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ABSTRACT

In this experiment, the corrosion resistance of an Al-5.87Zn-2.07 Mg-2.42Cu
alloy with different pre-stretchings (0, 2, 4, 6%) after creep aging (CA) was
investigated. It is found that the corrosion performance reaches the optimal
value at 4% pre-stretched sample, which owns the largest stress corrosion
sensitivity factor ry (93.8%) and the shallowest intergranular corrosion depth
(24.7 pm). When the degree of pre-stretching before CA rises, coarser and
sparser intragranular precipitates (IGPs) are observed after CA. The average size
of IGPs rises from about 2.2 to 5.8 nm while the density declines from about
5.4 x 10" to 3.5 x 10'® cm ™2, and thus diminish the electron scattering effect
and release the strain field. Moreover, the grain boundary precipitates (GBPs)
become larger and more discontinuous and the precipitate-free zones (PFZs)
broaden. The average size of GBPs rises from about 9.3 to 23.9 nm, and the
average distance between GBPs increases from about 11.8 to 39.4 nm. Addi-
tionally, the segregation degree of Mg reduces and the content of Cu of GBPs
rises with the increase of pre-stretching. These influence factors reduce the
possibility of anodic dissolution and hydrogen-induced cracking (HIC). How-
ever, the expanding PFZ increases the potential difference between matrix and
PFZ, promoting the anodic dissolution. Therefore, the corrosion resistance of an
Al-5.87Zn-2.07 Mg—-2.42Cu alloy can be improved by applying 4% pre-
stretching before CA.
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Introduction

Al-Zn-Mg-Cu alloys are used in aerospace industry
extensively due to its high strength, low density and
excellent fabricability [1, 2]. With the rapid develop-
ment of high-end equipment, the overall panels tend
to be large in volume, complex in structure, uneven
in thickness and variable in curvature. Thus, higher
requirements are put forward for dimensional accu-
racy and material performance after forming [3, 4].
Therefore, it is urgent to develop advanced, accurate
and efficient aerospace components by using Al-Zn-
Mg—Cu alloys. Creep age forming is a way to syn-
chronize the forming and the heat treatment of the
workpiece under a demanded temperature and
stress, greatly improving the forming efficiency [5].
Under the integral demands of precise forming and
performance enhancement, creep aging (CA) system
plays a key role in the deformation mechanism and
further affecting the formability of the workpiece.
Moreover, the service environment of modern aero-
space equipment has been extreme and the aerospace
equipment is inevitable to contact with various cor-
rosive media [6]. Therefore, it is of great significance
to explore methods to improve the corrosion resis-
tance of Al-Zn-Mg—Cu alloy based on CA behavior.

In order to understand the CA behavior of alu-
minum alloys, many researches have been carried out
to explore the microstructure evolution and property
improvement of CA process. Jeshvaghani et al. [7, 8]
studied an appropriate forming condition (150 °C
and 24 h) for 7075 alloy to diminish corrosion sus-
ceptibility without weakening mechanical properties
after CA. The results show that with the increasing of
time and temperature, the number of precipitates and
the width of the precipitate-free zones (PFZs) chan-
ged. Lei et al. [6] explored the creep aging formability
of 7050 aluminum alloy at 165 °C for 18 h relying on
the different initial temper (solution, retrogression
and re-solution). It concludes that since different
obstructions of the precipitates on the movement of
dislocations, the alloy with retrogression initial tem-
per has the largest creep strain and the best CA
formability. Li et al. [9] combined pre-deformation
(0%, 1.5%, 3.0%, and 4.5%) with creep aging to
investigate the dynamic interaction between the dis-
locations and precipitations of 7050 alloy. The pre-
cipitations result in a decrease in the mobile
dislocation density and creep rate in the first stage of
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CA and the dislocation multiplication and annihila-
tion reach a dynamic balance, leading to a relatively
stable creep rate in the second stage. Deschamps et al.
[10] revealed that the accumulation of vacancy
supersaturation increases the diffusion rate of solute
atoms, promoting the precipitation process during
CA at 160 °C in Al-Zn-Mg-Cu alloy. Fribourg et al.
[11] studied the precipitate evolution of AA7449 alloy
during CA and discovered that an acceleration
coarsening of precipitates was induced by applying
plastic deformation. Xiao et al. [12] reported that the
growth and discontinuous distribution of grain
boundary precipitations (GBPs) improve the corro-
sion resistance of an Al-Zn-Mg-Cu alloy without
reducing strength and ductility. Lin et al. [13] found
that the temperature affects the size and distribution
of precipitates of Al-Zn-Mg—Cu alloy during creep
aging, which affects the corrosion resistance signifi-
cantly. Chen et al. [14] concluded that discontinuous
GBPs weaken the degree of intergranular corrosion
and the GBPs with higher copper cause lower stress
corrosion susceptibility. Based on the above, most
investigations are conducted to explore the CA
behavior and the effect of microstructure on corro-
sion performance, but few studied on the influence
mechanism of pre-deformation on the corrosion
properties of the creep-aged Al-Zn-Mg-Cu alloy.

Therefore, this study focuses on the effect of pre-
stretching on microstructure and corrosion resistance
of the creep-aged Al-5.87Zn-2.07 Mg-2.42Cu alloy.
The slow strain rate testing (SSRT) results, inter-
granular corrosion properties and microstructure
characteristic of creep-aged alloys with different pre-
stretchings are compared. The influence of the pre-
stretching on the precipitation behavior during CA
and the effect of the evolution of the precipitates and
content of alloy elements on the corrosion behavior of
the creep-aged alloy are discussed.

Experimental procedures
Material preparation and creep aging tests

The as-received material used in this experiment is a
kind of semi-continuous casting Al-5.87Zn-2.07 Mg-
2.42Cu alloy. The ingot was homogenized at 470 °C for
24 h, cooled to room temperature in air, then kept at
420°Cfor 4 h,subsequently hotrolled from 50 to 6 mm
in multiple passes, annealing at 350 °C for 1 h and cold
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rolled at room temperature to 2.5 mm thickness. Next,
the specimens were solution treated at 475 °C for 1 h,
rapidly quenched in cold water and the transfer time is
less than 5 s. The specimens for CA were wire cut out
to a uniform standard. Before conducting the CA tests,
the specimens were pre-stretched to 0%, 2%, 4%, 6%,
respectively. The pre-stretching treatments were per-
formed on MTS 858 electro-hydraulic servo testing
machine with a tensile rate of 2 mm/min. The creep
aging experiments were carried out on a R-RC-50
electronic high-temperature creep testing machine.
The whole process is depicted in Fig. 1. The creep
aging temperature, the testing time and stress were
chosen as 140 °C, 20 hand 250 MPa, respectively. After
the creep aging, the specimens were cooled in air.

Corrosion properties and microstructure
characterization

The stress corrosion cracking (SCC) resistances were
assessed by SSRT in air and 3.5 wt.% NaCl solution.
The SSRT specimens are performed by RGM-6050
slow stress corrosion equipment with a tensile rate of
9 x 10°* mm/min. For intergranular corrosion, the
samples were immersed in a corrosion solution of
57 g/L NaCl + 10 ml/L HyO, at 35 °C for 6 h. The
corroded specimen was cut off 5 mm along the ver-
tical direction of the main deformation and the
maximum depth was observed under a Leica metal-
lographic microscope.

To determine the dislocation density variation,
X-ray diffraction (XRD) tests were performed on the
Rigaku Smartlab X-ray diffractometer operating at
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Figure 1 Flow chart for processing the experimental alloy.
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40 kV and 30 mA with a scanning speed of 10°/min.
The transmission electron microscope (TEM) inves-
tigation was conducted by FEI Tecnai G2 F20 trans-
mission electron microscope at 200 kV. Line scanning
is performed at scanning transmission -electron
microscopy (STEM) mode, with the electron beam of
1 nm scanning step. The samples for TEM observa-
tions were wire cut, milled to about 80 pm and pol-
ished. The 3 mm diameter foils were punched from
the slice and then electrolytic double sprayed using
an MTP-1 twin-jet polishing system with a mixture of
70% methanol and 30% nitric acid between -30 °C
and -20 °C.

Results
Corrosion resistances

Figure 2 shows stress-displacement curves, failure
time f;, stress corrosion sensitivity factor r,sof the creep-
aged specimens with various pre-stretchings. As can
be seen from Fig. 2a, the stress rises rapidly firstly with
the increase of displacement, then slowly rises to the
maximum stress, and then the stress begins to decrease
until the fracture. The displacement and fracture
strength of the specimen applied the same pre-
stretching in air are greater than those in corrosive
environment. The post-fracture displacement increa-
ses and t;prolongs as the degree of pre-stretching rises.
The displacement of the samples in air with 0%, 2%,
4%, 6% pre-stretching is 2.86 mm, 2.79 mm, 3.38 mm,
3.50 mm, respectively, while in 3.5% NaCl solution is
2.31 mm, 2.54 mm, 3.17 mm, 3.25 mm, respectively.
The specimen with 4% pre-stretching owns larger
post-fracture displacement and longer ¢ than the 0%
and 2% pre-stretched samples, both in air and corro-
sive environment. The 6% pre-stretched specimen has
the longest displacement before fracture in the air and
the stress reaches a peak value, which is lower than
other specimens. The stress corrosion sensitivity factor
1 is the main parameter to evaluate the stress corro-
sion resistance, which can be determined by [15]:

(1)

Yy = —
f =% »
where f, is the failure time of the sample in a
corrosive environment (3.5 wt.% NaCl solution in this
experiment) and #;, is the matching value in the air.
The closer Ty is to 1, the lower the stress corrosion
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Figure 2 SSRT results of samples with various pre-stretchings after creep aging: a stress-displacement curves; b failure time t;, stress

corrosion sensitivity factor 7.

sensitivity of the alloy is, the better the stress corro-
sion resistance is [16]. Figure 2b displays ¢; and r of
different pre-stretched samples. The r,; of the samples
with 0, 2%, 4%, 6% pre-stretching is 80.7%, 91.2%,
93.8%, 92.8%, respectively. The 4% pre-stretched
specimen shows the largest 7. Obviously, the sample
with 4% pre-stretching has the best corrosion resis-
tance among these samples.

Figure 3 shows the maximum corrosion depth of
cross section of specimens with various pre-stretch-
ings soaked in intergranular corrosion solution for
6 h. Clearly, the alloy without pre-stretching is the
most sensitive to intergranular corrosion, and the
maximum intergranular corrosion depth reaches
46.8 pm. The maximum intergranular corrosion
depth of the alloy with 6% pre-stretching is 33.7 um,
which indicates that the intergranular corrosion
resistance is better than that of the 2% pre-deformed
sample with 41.6 pm corrosion depth, but still deeper
than that of 4% pre-deformed specimen, which is the
shallowest (24.7 pm). Therefore, the sample with 4%
pre-stretching is speculated to possess the best
intergranular corrosion resistance.

Microstructure observations

Evolutions of intragranular precipitates
after creep aging

Figure 4 shows the TEM images of intragranular pre-
cipitates (IGPs) and corresponding selected area elec-
tron diffraction (SAED) patterns of the specimens with

different pre-stretchings (0%, 2%, 4%, 6%) after CA at
140 °C for 20 h. The SAED images of samples are
captured along the [001] Al matrix zone axis. As shown
in Fig. 4a, a large number of precipitates distribute in
the matrix evenly and densely. The diffraction spots
appear at 1/3 and 2/3 {220} 4, indicating that the pri-
mary precipitations are n’ phases (Fig. 4b). When the
pre-deformations increase to 2%, the change of
diffraction spot types is not obvious (Fig. 4c, d). As
depicted in Fig. 4e, g, the diameter of precipitates
increases and the density drops. The spots at 2/3
{220}, are detected in Fig. 4f, h, which means the
presence of n phase. Especially in the 6% pre-stretched
specimen, the spots of 1 are obvious, which means that
more 1 show up in the matrix.

In order to analyze the influence of pre-stretching
on the samples, the Image-Pro Plus software was
applied to count the average size and density of IGPs,
showed in Fig. 5. It is found that the average size of
IGPs rises from about 2.2 to 3.5, 5.3, 5.8 nm, respec-
tively, while the density declines from about 5.4 x
10" em™ to 4.6 x 10" cm™, 3.8 x 10" em™, 3.5 x
10'® cm™> when the pre-stretching increases gradu-
ally. Compared with the unpre-stretched sample, the
IGPs of 6% pre-stretched sample show larger size and
lower density.

Evolutions of grain boundary precipitates
after creep aging

Figure 6 demonstrates the grain boundary precipi-
tates (GBPs) after creep aging at 140 °C for 20 h. It can
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Figure 3 Intergranular corrosion section morphologies of samples with various pre-stretchings after creep aging: a 0%; b 2%; ¢ 4%;

d 6%.

be seen from Fig. 6a that the precipitates are rela-
tively small, distributing along the grain boundary
and there is a narrow precipitation-free zone (PFZ)
whose width is about 22.8 nm. Compared with the
unpre-stretched sample, the GBPs of 2% pre-stret-
ched specimen are coarser and more discontinuous,
and the obvious PFZ is found along the grain
boundary, with a width of near 36.7 nm (Fig. 6b). As
the pre-stretching increases to 4% and 6%, the GBPs
separate from each other and the PFZ width increase
to some degree, namely 38.5 and 47.9 nm, respec-
tively (Fig. 6¢, d).

@ Springer

For the purpose of identifying the evolution of
GBPs, more than ten TEM graphs are counted by
Image-Pro Plus software. Figure 7 shows the evolu-
tion of the average size and distance of GBPs. It can
be observed that the average size of GBPs rises from
about 9.3 to 15.7, 21.0, 23.9 nm, respectively, and the
average distance between GBPs increases from about
11.8 to 20.4, 32.1, 39.4 nm when the pre-stretching
increases gradually. The 4% and 6% pre-stretched
samples have coarser and more discontinuous GBPs.

In order to further study the effect of pre-stretch-
ings on the GBPs of the alloy, STEM-EDS line scan-
ning analysis of the main alloy elements Al, Zn, Mg
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Figure 5 Histogram of average size and density of IGPs with
different pre-stretchings.

and Cu is carried out, and the results are showed in
Fig. 8. The total composition fluctuations across the
grain boundary including coarse precipitates are
displayed. The variation of GBP elements in the
samples is similar that the degree of segregation of
Zn and Mg elements is large, forming obvious convex
peaks and the content of Al elements decreases
compared with that in the matrix, forming a hollow
valley. The degree of Mg segregation at grain
boundaries decreases gradually with the increasing
pre-stretching. The most apparent segregation of Mg

occurs in the 0% pre-stretched alloy and the 4% pre-
stretched alloy has the smoothest curve of Mg.
Besides, though the changing trend of Cu content in
Fig. 8b, d is not obvious, the level of Cu rises in
Fig. 8f, h. The results suggest that the 4% pre-stret-
ched alloy has less Mg segregation and relatively
more Cu element.

Dislocation density during creep aging

Dislocations play a key role in creep mechanism in
CA process and the dislocation density alters
dynamically [9]. In order to figure out the effect of
dislocations on precipitates, it is essential to investi-
gate the change of dislocation density. The peak
shape broadening of XRD is mostly influenced by
lattice strain and grain size [17]. Since the grain size is
basically same during the process of CA, the lattice
strain is the only factor that has an impact on the
expansion of the peak shape. Equation (2) reflects the
alteration of lattice strain [9]

91
Lrwrmcos(0) = % + 2esin(0) (2)
where Ly is the full width at half the maximum
of the diffraction peak, 0 is half of the diffraction
angle, 1 is the wavelength, d is the average grain size
and ¢ is the lattice strain. Since the value of ¢ reflects
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Figure 6 GBPs evolution of the samples under different pre-stretchings: a 0; b 2%; ¢ 4%; d 6%..

the dislocation density [18], the evolution of disloca-
tion density can also be reflected by the slope of the
Lrwum cos0-2sinf. Figure 10 shows the dislocation
evolution of the sample with 6% pre-stretching at
different stage (0 h, 0.5 h, 10 h represents the pre-
stretched stage, the primary stage, the stable stage,
respectively) during CA and the corresponding fit-
ting curves of dislocation density. As shown in
Fig. 9a, long and curved dislocations appear in the
matrix. With the progressing of CA, the dislocations
tangle and multiply and it is obvious that there are
precipitates prior to nucleate and grow at the tip of

@ Springer

dislocations, exhibiting a larger diameter (Fig. 9b). In
the stable stage, the dislocations reduce and the dis-
persed precipitates distribute evenly (Fig. 9¢c). As
depicted in Fig. 9d, the slope of Lrwum cos0-2sin0
fitted line is dropping with the extension of testing
time. The ¢ value of the 6% pre-deformed samples at
0h, 0.5h, 10 h is 0.20027, 0.17594, 0.13428, respec-
tively. The dislocation density rises with the partici-
pation of pre-stretching, which is beneficial for the
nucleation and growth of precipitates, and further
affect the size and distribution of precipitates after
CA.
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Discussion

Effects of pre-stretching on microstructure
after creep aging

The CA process under stress at high temperature is
controlled by various deformation mechanisms, such
as thermal diffusion, dislocation motion and grain
boundary slip. According to Lei et al. [6], dislocation
slip and climbing are the main mechanisms in the CA
process of Al-Zn-Mg-Cu alloy. Furthermore, the
interaction between dislocations and precipitates has

0 20 40 60
200 nm Distance (nm)
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great influence on the size and distribution of pre-
cipitates after CA. Precipitation strengthening is the
primary strengthening mechanism of 7xxx aluminum
alloy [19]. Generally, the precipitation sequence of
7xxx aluminum alloys has been established as:
supersaturated solid solution—GP zone- n'—n
[20, 21]. GP zone is the region of atomic segregation
which is coherent with the matrix, ' is a kind of
metastable phase which is semi-coherent and 1 is an
equilibrium phase which is incoherent with the
matrix.

During the primary stage of CA, the dislocations
promoted by the pre-stretching increases the poten-
tial energy of the matrix and provides part of the
nucleation energy, thus the pre-stretching is favor-
able for precipitating during the CA [22]. As Fig. 9a
shows, after the introduction of pre-stretching, a
large number of dislocations appear in the alloy. With
the increase of dislocation density, the elastic inter-
action among the dislocations, solute atoms and
vacancies increases, leading to the diffusion of solute
atoms and vacancies around the dislocations into the
dislocations [23]. Therefore, the precipitates are easy
to nucleate at the dislocation distortion region
(Fig. 9b), that is the dislocation provides heteroge-
neous nucleation area for the precipitates.

At the stable stage of CA, the accumulation and
annihilation of dislocations in the material reach a
dynamic balance, leading to a stable creep rate [24].
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——1Zn
—Mg
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et Pptrehens ot s
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Figure 8 GBPs of samples with various pre-stretchings after CA and corresponding image of detected position by line scanning (the
position is indicated by red line): a and b 0; ¢ and d 2%; e and f 4%; g and h 6%.
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Figure 9 Dislocation evolution of 6% pre-stretched sample at different stage: a 0 h; b 0.5 h; ¢ 10 h; d the fitting curves of dislocation

density under different stage.

With the progressing of CA, the number of precipi-
tates increases (Fig. 9¢). In the samples with larger
pre-stretching, more precipitates nucleate and grow
adjacent to the numerous dislocations during the
aging and then transform from metastable phase 1’ to
the equilibrium phase n ahead of time in the samples
with pre-stretching. At the moment, the solute atoms
surrounding the fine precipitates will move to the

@ Springer

large precipitates, causing the dissolution of fine
precipitates and the growth of large precipitates. The
growth process of the precipitations is called Ostwald
coarsening. This coarsening mechanism is defined as
follows [25]:

(7)° — 13 = (DyX)t (3)
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where T is the average radius of the precipitates, r
is the average radius of the precipitates at t = 0, D, 7,
X, is the diffusion coefficient, the interface energy, the
average solid solubility of the large precipitates,
respectively. In order to reduce the total interfacial
energy, the high-density fine precipitations with high
interfacial energy tend to transform to coarse pre-
cipitations with low overall interfacial energy [26].
Therefore, the phenomenon of precipitate coarsening
occurs and the density of the precipitates decreases. It
can be seen from Fig. 5 that the IGPs of the samples
with different pre-stretching are different. Compared
with the unpre-stretched samples with small size and
high density IGPs, the samples with the pre-stretch-
ing of 4% and 6% have coarser IGPs and longer
intervals between IGPs.

Since the energy is high near the grain boundary,
the heterogeneous nucleations of precipitations are
more likely to occur and the precipitates are easy to
grow up, leading to larger precipitates on the grain
boundary than in the matrix. In addition, the GBPs
absorb the nearby solute atoms, which results in the
solute atoms of surrounding matrix being unable to
precipitate, thus forming the PFZ [27]. In this work,
the PFZ is narrow and the GBPs are small and con-
tinuous in the sample without pre-stretching, as
showed in Fig. 6a. While the pre-stretching is carried
out before CA, the GBPs grow and the grain
boundaries broaden, even PFZ appears (Fig. 7b—d).
The 4% and 6% pre-stretched specimen owns the
wide PFZ of 38.5, 47.9 nm, respectively, and the dis-
continuous GBPs. Moreover, with the purpose of
figuring out the change of GBPs in more detail, stem-
EDS line scanning analysis of the main alloy elements
Al, Zn, Mg and Cu is carried out. It can be seen from
Fig. 8 that the segregation of Mg is slight and the Cu
content of the GBPs is relatively high in 4% pre-de-
formed sample.

The influence mechanisms of pre-stretching on the
microstructure of 0% and 6% pre-stretched sample
are shown in Fig. 10. Before conducting the CA, the
sample without pre-stretching is a supersaturated
solid solution (Fig. 10al). After applying temperature
and stress, the dislocation multiplication occurs in the
sample (Fig. 10a2), contributing to the increasing
dislocation density. The clusters are rich in solute
atoms and some precipitates form on the dislocation
lines, causing the lower concentration of solute atoms
and uneven distribution of precipitates. As shown in
Fig. 10a3, in the stable stage of CA, dislocation
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proliferation and annihilation reach a balance and the
precipitates are distributed densely, which are
mainly metastable phase 1. The precipitates near the
grain boundary are larger than the IGPs and the PFZ
is narrow. When 6% pre-stretching was applied to the
sample, a great deal of dislocations appear in the
matrix (Fig. 10b1). It can be seen from Fig. 10b2 that
the number of dislocations multiplied in the primary
stage and the dislocations are more than that of the
sample without pre-stretching. The precipitates are
prior to nucleate and grow on the dislocations, and
the more dislocations, the faster nucleation. In the
stable stage of the 6% pre-stretched sample, since the
precipitation is faster, the precipitates transform from
1’ to n in advance, and thus small IGPs dissolve to
promote the formation of larger IGPs. The coarsening
phenomenon occurs and the density of the precipi-
tates decreases (Fig. 10b3). Compared with the sam-
ple without pre-stretching, there are coarser GBPs,
larger distance between GBPs and wider PFZs in the
6% pre-stretched sample.

Effects of pre-stretching on corrosion
resistance after creep aging

The difference of corrosion resistances of various pre-
stretched alloys can be explained by the change of
matrix precipitations, GBPs and precipitation-free
zone (PFZ). It is generally believed that stress corro-
sion cracking (SCC) is related to the conductivity and
affected by the size and distribution of the precipi-
tates [28]. The local distortion caused by the solute
atoms has a scattering effect on the electrons, and
thus more solute atoms cause stronger scattering
effect, resulting in the declining conductivity and
weak SCC resistance. As demonstrated in Fig. 5, with
the degree of the pre-stretching increasing from 0 to
6%, the precipitates increase in diameter, decrease in
density and solute atoms are consumed, so the scat-
tering effect on electrons decreases. Moreover, the
coherent GP zone and semi-coherent phase n ’'grow
into incoherent phase m, leading to the release of
strain field around the precipitates, causing better
SCC resistance.

At present, the stress corrosion mechanism of 7xxx
aluminum alloy is mainly the anodic dissolution [13],
hydrogen embrittlement [15] and their combination.
The corrosion mode jointly affected by the two
mechanisms is that defects are formed by local anodic
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Figure 10 Schematic illustration of the microstructure evolutions of the samples after CA:a sample without pre-stretching; b sample with

6% pre-stretching.

dissolution firstly, and then hydrogen will gather at
the grain boundary and combine to form hydrogen
escaping or accumulate to a critical value with the
increase of external stress. The binding force between
boundaries weakens, resulting in hydrogen-induced
cracking (HIC) [29]. Therefore, anode dissolution and
HIC coexist during the SCC process. The migration of
hydrogen could occur in SSRT, leading to HIC. Since
the larger GBPs can capture more migrating H atoms
in the initial stage of HIC, more hydrogen can gen-
erate and escape from the grain boundary region [30].
It can be observed directly from Fig. 7 that the sam-
ples with the pre-stretching of 4% and 6% have larger
GBPs, which can delay the brittle fracture of grain
boundary to avoid the intergranular SCC. Moreover,
due to the variation of the size of precipitates, the
main dislocation strengthening mechanism in the
alloy changes from cutting to bypassing, which
reduces the planar slip of dislocations and leads to a
single slip mode [31]. Thus, the aggregation of H
atoms through the dislocation to the grain boundary
reduces significantly. In general, low concentration of
hydrogen atoms in the grain boundary can inhibit the
occurrence of hydrogen embrittlement fracture.
Therefore, with the transformation and growth of
precipitates in the matrix and grain boundaries under
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the action of pre-stretchings, the HIC effect is weak-
ened, contributing to a better corrosive resistance.
For anodic dissolution, the precipitations near the
grain boundary are n with a potential about -0.86 V,
which is the anode phase compared with the alu-
minum matrix with the potential of -0.68 V [32]. The
n phase on the grain boundary dissolves firstly in the
corrosive environment, causing the corrosion behav-
ior to proceed along the grain boundary, which is the
reason for promoting the extension of intergranular
fracture. As presented in Fig. 6a, the sample without
pre-stretching has a relatively continuous grain
boundary and the corrosion can spread rapidly along
the grain boundary, causing poor corrosion resis-
tance, while the 2% pre-stretched specimen has better
corrosion performance since the GBPs are more dis-
continuous (Fig. 6b). When the pre-stretching reaches
4%, as showed in Fig. 6¢c, the grain boundary
becomes discontinuous more apparently, so the rapid
expansion channel of corrosion is cut off, leading to
better corrosion resistance. As for the 6% pre-stret-
ched specimen, the precipitates around the grain
boundary are gradually absorbed and the distance
between GBPs expands (Fig. 6d), inducing the dis-
continuity of the grain boundary more apparently.
However, the corrosion resistance of the 6% pre-
deformed specimen is lower than the 4% pre-deformed
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specimen, which is attributed to the PFZ width.
According to Lin et al. [13], the relatively narrow PFZ
is conducive to the improvement of corrosion resis-
tance. Since the potential of PFZ differs from the
matrix, the anodic dissolution of the GBPs occurs.
The expanding of PFZ increases the potential differ-
ence between matrix and PFZ, and then promotes the
anodic dissolution [33]. The 6% pre-deformed speci-
men owns the widest PFZ of 47.9 nm, which lead to
the lower corrosion resistance than the specimen with
4% pre-stretching.

The element composition of precipitations is also
related to the corrosion performance. The segregation
of Mg enhances hydrogen absorption at grain
boundaries and promotes Mg-H interaction, leading
to HIC [34]. As suggested in Fig. 8, the degree of Mg
segregation at grain boundaries decreases with the
increasing pre-stretching, which can inhibit the for-
mation of Mg-H and thus reduce the susceptibility of
SCC. In addition, higher Cu content can reduce the
potential difference and delay the occurrence of SCC
[35]. Though the changing trend of Cu content is not
obvious in Fig. 8b, d, the level of Cu rises when the
line scanning gets through the precipitation (Fig. 8f),
which contributes to the best corrosion behavior of
the 4% pre-deformed sample to a certain extent.

Conclusion

1. Compared with the 0%, 2%, 6% pre-stretched
samples, the corrosion performance reaches the
optimal value at 4% pre-stretched sample, which
owns the largest stress corrosion sensitivity factor
Iy (93.8%) and the shallowest intergranular depth
(24.7 pm).

2. When the degree of pre-stretching before creep
aging rises, coarser and sparser intragranular
precipitates (IGPs) are obtained after CA. The
average size of IGPs rises from about 2.2 to
5.8 nm while the density declines from about
54 x 10'° t0 3.5 x 10" em >,

3. When the pre-stretching increases, the grain
boundary precipitates (GBPs) become larger and
more discontinuous and precipitate-free zones
broaden. The average size of GBPs rises from
about 9.3 to 239 nm, the average distance
between GBPs increases from about 11.8 to
39.4 nm and the width of PFZ increases from
22.8 to 47.9 nm. Additionally, the segregation

6471

degree of Mg reduces and the content of Cu of
GBPs rises.

4. The coarser and sparser IGPs reduces the scat-

tering effect and releases the strain field. Mean-
while, the coarser and discontinuous GBPs
reduce the possibility of anodic dissolution and
hydrogen-induced cracking. However, the
expanding PFZ increases the potential difference
between matrix and PFZ, promoting the anodic
dissolution. These factors contribute to the best
corrosion resistance in the 4% pre-stretched
sample.
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