrounding Cu-rich corrosion products and
the matrix [44]. As corrosion continues, small
pitting pits grow and expand gradually along the
grain boundaries, penetrating deeply into the alloy.
Under external forces, the micro-cavities also
coalesce, forming cracks that eventually lead to the
failure of the alloy.

5 Conclusions

(1) The tensile strength of the alloy in T6I7
temper is equivalent to that in T6I4 temper, even
exceeding 700 MPa. Additionally, the yield strength
is increased by 52.7 MPa to 654.8 MPa. The Issrr is
1.6%, which is 0.2% higher than T6I7 temper.
These results demonstrate that the alloy achieves
both high strength and excellent SCC resistance.

(2) The maximum depths of IGC decrease as
the aging process progresses, from 116.3 uym in
T614 to 89.5 um in T616 and further to 46.9 um in
T6I7 aging. Similarly, the maximum depths of
EXCO decrease from 468.5 pum in T6I4 to
324.3 pm in T616 and further to 256.9 um in T6I7
after tempering. The Issrr also decreases from 2.1%
in T614 to 1.6% in T616 and further to 1.4% in T6I7
after tempering.

(3) The sizes of GBPs increase from 5.2 nm in
T614 to 18.4 nm in T6I6 and further to 32.8 nm in
T617 aging. Similarly, the sizes of MPs increase
from 4.8 nm in T6I4 to 5.7 nm in T616 and further
to 15.7 nm in T617 temper. The atomic fractions of
Cu in GBPs also increase from 1.83% in T6I4 to
2.47% in T616 and further to 3.41% in T6I7 temper.
The sizes of GBPs and MPs, as well as the
segregation of elements in GBPs, simultaneously
affect the mechanical properties and corrosion
resistance of the alloy.
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