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Abstract: The 7A99 Al alloy was subjected to peak aging (PA) and retrogression + re-aging (RRA), and the pre-rolling
(R) was combined with RRA (RRRA) to balance the mechanical properties and corrosion resistance. The results show
that the precipitates of PA-treated sample are mainly unstable #' phase with small size, while the coarse and stable #
phase appears after RRA and RRRA. The grain boundary precipitates of PA-treated sample exhibit the smallest size and
continuous distribution, while they show increased size, discontinuous distribution, and Cu enrichment after RRA and
RRRA. The hardness and strength of RRRA-treated sample are higher than those of RRA-treated one, and they are even
close to the values of PA-treated one. Moreover, the samples exhibit better corrosion resistance after RRA and RRRA
than that after PA. These results indicate that the proposed RRRA method can enhance the corrosion resistance without

a significant sacrifice on the mechanical strength.
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1 Introduction

The Al-Zn—Mg (7xxx series Al) alloys are
extensively used in the fields of transportation,
military equipment, and aerospace [1,2]. However,
the application of 7xxx Al alloys is still restricted
under some high load-bearing and harsh
environmental conditions, considering the limits
in mechanical strength and corrosion resistance.
Hence, it is of great importance to improve both the
strength and corrosion resistance of 7xxx Al alloys.

The peak aging (PA or T6) is a primary heat
treatment method for 7xxx Al alloys [3,4], and it
usually brings a remarkable strengthening effect
attributed to the highly dispersed precipitates of
metastable GP zone and 7' (MgZn,) phase [5].

However, PA is accompanied by the high
susceptibility on stress corrosion cracking
(SCC) [6,7]. The over aging (OA) can effectively
enhance the SCC resistance, while it reduces the
strength by 10%—15% in comparison with PA [8].
In order to balance the mechanical and SCC
performances of 7xxx Al alloys, the retrogression
and re-aging (RRA) treatment was developed [9].
The designing thought of RRA is that the GP
zone and #' phase partially dissolve during the
retrogression process, and then the 7 (MgZn,) phase
re-precipitates and grows along the grain
boundaries (GBs) during the subsequent re-aging
stage [10]. WANG et al [11] reported that RRA
treatment could improve the tensile properties and
conductivity of 7xxx Al alloy. WANG et al [12]
applied RRA treatment on 7085 Al alloy, and found
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that the corrosion depth of RRA-treated sample was
decreased by 70% in comparison with that of the
PA-treated sample. ZHANG et al [13] studied the
effects of RRA treatment on Al-8.9Zn—2.6Mg—
1.7Cu alloy, and found that the SCC resistance was
improved due to the large inter-space of grain
boundary precipitates (GBPs) and the uniform
distribution of Cu and Mg elements in GBPs.

Besides, it is widely accepted that the pre-
deformation before aging affects the precipitation
behavior of 7xxx Al alloys. It has been reported that
the pre-deformation can introduce massive amounts
of dislocations, which act as the nucleation sites
of precipitation and promote the precipitation
kinetics [14,15]. CERESARA and FIORINI [16]
applied a pre-strain prior to natural aging, and
found that the precipitation hardening response on
strength properties was reduced due to the
annihilation of vacancies in dislocations. YUAN
et al [17] studied the effects of pre-strain on the
SCC susceptibility of Al-Zn—Mg—Cu alloy, and
found that the SCC resistance was greatly improved
due to the discontinuous and large inter-space of
GBPs. WANG et al [18] conducted the pre-cold
rolling and PA treatment, and both the strength and
SCC resistance of 7050 Al alloy were improved.
WANG et al [19] applied 5% pre-strain and
two-step aging on 7050 Al alloy, and the same
conclusions were achieved.

The recently developed 7A99 Al alloy has
relatively high Zn and low Cu contents, and can be
applied in the fields of weapon and transportation
due to its ultra-high strength and toughness. In
order to obtain a good balance between the
mechanical and corrosion properties of 7A99 Al, a
deep study on the aging method and precipitation
mechanism is necessary. However, the effects of
pre-deformation on the aging precipitation of 7A99
Al have not been clarified. In this study, 7A99 Al
was subjected to PA and RRA treatments. Moreover,
the pre-cold rolling was introduced prior to RRA,
and a novel method called RRRA (rolling + RRA)
was developed. The microstructure and precipitation
behavior during aging were examined. The effects
of PA, RRA and RRRA on the mechanical
properties and corrosion resistance of 7A99 Al
were examined. It is aimed to provide an effective
and reasonable aging method to achieve a
good combination of mechanical and corrosion
performances of 7A99 Al.

2 Experimental

2.1 Material and experiment

The cylindrical 7A99 Al billet with a diameter
of 66 mm and a height of 200 mm was used for
extrusion, and the chemical compositions of 7A99
Al are Al-8.18Zn—2.18Mg—1.72Cu—0.11Zr (wt.%).
Prior to extrusion, the billet and extrusion die were
preheated to 420 °C, and the container was
preheated to 400 °C. Then, the extrusion was
carried out using a 400t extruder, and the ram
velocity was kept as 5.0 mm/s during the whole
process. A plate shaped profile with a cross-section
of 30 mm % 3 mm was obtained. The extruded plate
was held at 480 °C for 1h to finish the solution
treatment, followed by a quick water-quenching.
During the subsequent artificial aging, both PA and
RRA were adopted, and the detailed parameters are
listed in Table 1. As seen, PA was conducted at
130 °C for 12 h, while RRA was held at 120 °C for
24 h, and at 180 °C for 0.5 h (retrogression), and
finally at 120 °C for 24 h (re-aging). In addition, in
order to study the effects of RRRA treatment, a
pre-rolling with a reduction of 10% was carried out
before RRA treatment.

Table 1 Detailed parameters of PA, RRA and RRRA
treatments

Treatment Cold rolling  Solution Aging
PA @80°C, 1)+ 13h0c 121
Quenching

i (120 °C, 24 h) +
RRA (42(3165&111? T (180 °C, 0.5 h) +

& (120°C, 24 h)
(120 °C, 24 h) +

o, o

RRRA 0% (@80°C I+ fe50c0 5 hy 4+

reduction  Quenching

(120 °C, 24 h)

2.2 Microstructure characterization

The microscopic morphology and second
phases of the aged 7A99 Al alloy were observed
by scanning electron microscope (SEM, 15kV,
JSM—7800F, JEOL, Japan) equipped with energy
dispersive spectrometer (EDS, XMax-80, Oxford,
UK). The precipitations were analyzed through
transmission electron microscope (TEM, Talos
F200S G2, Thermo Fisher, USA), high-resolution
TEM (HRTEM), and high angle annular dark field
scanning TEM (HAADF-STEM). The sample for
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SEM observation was ground and polished without
etching. The TEM sample was ground to have a
thickness of 50 um and twin-jet electropolished in a
solution of 30% nitric and 70% methanol at =30 °C.

2.3 Mechanical and corrosion tests

The Vickers hardness was measured using a
micro-hardness tester (HVS—1000A, Huayin, China)
with a load of 4.9 N and a dwell time of 10s. To
achieve the average value, 5 positions were selected
from each sample for hardness test. For tensile test,
the sample with a gauge length of 25 mm was
sectioned from the extruded plate along the
extrusion direction (ED), and the detailed
dimension is shown in Fig. 1(a). The tensile test
was carried out on a testing machine (Exceed E45,
MTS, China) at the ambient temperature. The
stretching speed during tensile test was set to be
1.5 mm/min, and the strain was measured using a
25mm clip gauge extensometer. In order to
evaluate the corrosion behavior of 7A99 Al, the
sample was immersed in the 3.5wt.% NaCl
aqueous solution to test the pitting corrosion
resistance, and the area ratio of corrosion pits was
calculated. The SCC behavior was evaluated by the
slow strain rate test (SSRT), and the dimension of
SSRT sample is shown in Fig. 1(b). The SSRT test
was carried out under a strain rate of 1x107°s™! on a

Fig. 1 Schematic diagram of samples of tensile test (a)
and SSRT (b) (Unit: mm)

testing machine (YYF 50, Bairoe, China). During
SSRT test, the sample was exposed in the air and
3.5 wt.% NaCl aqueous solution, respectively.

3 Results and discussion

3.1 Microstructure

The SEM images of PA, RRA and RRRA
samples are shown in Fig. 2, where the chemical
compositions of the secondary phases marked by
arrows are listed in Table 2. The dark grey matrix
and bright white second phases are observed in PA
sample, as shown in Fig. 2(a). The EDS results in
Table 2 indicate that the coarse spherical particle
(Point 1) should be S phase (Al,CuMg), and the
granular particle (Point 2) with a smaller size is

Fig. 2 SEM images of second phases of samples treated by PA (a), RRA (b, c), and RRRA (d)
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Table 2 Chemical compositions of second phases
indicated in Fig. 2 (at.%)

Point Sample Al Zn Mg Cu Fe  Phase
1 PA- 516 17.1 155 158 — ALCuMg
2 treated 655 07 02 20.1 13.6 Al;CusFe
3 58.1 144 164 111 0.1 AIZMC“ZMgJF

RRA- gZny
4  treated 79.1 2.6 1.5 9.7 7.0 Al,CuFe
5 658 0.6 0.3 19.2 14.1 Al,CuyFe
6 735 19 12 13.6 9.8 Al,CwFe
RRRA-
7 treated 923 40 27 1.0 MgZn,
8 712 1.7 0.8 163 10.1 Al;CuyFe

identified as Al;Cu,Fe [20]. These two phases can
also be found in RRA sample, as indicated by
Points 3—5 in Figs. 2(b, c). It should be noted that
the particle indicated by Point 3 exhibits a layer
structure, which implies that it may be a multi-
constituent eutectic. Based on the EDS data in
Table 2, the eutectic is determined as Al,CuMg and
MgZn,, and this kind of mixed phases were also
reported in the previous study [21]. In RRRA
sample, the second phases become relatively finer
and the coarse phases are rare, which implies that
the coarse phases might be broken by the pre-cold
rolling process.

Figure 3 shows the bright-field (BF) TEM
images about the distribution of precipitates. It is
seen from Fig.3(a) that the precipitates of PA
sample own the smallest size and the most intensive
distribution. An obvious increase of the precipitate
size is observed in RRA sample, and the inter-space
between them becomes large, as shown in Fig. 3(b).
For RRRA sample, both the size and density of
precipitates are in the middle level. In order to make
a further investigation on the precipitates, the
HRTEM images and the corresponding fast Fourier
transform (FFT), inverse FFT (IFFT) patterns are
presented in Fig. 4, and the selected area electron
diffraction (SAED) images are shown in Fig. 5. As
seen from Fig. 4(a), the precipitates in PA sample
with an average radius of ~3 nm are densely
dispersed, which is consistent with the results of
Fig. 3(a). Combined with the SAED patterns in
Figs. 5(a, b), it is clear that the main precipitates of
PA are semi-coherent with the Al matrix, which
implies that the precipitate should be ' phase [22].
As shown in Fig. 4(b), the quite coarse precipitates

Fig.3 BF TEM images

showing morphology of
precipitates inside grains of samples treated by PA (a),
RRA (b), and RRRA (c)

with an average radius of ~7 nm are observed in
RRA sample. Based on the SAED patterns in
Figs. 5(c, d), the precipitate of RRA should be #
phase that is non-coherent with Al matrix. For
RRRA sample, it is seen from Fig. 4(c) that the #’
phase is still dominant and densely distributed,
which is further confirmed by the very obvious '
phase spots in the SAED patterns of Figs. 5(e, f). It
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Fig. 4 HRTEM images along (110)4; orientation of samples treated by PA (a), RRA (b), and RRRA (c); Reciprocal
lattice of selected precipitates obtained by FFT of samples treated by PA (d), RRA (e), and RRRA (f); Lattice images of
selected precipitates obtained by IFFT of samples treated by PA (g), RRA (h), and RRRA (i)

is noted that the weak spots of # phase are also
observed in RRRA sample, as shown in Fig. 5(e).
Interestingly, as displayed in Figs. 4(g—i), the
dislocations all locate outside the precipitates,
which indicates that the dislocations do not cut
through the precipitates.

The type, size and distribution of the
precipitates of different samples vary significantly,
and the reasons are explained here. During the
PA treatment, due to the relatively low aging
temperature of 130 °C, most of the GP zones only
transform into #' phase, and the transformation from
n' phase to 7 phase is hard to take place. Moreover,
since the aging time is only 12 h, the growth and
coarsening of the precipitates are not obvious. In

regard to RRA, the retrogression temperature is
increased to 180 °C, and the metastable #' phase
inside the grains partially or completely dissolves
during the short-time retrogression. Then, 7' phase
re-precipitates to form the stable » phase and
grows up to a certain extent during the subsequent
re-aging process [10]. In the case of RRRA, the
effects of pre-deformation are mainly manifested
in two aspects. First, the introduced dislocations
accelerate the diffusion of solute atoms, and thus
the precipitation kinetics is promoted [23]. Second,
the dislocation density inside the grain is greatly
increased by pre-deformation, which provides the
favorable heterogeneous nucleation sites and the
required nucleation energy for # phase [24]. Hence,
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Fig. 5 SAED patterns of samples treated by PA (a, b), RRA (c, d), and RRRA (e, f) (Dotted circles represent 7' phase,

and the squares correspond to # phase)

the precipitate size of RRRA sample is smaller than
that of RRA sample.

Figure 6 shows the BF TEM images at the GB
of different aged samples. As seen from Fig. 6(a),
the GBPs of PA sample have the smallest size with
a continuous and dense distribution, and the width
of precipitate free zone (PFZ) is only around 22 nm.
When the alloy is subjected to RRA treatment, the
GBPs are markedly coarsened, and the inter-space
of precipitates as well as the PFZ width (~37 nm)

are significantly increased, as shown in Fig. 6(b).
This morphological feature was also reported by
NANDANA et al [25]. Unlike the #' phase which
dissolves during the retrogression stage, the GBPs
cannot dissolve. In the subsequent re-aging stage,
GBPs continue to coarsen due to the pre-existing
particles, resulting in the wide PFZ [10]. For RRRA
sample, the GBPs also exhibit a discontinuous
distribution, as shown in Fig. 6(c). The size of
GBPs and the width of PFZ (~25 nm) of RRRA
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sample both are larger than those of PA sample, but
smaller than those of RRA sample. As mentioned
above, the main reason is that the dislocations and
vacancies are introduced by pre-rolling, and they
offer additional and sufficient nucleation sites of
precipitation.

In order to examine the element distribution,
the HAADF-STEM images and the corresponding
EDS results are shown in Fig. 7. It is seen that the
precipitates of all aged samples mainly contain Al,
Zn, Mg and Cu elements, among which Zn is
obviously enriched in GBPs. As is known, the
diffusion of solute atoms along GB is much faster
than that in the matrix. Moreover, the diffusion of
Zn and Mg is higher than that of Cu [26,27]. Hence,

n phase with Zn and Mg elements preferentially
precipitates at GB. During the subsequent growth
of precipitate, since the solute atoms at GB are
consumed more rapidly than those in the matrix, the
solute atoms are continuously transported from the
matrix to GB, which is driven by the reduction in
GB energy [28]. As a result, PFZ is formed adjacent
to GB, and GBPs are larger compared to the matrix
precipitates. As shown in Fig. 7, the Cu enrichment
of GBPs of PA sample is not observed, while it is
obvious in the GBPs of both RRA and RRRA
samples. Based on the EDS analysis, it is known
that the contents of Cu atoms of PA, RRA and
RRRA samples are 1.60, 3.84, and 2.77 at.%,
respectively. This implies that RRA leads to the Cu
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enrichment of GBPs. According to the first-
principle calculation reported by FANG et al [29],
when the Zn atoms of # phase are replaced by Cu
atoms, the formation enthalpy of the structure
decreases, which enables the segregation of Cu at
GBPs. Hence, due to the longer aging time of RRA
and RRRA treatments, the Cu enrichment of GBPs
is more obvious.

3.2 Vickers hardness

The hardness of PA, RRA and RRRA samples
are displayed in Fig. 8. As is shown, the RRA
sample owns the lowest hardness of HV 178, while
the PA sample achieves the highest hardness of
HV 195. The hardness of RRRA sample is about
HV 192. In general, the variation of hardness is
related to the work hardening, aging precipitates,
and other factors. As shown in Fig.3, the
precipitates of PA sample have the smallest size and
the densest distribution, and the strong precipitate
strengthening leads to the highest hardness. The
reduction of hardness of RRA and RRRA samples
is attributed to the increasing size of precipitates.
Moreover, as shown in Fig. 9(a), it is difficult to
find the dislocations inside the RRA sample. In
terms of RRRA sample, although the solution is
carried out at an elevated temperature of 480 °C for
1 h, lots of dislocations are remained, as shown
in Fig. 9(b). This fact indicates that the work
hardening effect introduced by pre-rolling is not
fully released by the high temperature solution.
Hence, due to above two reasons, the hardness of
RRRA sample is much higher than that of RRA
sample, and it is even close to the hardness of PA
sample.

200
1
190} B3
S
o)
§ 180
=
<
jan
170 r
160
PA RRA RRRA
Sample

Fig. 8 Hardness of samples treated by PA, RRA and
RRRA

Fig. 9 BF TEM images showing dislocation distribution
of samples treated by RRA (a) and RRRA (b)

3.3 Tensile properties

Table 3 lists the yield strength (YS), ultimate
tensile strength (UTS), and elongation obtained
from the tensile tests. The YS and UTS values of PA
sample are respectively 621 and 668 MPa, which
are both higher than those of RRA and RRRA
samples. Due to the contribution of pre-rolling,
RRRA sample has higher YS and UTS values than
RRA sample. The YS and UTS of RRRA sample
are respectively 596 and 655 MPa, which are even
close to those of PA sample. In terms of the
elongation, PA sample has the lowest value of
10.5%, which is less than 11.8% of RRA sample
and 11.3% of RRRA sample.

Table 3 YS, UTS and elongation of different samples

Sample YS/MPa UTS/MPa Elongation/%
PA-treated 621 668 10.5
RRA-treated 582 630 11.8
RRRA-treated 596 655 11.3
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In order to further analyze the relationship
between the microstructure and tensile properties,
YS is described by the following formula:

O'y:0'i+0'd+0-sol+0-p (1)

where oy is the the overall YS, g; is the YS of pure
Al and it is usually considered to be 10 MPa [30,31],
o4 1s the strength contributed by dislocation, ool
is the strength contributed by solid solution,
and o, represents the strength contributed by
precipitates.

Since the dislocation tangles create obstacles
to the movement of dislocation, the dislocation
contribution can be estimated based on Eq. (2) [32]:

0 =Mapb\[p, 2)

where M is the mean orientation factor of 3, o is a
constant of 0.27, u is the matrix shear modulus
(~26.9 GPa), b is the magnitude of Burgers vector
which equals 0.286 nm for FCC Al [31], and o4 is
the dislocation density. Hence, the value of g4 has
positive correlation with the dislocation density pq.
That is to say, the more the dislocations are, the
greater strengthening effect is. In this study, the
dislocations are introduced into RRRA sample
by pre-rolling, and large amount of dislocations
still remain after a series of solution and aging
treatments, as shown in Fig. 9(b). Consequently, a
strong dislocation strengthening is achieved in
RRRA sample.

The contribution of the solid solution
strengthening can be expressed by Eq. (3) [33—35]:
0 =Mube’? e 3)

sol

where &s1 is the lattice strain caused by the
difference in atomic radii between the solute (Zn,
Mg and Cu atoms) and solvent atoms (Al atoms)
and the strengthening effect tends to increase with
the increase of g value, and ¢ is the element
concentration. Assuming that all atoms are in solid
solution, the YS enhancement of Zn, Mg and Cu
elements are 2.9, 18.6 and 13.8 MPa/wt.% [35],
respectively. Referring to the element content of the
7A99 Al alloy, the theoretical contributions of Zn,
Mg and Cu to YS are 23.7, 40.5, 23.7 MPa, and
87.9 MPa in total. It should be noted that not all Zn,
Mg and Cu atoms are in solid solution because of
the precipitates during the aging treatment. Thus,
the actual contribution by element is less than
the theoretical value, which is a relatively small

contribution to the YS.

Generally, the dispersed precipitated phases
play a key role in hindering the movement of
dislocations. Since there is no dislocation cutting
through the precipitates is seen from Figs. 4(g—i),
the operative strengthening mechanism is likely to
be dislocation by-passing, which can be expressed
by Orowan equation [35]:

. 0.4ub In(27/b

_ )
7 MTE 1-v A )

p

where v is the Poisson ratio o 3. For a spherical
precipitate, 7 is equal to 2/3r , where r is the
average radius of all precipitates. 4, is the mean
edge-to-edge interprecipitate spacing, which can be
calculated from the radius 7 and volume fraction
(f) of the precipitates as follows [36]:

A= 3—’tl/2—1647 (5)
P 4f :

Based on Egs. (4) and (5), it is known that
the precipitation strengthening o, is positively
correlated with the volume fraction f of precipitates.
Moreover, the size of most precipitates discussed in
this study is larger than 3 nm, and o, has negative
correlation with the radius » of precipitates. The
volume fractions of precipitates of PA, RRRA and
RRA samples are respectively 5.73%, 2.87% and
2.32%, which were calculated based on the
methodology reported in Ref. [22]. In addition,
the precipitate size follows the order of PA <
RRRA < RRA samples. Hence, the precipitation
strengthening is strong in PA sample, while it
becomes weak in RRRA and RRA samples. In a
word, because of the synergistic effects of
dislocation strengthening, solution strengthening
and precipitation strengthening, PA sample owns
the highest strength and RRA sample owns the
lowest strength.

3.4 Corrosion behavior

The aged samples were immersed in 3.5 wt.%
NaCl solution for 24 h at room temperature, and
the corroded surfaces are shown in Fig. 10. The
corrosion pits and second phases are clearly seen on
the surfaces of all samples. The greater number and
area of the corrosion pits on the surface are, the
worse the pitting resistance is. To quantify the
pitting resistance, the pitting areas were statistically
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analysed. The proportion of corrosion pits in the
total area of the sample is defined as fyiuing. AS can
be seen from Fig. 10, the values of fyiting Of PA,
RRA and RRRA samples are 4.04%, 2.48% and
3.78%, respectively. Hence, it is concluded that the
pitting resistance follows the order of RRA >
RRRA > PA samples.

The engineering stress—strain curves obtained
from the SSRT tests in air and 3.5 wt.% NaCl
solution are plotted in Fig. 11. The corresponding
YS, UTS and elongation are listed in Table 4. The
results indicate that the variations of YS, UTS, and
elongation are basically the same as those measured
from the ordinary tensile conditions. When the
samples are subjected to 3.5 wt.% NaCl solution,
the values of YS, UTS, and elongation are all
obviously decreased.

.fpining=4'04%
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Fig. 10 SEM images of samples treated by PA (a), RRA
(b), and RRRA (c) immersed in 3.5 wt.% NaCl aqueous
solution for 24 h at room temperature

Table 4 lists the SCC sensitivity index (/sc) of
the aged samples, and /.. can be calculated:

I = Py /P, (6)

env

where Pev and Par are the relevant parameters
measured in solution and air respectively, including
the elongation (¢), fracture energy (Er) and fracture
time (¢). Based on the ratio of a certain parameter
calculated by SSRT test in corrosive solution and
air, correlation coefficients are used to evaluate
SCC resistance. For example, ten/tair coefficient is
the ratio of the fracture time in corrosive solution to

700
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Fig. 11 Engineering stress—strain curves obtained from
SSRT tests in air and 3.5 wt.% NaCl of samples treated
by PA (a), RRA (b), and RRRA (c)
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Table 4 Calculated /.. values based on SSRT tests in air and 3.5 wt.% NaCl solution
SSRT data SCC index
Sample  Environment YS/ UTS/  Strain to Time to Fracture et St Eno/En
MPa MPa fracture/% fracture/h energy/(J-em™3) ~ Cenv/@ar  fenfair - BFen/Efair
PA- Air 638 662 10.67 61.8 58.8
82.5 82.7 77.4
treated NaCl 590 624 8.81 51.1 45.5
- Ai 602 627 13.18 61.0 68.1
RRA r 9.7 966  90.0
treated NaCl 577 605 12.74 58.9 61.3
RRRA- Air 588 634 11.1 56.5 55.5
86.5 88.8 84.6
treated NaCl 539 574 9.6 50.2 46.4

the time in air. The larger the coefficient is, the
better the SCC resistance is. As listed in Table 4, all
the coefficients of RRA sample are the largest,
indicating that RRA sample owns the best SCC
resistance. However, PA sample has the lowest
coefficient among these three samples, which
means the worst SCC resistance. The coefficients of
RRRA sample are somewhere between the above
two samples.

Based on the SEM and TEM images, it is
known that the second phases of the aged samples
mainly include 7', #, AlLCuMg and Al;Cu,Fe, all of
which have different potentials to the nearby Al
matrix [37]. When the alloy is placed in NaCl
corrosive solution, the galvanic reaction occurs
between the second phase and the matrix, which
promotes the occurrence of pitting corrosion. Due
to the existence of coarse GBPs, the potential
difference between the matrix and the precipitated
phase enables the pitting corrosion to preferentially
occur in PFZ, forming the intergranular corrosion
along GB. Therefore, as shown in Fig. 10, the
rows of continuous corrosion pits are observed.
SARKAR et al [38] found that the increase of Cu
content weakened the electrochemical activity of #
phase, thereby slowing down the dissolution rate
of the more noble precipitates. This means that
the higher Cu content is, the higher the pitting
resistance is. Based on the EDS mapping results
shown in Fig. 7, it is reasonable that RRA and
RRRA samples own better pitting resistance due
to their higher Cu content in GBPs than the PA
sample. The SCC resistance is also closely related
to GBPs. Many literatures [39—41] revealed that
the mechanism of SCC in Al-Zn—Mg alloy was
attributed to the anodic dissolution and the
hydrogen embrittlement. Under applied loading, the
n phase acting as the anode will preferentially be
dissolved and act as the crack initiation sites.

The cracking path propagates along GB, which
facilitates the intergranular crack [42]. In general,
the stress corrosion rate is negatively correlated
with the dissolution of # phase [43]. Hence, the
initiation and propagation of cracks can be inhibited
or delayed by the coarse and discontinuous # phase.
As mentioned, the RRA sample has the largest
precipitate size and inter-space of GBPs, which
results in the best SCC resistance. The SCC
resistance of PA and RRRA samples can also be
explained based on the size and inter-space of
GBPs.

4 Conclusions

(1) The precipitates of PA sample are mainly
unstable #' phase with the finest size and densest
distribution, while the coarse and the stable #
phase is formed after RRA treatment. Due to
the dislocations introduced by pre-rolling, the
precipitate kinetics of RRRA sample is promoted,
resulting in a smaller precipitate size.

(2) The PA sample owns extremely high
hardness and strength due to the strong precipitation
strengthening. Although both the hardness and
strength of RRA and RRRA samples are reduced,
RRRA sample always exhibits higher values.

(3) Due to the higher Cu content of GBPs,
RRA and RRRA samples exhibit better pitting
corrosion resistance than PA sample. Since the
GBPs of RRA sample exhibit the largest size and
inter-space, the best SCC resistance is obtained.
The resistance of both pitting corrosion and SCC
follows the order of RRA sample > RRRA sample >
PA sample.
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