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ABSTRACT

The intergranular corrosion (IGC) resistance of age-hardening Al-Mg-Si—Cu
alloys is closely related to the precipitation behavior adjacent to grain bound-
aries. In this study, we proposed to regulate the interaction of solute atoms and
solute partitioning of Zn-containing Al-Mg-xSi—Cu alloys by introducing dis-
locations, which can synergistically decorate the intergranular and intragranular
precipitation behavior. Consequently, the continuity of grain boundary pre-
cipitates and width of solute-depleted precipitate-free zones are inhibited
accompanied with high number density or coarse precipitate in the matrix. As a
result, the IGC resistance is greatly improved without strength and ductility
loss, and the related mechanism has been proposed.

Introduction

Given the complexity of the material service envi-
ronment, excellent comprehensive performance is the
main goal for current material development. Owing
to the combination of lightweight, high strength,
good formability, and weldability, AI-Mg-5i alloys
have been widely used in automotive, aerospace,
marine, and construction fields [1, 2]. Although the

Handling Editor: Naiqin Zhao.

corrosion resistance of Al-Mg-Si alloys is always
acceptable, the intergranular corrosion (IGC) sus-
ceptibility of Al-Mg-Si alloys is inevitable after cer-
tain types of elemental additions (such as Cu, Zn, and
excess Si) or aging treatment to improve their
mechanical properties [3-5]. Therefore, it is of great
significance to improve the corrosion resistance as
well as mechanical properties of Al-Mg-5Si—(Cu)
alloys.
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Numerous studies have demonstrated that Al-Mg-
Si alloys are highly susceptible to IGC in the under-
aged (UA state) or peak-aged (T6 state) state, while
the dominant mode of corrosion in the overaged state
(OA state) becomes extensive pitting corrosion [5-8].
In particular, Al-Mg-5i—(Cu) alloys gain the highest
strength in the T6 state but are highly susceptible to
IGC, which is associated with the formation of con-
tinuous electrochemical micro-couplings, consisting
of the matrix, grain boundary precipitates (GBPs),
and solute-depleted precipitate-free zones (PFZs)
along grain boundaries [5-7, 9]. For improving the
strength, it has been proposed that the addition of Cu
to Al-Mg-Si alloys can substantially improve the
strength, but deteriorate the IGC resistance due to the
formation of a cathodic Cu-enriched film, Q phase
(AlMggSi;Cuy) and its precursors at grain bound-
aries [9-11]. And Zou et al. [11] proposed that the
deterioration effect of Cu content on the IGC resis-
tance of Al-Mg-Si alloys is improved by adding
excess Mg due to the formation of discontinuous Q’
precipitates (AlzMgoySi;Cuy) on the grain boundaries.
However, the role of Mg and Si elements in Al-Mg-5i
alloys is mutually exclusive, where excess Mg is
detrimental to strength and ductility. Accordingly,
excess Si is usually added to improve the strength
and ductility of AI-Mg-5i alloys [12-14], but Si con-
tent may preferentially segregate at the grain
boundaries, which in turn increases the IGC suscep-
tibility [10, 15, 16]. In recent years, numerous studies
have also found that Zn addition gives a significant
effect on age-hardening response, peak-aging
strength, and IGC susceptibility of Al-Mg-Si-Cu
alloys [17-19]. When the Zn content is lower than
1.0 wt%, Zn addition leads to a high IGC suscepti-
bility due to the formation of a continuous thin film
caused by the segregation of Zn at the grain bound-
aries, and the IGC susceptibility increases with Zn
content due to the increase in the corrosion potential
difference between the PFZs and GBPs caused by the
coarsening of GBPs [20, 21]. However, when the Zn
concentration is 2.0 to 4.0 wt%, Mg-Zn and Zn-con-
taining Mg-Si precipitates are formed along the grain
boundaries to replace the Cu-rich precipitates, which
in turn reduces the corrosion potential difference
between the PFZs and Al matrix. Meanwhile, the size
of GBPs and width of PFZs in the T6 state also
decrease when the Zn content exceeds 2.0 wt%.
Accordingly, the IGC resistance can be enhanced and
increased by increasing Zn content containing
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(2.0-4.0 wt%) Al-Mg-Si—Cu alloys [20]. In short, the
intragranular and intergranular (GBPs, Cu/Zn-rich
films, and PFZs) precipitation behavior of Al-Mg-Si-
Cu-Zn alloys can be regulated synergistically by the
complex interaction of Mg, Si, Cu, and Zn.

Furthermore, to improve the IGC resistance of Al-
Mg-Si~(Cu) alloys without mechanical properties
loss, extensive aging treatment processes, including
aging time and aging temperature, have been widely
studied. Typically, overaging treatments are often
used to inhibit the IGC susceptibility of Al-Mg-Si—
(Cw) alloys, but with a small loss of strength. Subse-
quently, Wang et al. [22] proposed that a two-step
overaging treatment (180 °C/2 h + 160 °C/120 h)
designated as the T78 temper can improve the IGC
resistance of 6056 alloys without strength loss due to
the formation of discretely distributed GBPs in grain
boundaries with the high number density of p” pre-
cipitates in the matrix. And Li et al. [8] designed a
novel thermomechanical treatment consisting of pre-
aging, cold-rolling, and re-aging to simultaneously
enhance the tensile properties and IGC resistance of
Al-Mg-Si—(Cu) alloys by forming small-angle grain
boundaries, discontinuous distribution of GBPs, and
sufficient precipitation of the matrix solutes during
the thermomechanical treatment. Furthermore, Xu
et al. [23] also reported that the IGC resistance of Al-
Mg-Si alloys with low Zn content can be enhanced by
the interrupted aging treatment (T6I6) due to the
formation of small and discretely distributed GBPs,
narrower PFZs, and fine, densely distributed intra-
granular precipitates (IPs). However, all these pro-
cesses are more complex and narrowly applicable in
the actual industry.

Here, it has been found that dislocations intro-
duced by pre-deformation can provide heteroge-
neous nucleation sites for IPs (GP zones, " phase)
and act as short-circuit diffusion paths for solute
atoms to accelerate the nucleation and growth of IPs
in AI-Mg-Si—(Cu) alloys during the aging process,
which can increase the strength and age-hardening
response [24-27]. However, it has been proposed that
corrosion susceptibility of steels increases with
increasing deformation due to the formation of less
compact and thin oxide films and a negative offset in
pitting potential [28, 29]. In addition, various studies
have also shown that the pitting and IGC suscepti-
bility of aluminum alloys increases with the intro-
duction of pre-deformation treatment due to the
distribution of residual strain across grains [30-33].
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However, for Al-Mg-Si-Cu-Zn alloys, Zn addition
strongly affects the nucleation and growth of both the
GBPs and IPs due to the highest diffusion rate, their
similar atomic radius and electronegativity of Zn to
Al [20, 21]. The nucleation of intragranular precipi-
tates and intergranular precipitates is always mutu-
ally exclusive, which can be amplified with the
introduction of dislocation. Simultaneously, solute
atoms may also preferentially segregate along dislo-
cations induced by pre-deformation treatment, while
the concentration of solute atoms in the matrix
decreased, thus affecting the intergranular precipita-
tion behavior of Al-Mg-5i—(Cu) alloys. Furthermore,
although the IGC susceptibility of Al-Mg-Si alloys
increases with the increased Si content, the strength
and age-hardening rate can be enhanced by Si con-
tent, which can synergistically regulate the intra-
granular and intergranular precipitation behavior
[34].

Therefore, in the present study, we propose to
systematically study the synergistic effect of intra-
granular/intergranular precipitation and corrosion
behaviors of Al-Mg-Si—Cu alloys with low Zn con-
tent by coupling pre-deformation treatment and Si
content and provide new insight for improving both
the mechanical properties and intergranular
corrosion.

Experimental

Three Al-Mg-Si-Cu—Zn alloys were casted and rol-
led into a thickness of 1.0 mm, as shown in Ref.[34],
and their compositions are listed in Table 1. In the
peak-aged state, the main strengthening precipitates
of Al-Mg-Si alloys are f” phases. Many studies
[35-37] proposed that the composition of the f” phase
is Mg_xAl1xSiax~1) due to the substitution of Al
atoms for Mg or Si atoms in the Al-Mg-Si alloys.
Moreover, Si3/ Al sites of the f” phase sometimes can
be replaced by Zn atoms in the Zn-containing Al-
Mg-Si alloys [19]. Therefore, an Al-Mg-5i-Cu-Zn
alloy with an Mg/Si atomic ratio of less than 1.25 can

J Mater Sci (2022) 57:14490-14510

be defined as an alloy with excess Si content in this
study. Then, the final cold-rolled alloy sheets were
solution treated in a salt bath furnace at 555 °C for
2 min, followed by quenching in water at room
temperature (20 °C). Solution-treated alloy sheets
were directly pre-aged through cooling from 80 to
40 °C within 12 h (PA state). Finally, pre-aged sam-
ples were pre-deformed to 0, 2, and 8% by tensile test,
followed by isothermal aging at 185 °C.

The micro-hardness of the aged alloy sheets was
measured using a 401 type MVD Vickers hardness
(HV) tester with a load of 1.96 N and a loading time
of 15 s. Five hardness indentations were measured on
each sample, and the average hardness was reported.
Samples for micro-hardness measurements were
prepared by mechanical grinding and polishing to a
final SiO, suspension (1.0 um) finish. Tensile tests
were conducted on a Mechanical Testing and Simu-
lation (MTS) 810 machine with a strain rate of
1 x 107 at room temperature. Tensile samples with a
gauge length of 50 mm and cross section of
125 x 1.0 mm were mechanical ground on SiC
papers from 400 to 2000 grit size.

The IGC susceptibility was evaluated according to
the ASTM G110 standard. The corrosion test sample
with a size of 20 (length) x 12.5
(width) x 1 mm(thickness) = was  mechanically
ground on SiC papers from 400 to 2000 grit size, and
its length direction was parallel to the rolling direc-
tion of the sheets (as shown in Fig. 1). All the samples
were degreased in acetone, and then, they were
etched for 60s in an etching cleaner (5 mL
hydrofluoric acid (HF, 48%) and 50 mL nitric acid
(HNO;, 70%) per liter of deionized water) at 93 °C.
Subsequently, the etched samples were immersed in
concentrated nitric acid (70%) for 60 s and rinsed in
reagent water and air-dried. Finally, the etched
samples were further immersed in a solution of
10 mL hydrogen peroxide (H,O,, 30%) and 57 g
sodium chloride (NaCl) per liter of deionized water
at 30 °C for 24 h. Afterward, each corroded sample
was cut along the dashed line as shown in Fig. 1,
which is an interval normal to its rolling direction.

Table 1 The composition of

the experimental alloys (wt%) Alloy Al Si Mg Cu Zn Mn Fe Ti Ni Mg/Si
A Bal 0.55 0.70 0.20 0.52 0.15 0.20 0.02 0.01 1.43
B Bal 0.76 0.70 0.20 0.54 0.15 0.20 0.02 0.01 1.04
C Bal 1.08 0.67 0.19 0.53 0.15 0.20 0.02 0.01 0.72

@ Springer



J Mater Sci (2022) 57:14490-14510
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Figure 1 Schematic diagram of the corrosion test sample.

The obtained short transverse (S-T) cross sections
were mechanical ground and polished to a final SiO,
suspension (1.0 pm) finish. The corroded samples’
depths and grain corrosion morphology were asses-
sed by examining S-T cross sections using a Carl
Zeiss Axio Imager A2m optical microscope (OM).

Electrochemical corrosion testing of the different
samples was conducted on a CHI660D electrochem-
ical workstation. The potentiodynamic method was
performed on a three-electrode cell with platinum as
the counter electrode, a saturated calomel reference
electrode (SCE) as the reference electrode, and the
sample as a working electrode with an exposed area
of 100 mm?. Before testing, the electrochemical cor-
rosion testing samples were first ground and pol-
ished. The open circuit potential (OCP) was recorded
in a 3.5 wt% NaCl solution for 1200 s to ensure a
stable state prior to the polarization testes. The
potentiodynamic polarization curves were scanned
from — 1200 to — 200 mV with a scanning rate of
0.5 mV/s.

The crystal structure, morphology, distribution,
and orientation of the precipitates and grain bound-
ary dispersion phases were characterized by a Tec-
naiG2 F30 high-resolution transmission electron
microscopy (HRTEM) equipped with X-ray energy-
dispersive spectrometer (EDS) systems and a high
angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) detector at 300 kV,
and the fast Fourier transform (FFT) images of typical
precipitates were reconstructed by Digital Micro-
graph Software. Samples for TEM studies were pre-
pared by twin-jet polished in a solution of 30 vol%
nitric acid and 70 vol% methanol at — 20 ~ — 30 °C.
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Results

Age-hardening behavior and mechanical
properties

Figure 2 shows the micro-hardness for the pre-aged
alloys with the different pre-deformation ratios as a
function of aging time at 185 °C. As expected, the
hardness first increases up to a peak value and then
decreases with time, showing the typical age-hard-
ening behavior of Al-Mg-Si alloys, which mainly
contain three stages consisting of underaged state
(UA), peak-aged state (T6), and overaged state (OA)
[17, 20, 38]. The peak hardness value of the alloys
increases as Si content increases, but is independent
of the pre-deformation ratio. However, the time to
reach the T6 state is significantly reduced by pre-
deformation treatment and also decreases as the pre-
deformation ratio increases (the circle in Fig. 2).

The corresponding tensile mechanical properties of
the different samples in the T6 state are shown in
Fig. 3. In the T6 state, the yield strength increases as
Si content increases, whereas the pre-deformation
treatment has little effect on the strength of the alloys.
These results are consistent with the hardness results
in Fig. 2. Furthermore, the elongation of the peak-
aged alloys decreases slightly as the pre-deformation
ratio increases, but is still close to 10%. In brief, pre-
deformation treatment has little effect on the strength
and elongation of the peak-aged alloys, but can
accelerate the age-hardening rate, which associates
with the nucleation and growth rate of precipitates.

Corrosion behavior

Figure 4 shows the typical cross-sectional (S-T) cor-
rosion morphologies with the different pre-defor-
mation ratios in the T6 state, and the corresponding
maximum IGC depths are summarized in Fig. 5. In
the T6 state, the IGC depth of the undeformed alloy
first increases and then remains almost constant with
the increased Si content. On the other hand, the depth
of the three alloys changes with the pre-deformation
ratio, but does not continuously decrease with the
increase of the pre-deformation ratio. In most cases,
the IGC depth of the pre-deformed alloys decreases
compared to the undeformed alloys, while the IGC
depth of alloy A with 2% PD increases instead. For
the pre-deformed alloys, with an increasing pre-de-
formation ratio, the IGC depth of alloys A and C

@ Springer
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Figure 2 Variations of hardness for the pre-aged alloys with different pre-deformation (PD) ratios at 185 °C. a alloy A, b alloy B, c alloy

C.

gradually decreases, while the IGC depth of alloy B
first increases and then decreases. In short, the IGC
resistance of the peak-aged alloys decreases with
excess Si addition but can be generally improved by
pre-deformation treatment. However, the excellent
IGC resistance is also related to the coordinated
combination of Si content and pre-deformation ratio,
which is strongly affected by the intergranular and
intragranular precipitate behaviors.

The potentiodynamic polarization curves of the
three alloys with the different pre-deformation ratios
in the T6 state are shown in Fig. 6. All the curves
show that the current density sharply increased at an
approximate corrosion potential (E.oy,), indicating
that the corrosion potential (E.o) coincided with the

@ Springer

pitting potential (E;). The symmetry of the anodic
polarization and cathodic polarization curves is rel-
atively low, while some anodic polarization curves
have obvious strong polarization areas. Therefore, it
is suitable to use the cathodic polarization curve
extrapolation method to calculate the values of cor-
rosion current density (Ieor) [39]. Herein, the values
of Ecorr and Ioy were derived from the potentiody-
namic polarization curves by Tafel fitting as shown in
Table 2. For undeformed alloys, with the increased Si
content, the I, value increases, and the E_,,, value
first increases slightly and then decreases, giving rise
to the decreasing order of corrosion resistance: alloy
A > alloy B > alloy C. For pre-deformed alloys, both
the Eor and oo, values do not continuously decrease



J Mater Sci (2022) 57:14490-14510

3]

W

(=]
T

0%PD-T6, alloy A
2%PD-T6, alloy A
— 8%PD-T6, alloy A

Engineering tensile stress (MPa)

150 |
00 F |
50 |
0 1 1 1 1 1 1
0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.1
Engineering tensile strain
400
(©
350
© /
S30F |
Py
[%]
g 250
$ 0%PD-T6, alloy C
@ 200 |- 2%PD-T86, alloy C
Q
pait 8%PD-T6, alloy C
£ 150
@
2
‘S 100 |
{ =
L
50
0 1 1 1 1 1 1 1
0.00 002 0.04 006 008 010 012 0.14 0.16

Engineering tensile strain

14495
400
(b)
350 |-
£
s 300 |-
@
o 250
®
2
2 200 - ——— 0%PD-T6, alloy B
s 2%PD-T6, alloy B
€ 150
5 —— 8%PD-T6, alloy B
Q
£ 100 |
c
L
50 |
J 1 1 1 1 1 1
0.00 0.02 0.04 006 0.8 0.10 0.12
Engineering tensile strain
450 L (@ [10% PD[]2% PD [l 8% PD 5
wr \ \\
350 |- \/ - 10
=
€30 F — ¢
< 1° ¢
D 250 | S
2 5
B 200 46 §
e} w
$ 150 F
44
100
50 1,
0 1 1 1
0.55 0.76 1.08
Si (wt.%)

Figure 3 Mechanical properties of the alloys with different pre-deformation (PD) ratios in the peak-aging state (T6). a alloy A, b alloy B,

c alloy C, d yield strength and elongation.

with increasing pre-deformation ratio, but also
depend on the Si content. With an increasing pre-
deformation ratio, both the E..., and I, values in
alloy A first increase and then decrease; however, the
changing trend of the I.,,, value in alloys B and C is
the opposite. Additionally, the E,, values in alloys B
and C slightly change with the change in pre-defor-
mation ratio, because the corrosion potentials of the
Al alloys depend mainly on the solute concentrations
in the solid solution and are less sensitive to the
second phase particles and grain boundaries [40]. It
can be inferred that pre-deformation treatment and Si
content significantly change the corrosion kinetics of
Al-Mg-Si—Cu-Zn alloys, which is related not only to
the volume fraction of precipitates in the grain

boundaries but also to the distribution and compo-
sition of the precipitates and PFZs. Although the
decrease in the I.,, value is always related to the
decrease in the volume fraction of the precipitates, it
is unclear whether the change in the E.o, and ooy
values are controlled by cathodic or anodic kinetics
[20]. Furthermore, pre-deformation treatment and Si
content can enhance the age-hardening response,
whereas the yield strength can also be improved by Si
content. Accordingly, an excellent comprehensive
performance (age-hardening rate, strength, and IGC
resistance) can be achieved simultaneously in Al-
Mg-Si-Cu—Zn alloys by coupling the pre-deforma-
tion ratio and Si content. Considering the different
corrosion behaviors and strengths of the three alloys

@ Springer
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Figure 4 Typical cross-sectional (S-T) intergranular corrosion morphologies of the alloys with different pre-deformation ratios in the peak
aged state. a-c alloy A: 0, 2 and 8% PD, respectively. d-f alloy B: 0, 2 and 8% PD, respectively. g-i alloy C: 0, 2 and 8% PD, respectively.

1984 [ 0%
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g I 5%
=
B 150
[0}
©
c
S
8
£ 100
Q
o
f
>
£
s 50
=
0

0.55 0.76 1.08
Si (wt.%)

Figure 5 Statistical diagram of the maximum corrosion depths of
the alloys with different pre-deformation ratios in the peak aged
state.

in the T6 state, the distribution of intergranular and
intragranular precipitates needs to be further
analyzed.

@ Springer

Microstructure characterization

Figure 7 shows the intragranular precipitates of the
three alloy sheets with the different pre-deformation
ratios in the T6 state, and the corresponding HRTEM
images of typical precipitates are shown in Fig. 8. For
undeformed alloys (Fig. 7a, d, and g), many needle-
shaped precipitates are uniformly distributed in the
matrix, and their average length increases as Si con-
tent increases. According to the HRTEM analysis,
two typical precipitates can be found, including the
B” phase and pre-Q' phase (Fig. 8a, b). For the pre-
deformed alloys, precipitates tend to nucleate along
dislocations. According to the HRTEM analysis
(Fig. 8), the precipitates in the matrix of no disloca-
tion are still spherical and can be identified as the f”
phase and GP zone, while the precipitate along the
dislocation is rectangular and can be recognized as
polycrystalline B'/U2 precipitates (MgAlSi, Mg/
Si ~ 1) or Q' precipitates [26]. Due to the existence of
various types of precipitates along < 001 > Al, we
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Figure 6 Potentiodynamic polarization curves in deaerated 3.5 wt% NaCl solution for the alloys with various pre-deformation ratios in the
peak aged state. a alloy A, b alloy B, ¢ alloy C.

Table 2 Corrosion related

parameters in 3.5 wt% NaCl Condition Corrosion potential Corrosion current density
2
for the experimental alloys Ecorr versus SCE (V) Leor (nA/em”)
under the different conditions 0%PD, alloy A 0737 0.335
2%PD, alloy A — 0.731 1.439
8%PD, alloy A — 0.759 0.731
0%PD, alloy B — 0.727 0.530
2%PD, alloy B — 0.736 0.437
8%PD, alloy B — 0.741 0.785
0%PD, alloy C — 0.744 0.728
2%PD, alloy C — 0.725 0.216
8%PD, alloy C — 0.738 0.272
have calculated the areal number density (Na) and the number density of precipitates in the alloys with

average length (1) of precipitates based on TEM and 2% PD is significantly higher than that in the unde-
HRTEM images, as shown in Table 3. It is clear that ~ formed alloys and also increases as Si content

@ Springer
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:$ ;- v
o
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Figure 7 TEM bright field images of the three alloy sheets with different pre-deformation (PD) ratios in the peak aged condition. a—
c alloy A: 0%, 2% and 8% PD, respectively, d—f alloy B: 0%, 2% and 8% PD, respectively, g—i alloy C: 0%, 2% and 8% PD, respectively.

increases, indicating that the nucleation rate of
intragranular precipitates can be greatly enhanced by
coupling pre-deformation and Si content. With a
further increase in the pre-deformation ratio to 8%,
more precipitates preferentially nucleate and grow
along the dislocations, whereas the number density
of precipitates in the matrix of no dislocations
decreases. Accordingly, the number density of intra-
granular precipitates of the three alloys all decreases
after 8% PD due to a limited nucleation rate of pre-
cipitates in the matrix of no dislocations. Addition-
ally, the radius of precipitates decreases, but the

@ Springer

average length of those precipitates increases with
different pre-deformation ratios and Si content.

The distribution, morphology, and precipitation
kinetics of intragranular precipitates can be largely
affected by the introduction of dislocations, while the
intergranular precipitation behavior is strongly
associated with the intragranular precipitation
behavior, which further influences the IGC suscepti-
bility. As a result, HAADF-STEM images of GBPs in
the peak-aged alloy with the different pre-deforma-
tion ratios are shown in Fig. 9. It can be found that
the areal number density of GBPs in the undeformed
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Figure 8 HRTEM and FFT images of the typical precipitates in the peak aged condition. a f” in Fig. 7a; b Q' in Fig. 7d; ¢ B” and pre-B’
in Fig. 7i; d Q' in Fig. 7f; e complex precipitates in Fig. 7e; f complex precipitates in Fig. 7f.

Table 3 The areal number density (Na) and average length () of

precipitates in the peak-aged state.

Condition Na/10'5 m~2 I/nm

0%PD, alloy A 1.79 £+ 0.06 148 £0.3
2%PD, alloy A 2.52 £ 0.24 180+ 1.2
8%PD, alloy A 2.06 + 0.14 332 +25
0%PD, alloy B 1.45 + 0.09 19.7 £ 0.3
2%PD, alloy B 3.25+0.25 19.8 + 1.8
8%PD, alloy B 1.55 + 0.03 420+ 54
0%PD, alloy C 1.29 £ 0.10 23.6 + 0.9
2%PD, alloy C 3.63 £ 0.18 209 + 1.5
8%PD, alloy C 1.07 + 0.03 43.0 £ 43

PD pre-deformation

alloys A, B, and C are (2.134023) x 103,
(427 £051) x 10, and (533 £ 1.1) x 10” m™?,
respectively. The number density of GBPs increases
as Si content increases in the undeformed alloys,
giving rise to a higher IGC susceptibility. Hereafter,
the number density of GBPs decreases significantly in
the three alloys after pre-deformation treatment,
except for alloy A with 2% PD. As a result, the

continuity of GBPs is decreased by pre-deformation.
It can be inferred that dislocation introduced by pre-
deformation improves the intragranular precipitation
kinetics but suppresses the grain boundary precipi-
tation kinetics in the three alloys. However, the
number density of GBPs increases and the distribu-
tion is more continuous in alloy A with 2% PD,
indicating that the grain boundary precipitation
kinetics are also associated with the segregation of
solute atoms.

Accordingly, the element line scanning analysis of
grain boundaries was carried out by EDS, and the
results for selected typical precipitates are shown in
Fig. 10. According to the element line scanning
analysis, the observed GBPs in the undeformed alloys
contain Al, Mg, Si, Cu, and Zn elements, whereas the
GBPs in the pre-deformed alloys mainly contains Al,
Mg, and Si elements, indicating that the segregation
of Cu and Zn elements has been suppressed. Addi-
tionally, pure Si particles can be formed in alloy C (Si-
rich alloys) with pre-deformation treatment. There-
fore, it can be inferred that the formation of Cu-rich
film or Zn-rich film along grain boundaries may be
inhibited by pre-deformation treatment, which is
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Figure 9 HAADF-STEM images of grain boundary precipitates
in the three alloy sheets with different pre-deformation (PD) ratios
in the peak aged condition. a—c alloy A: 0, 2 and 8% PD,

beneficial to improve the IGC resistance of Al-Mg-
Si-Cu—Zn alloys. Simultaneously, the intragranular
precipitation and grain boundary precipitation
kinetics will also influence the formation of PFZs.
Subsequently, typical bright-field TEM images of
the grain boundary regions of the three alloys with
different pre-deformation ratios in the T6 state are
shown in Fig. 11. Herein, one grain adjacent to the
grain boundaries is adjusted to be parallel to the
[001]4; zone axis to characterize the variation of the
widths of PFZs, but the another adjacent grain is not
parallel to [001] Al zone axis, so the observed width
of PFZs is half of the actual width. Consequently, the
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500 nm

respectively, d—f alloy B: 0, 2, and 8% PD, respectively, g-i alloy
C: 0, 2, and 8% PD, respectively.

widths of PFZs of the undeformed alloys A, B, and C
are 160, 208.8, and 221.2 nm, respectively, showing
an increasing trend upon the increased Si content. For
the pre-deformed alloys, the widths of PFZs gradu-
ally decrease or even disappear, while some nano-
precipitates even precipitate along the grain
boundaries. Concretely speaking, although the width
of the PFZs in alloy A decreases with the increasing
pre-deformation ratio, there is still a certain width.
The widths of PFZs gradually disappear in alloy B
and alloy C with 8% PD, indicating that the formation
of PFZs is closely related to both the pre-deformation
ratio and Si content.
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Figure 10 Intergranular STEM-HAADF images and element line scanning on the grain boundary precipitates under typical conditions. a,
b alloy A without pre-deformation (PD); ¢, d alloy B with 8% PD; e, f alloy C with 2% PD.

Discussion

Intragranular precipitation behavior of Al-
Mg—xSi—-Cu-Zn alloys

After solution treatment, the growth and nucleation
rate of precipitates (Mg-Si solute clusters, GP zones,
or pre-f” phase) in age-hardening Al-Mg-Si—(Cu)

alloys are mainly controlled by the vacancy-assisted
diffusion of solute atoms during the following aging
process. Extensive studies have shown that many fine
solute clusters can be formed during the pre-aging
process, and Si can also promote the nucleation of
stable Mg-Si solute clusters with the tendency of
easily transforming into the f” phase [14, 41].
Accordingly, more stable solute clusters can be
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Figure 11 TEM images of grain boundaries in the three alloy sheets with different pre-deformation (PD) ratios in the peak aged condition.
a—c alloy A: 0, 2, and 8% PD, respectively; d—f alloy B: 0, 2, and 8% PD, respectively; g—i alloy C: 0, 2, and 8% PD, respectively.

formed upon the increase of Si content in the Al-Mg-
Si-Cu—Zn alloys during the low-temperature pre-
aging process [42], and they can easily transform into
the " phase during the isothermal aging process,
thus leading to a higher average length of needle
precipitates (f” phase) in the T6 state (Fig. 7a, d, g).
However, some new solute clusters can re-nucleate
and grow during the isothermal aging process due to
the dissolution of unstable solute clusters in Mg-rich
alloys and the high temperature of isothermal aging,
but the growth rate of those new f” phases is limited
due to the low concentration of Si contents and
vacancies [34]. Therefore, the average length of

@ Springer

needle precipitates (f” phase) increases, but the
number density slightly decreases with the increased
Si content in the T6 state (Fig. 7a, d, g).

With the introduction of dislocations, the number
density and morphology of intragranular precipitates
changed significantly. On the one hand, dislocations
always act as heterogeneous nucleation sites for
precipitates in metal materials, and promote the dif-
fusion of solute atoms. Therefore, some precipitates
can preferentially precipitate along dislocations by
heterogeneous nucleation mechanisms [27, 43—46].
On the other hand, previous studies indicated that
solute clusters formed during pre-aging treatment
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can grow into f” phases while the size of solute
clusters is larger than the critical value, otherwise
they could be dissolved [47-51]. Here, the critical
nucleation growth size of solute clusters can be
reduced due to the increased total strain energy
induced by pre-deformation [27, 52], leading to a
higher homogeneous nucleation rate in the matrix of
no dislocations. At the same time, the heterogeneous
nucleation sites are limited due to the relatively low
density of dislocations with 2% PD, so many pre-
cipitates can nucleate and grow in the matrix of no
dislocations by the homogeneous nucleation mecha-
nism during the isothermal aging process. Accord-
ingly, the number density of precipitates (f”) in the
peak-aged alloys can be increased by 2% PD due to
the synergetic effect of the homogeneous/heteroge-
neous nucleation mechanism (Fig. 7b, e, h) [27].

Furthermore, the slip and multiplication of dislo-
cations are always associated with the volume frac-
tion and distribution of precipitates in metallic
materials during plastic deformation [53-59]. For Fe-
containing Al-Mg-Si-Cu-Zn alloys, there are mainly
two types of precipitates in the pre-aged state,
including non-shearable precipitates (Al(Fe,Mn)Si, Q)
and shearable precipitates (solute-cluster, pre-f”).
Our previous studies [12] demonstrated that non-
shearable precipitates (Al(Fe,Mn)Si, Q) distributed
more uniformly as Si content increased. Moreover, Si
content can also promote the nucleation of shearable
precipitates (solute-cluster, pre-f”) in the pre-aged
Al-Mg-Si-Cu-Zn alloys [34]. Accordingly, more
pinned dislocations with a homogenization distribu-
tion can be formed upon the increase of Si content
[27]. As a result, it can be proposed that more
heterogeneous nucleation sites can be provided as Si
content increases, and the corresponding number
density of precipitates (") in the peak-aged alloys
with 2% PD also increases as Si content increases
(Fig. 7b, e, h).

However, in the T6 state, the number density of
precipitates in the alloys with 8%PD is lower than
that of in the alloys with 2%PD, and gradually
decreases as Si content increases. There are two main
reasons to explain this phenomenon. First, the
heterogeneous nucleation rate further increases with
the increased dislocations, corresponding to a lower
homogeneous nucleation rate in the matrix of no
dislocation due to the limited concentration of solute
atoms. Second, the homogeneous nucleation rate in
the matrix of alloy A is maintained during the
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isothermal aging process due to the inhomogeneous
distribution and low density of dislocations in Mg-
rich alloys (alloy A). Meanwhile, precipitates formed
along dislocations can rapidly grow and coarsen due
to the higher diffusion rate of solute atoms assisted
by dislocations. As a result, the average length of
needle precipitates increases with increasing pre-de-
formation ratio. Additionally, based on the HRTEM
analysis, the variation of pre-deformation and Si
content has little effect on the types of precipitates of
Al-Mg-Si—-Cu—Zn alloys in the T6 state [26].
Overall, the intragranular precipitation behavior
assisted by homogeneous/heterogeneous nucleation
can be mainly manifested in the following three
aspects: (1) the nucleation of precipitates on disloca-
tions and in the matrix of no dislocations precipita-
tion is complementary; (2) all the precipitates formed
along dislocations are still mainly needle-like along
the < 100 > Al direction, but the average length of
precipitates can be increased while the diameter can
be decreased by pre-deformation treatment; (3) the
critical growth size of solute clusters can be reduced
by pre-deformation, thus promoting the homoge-
neous nucleation rate in the matrix of no dislocations.

Intergranular precipitation behavior of Al-
Mg—xSi—-Cu-Zn alloys

The evolution of GBPs and the formation of PFZs are
associated well with the intragranular precipitation
behavior, which is greatly influenced by the syner-
gistic effect of homogeneous/heterogeneous nucle-
ation. Because excess Si content is prone to segregate
at grain boundaries, the nucleation rate of Mg-5i
precipitates at grain boundaries can be enhanced.
Meanwhile, Si content can also promote the nucle-
ation of precipitates inside the grain [41, 60], leading
to an increase in the number density of GBPs and an
increase in the widths of PFZs in the undeformed
alloys upon the increase of Si content [9, 10].

With the introduction of dislocations, the inter-
granular precipitate behavior changes significantly.
On the one hand, our previous study [27] has shown
that the precipitates along dislocations easily nucleate
and grow due to the segregation of Mg and Si atoms,
but Zn atoms are rejected from the precipitates upon
growth with the highest diffusion coefficient. Con-
sequently, the interaction force between Mg and Zn
atoms may be stronger in the matrix of no disloca-
tions, and Mg—Zn precipitates can be formed in the
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matrix of no dislocations which can promote the
formation of Mg-Si-Cu-Zn complex solute clusters
or precipitates. As a result, the segregation of Zn
atoms at grain boundaries can be suppressed.
Therefore, the GBPs of the undeformed alloy are
mainly composed of Mg, Si, Cu, and Zn solute atoms,
while the GBPs of the pre-deformed alloy are mainly
composed of Mg and Si solute atoms (Fig. 10). On the
other hand, dislocations were entangled and stored at
grain boundaries with a high pre-deformation ratio,
which can promote the formation of coarse Mg-5Si
metastable precipitates at the grain boundaries. Fur-
thermore, more dislocations with a uniform distri-
bution can be formed as Si content increases, so the
intragranular precipitation behavior can be greatly
enhanced by coupling Si content and pre-deforma-
tion treatment. In addition, dislocation-assisted pipe
diffusion easily leads to the segregation of solute
atoms (Mg, Si, Cu, and Zn) along dislocations, thus
limiting the segregation of solute atoms at grain
boundaries. Accordingly, the segregation of solute
atoms at the grain boundaries may be suppressed,
thus inhibiting the formation of GBPs, which ulti-
mately results in a low number density of GBPs and a
narrow width of PFZs in the pre-deformed alloy
(Figs. 9 and 11). In addition, the formation of Cu-rich
film or Zn-rich film along grain boundaries can also
be inhibited by pre-deformation treatment (Fig. 10).
However, at the low pre-deformation ratio (2%), the
rapid nucleation rate of intragranular precipitates
assisted by pre-deformation instead promotes the
segregation of excess Mg or Si content at grain
boundaries due to the low density of dislocations.
Accordingly, for Mg-rich alloy A with 2% PD, a
continuous distribution of the Mg-5i phase is formed
which is consistent with the research on Mg-rich
alloys (Fig. 9b) [61]. For Si-rich alloy C with 2% PD,
excess Si contents are prone to segregate at grain
boundaries and coarse Si particles can be formed at
grain boundaries (Fig. 9h).

In short, heterogeneous precipitates can preferen-
tially precipitate along dislocations due to the
enhanced diffusion rate of solute atoms [43-45].
Meanwhile, dislocations can also promote the nucle-
ate and growth rate of precipitates in the matrix of no
dislocation during the isothermal aging process with
the enhanced interaction force between Mg and Zn,
thereby affecting the solute partitioning at grain
boundaries. Moreover, the segregation of solute
atoms at grain boundaries can be suppressed.
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Consequently, the intragranular precipitation behav-
ior can be regulated by dislocations, correspondingly
decorating the intergranular precipitation behavior,
and finally leading to a significant decrease in the
number density of precipitates at grain boundaries
and the widths of PFZs.

Synergy of intragranular/intergranular
precipitations on IGC susceptibility

The IGC susceptibility of Al-Mg-Si-Cu—Zn alloys
greatly depends on the formation of continuous
electrochemical micro-couplings consisting of GBPs
and PFZs along grain boundaries. To eliminate the
IGC susceptibility caused by continuous micro-cou-
plings, there are two main ways: (i) breaking up the
continuity of the GBPs or suppressing the formation
of the GBPs and (ii) eliminating or reducing the PFZs
[15, 33, 62-64]. In the present study, combining Si
content with pre-deformation can greatly change
both GBPs and PFZs by the synergy of the intra-
granular and intergranular precipitation behaviors.
To clearly describe the evolution of the intragranular
and intergranular precipitates, Fig. 12 gives the
schematic diagram of the microstructure for the peak-
aged alloys with different pre-deformation ratios.
Based on the concept of electrochemical micro-
couples, the change in IGC susceptibility of unde-
formed alloys must be related to the effect of Si
content on the continuity of the electrochemical
micro-couples along the grain boundaries. The con-
tinuity of the GBPs and PFZs increases with
increasing Si content due to the enhanced nucleation
rate of precipitates by Si content at grain boundaries
(Fig. 12al—cl), which is in agreement with those
reported by other studies [11, 65, 66]. According to
the EDS analysis, the GBPs are mainly composed of
Zn-containing Mg-Si and Si phases, which are com-
monly present in 6xxx series Al-Mg-Si alloys
(Fig. 10) [11, 20, 67]. Consequently, the continuous
micro-coupling of undeformed alloys consists of
GBPs and PFZs. However, Si particles can be formed
at grain boundaries when the Mg/Si atomic ratio is
less than 1.04 (alloys B and C). It is suggested that
pure Si particles are an ineffective cathode because
they are covered by an insulating layer of SiO, in
contact with water [4, 16, 68, 69]. Accordingly, the
Ecorr value first increases slightly and then decreases,
but the I, value increases upon increases in Si
content due to the increased continuity of GBPs
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(Fig. 6 and Table 2). As a result, the IGC susceptibility
of the undeformed alloys increases as Si content and
then remains constant in the excess Si content alloys
(Figs. 4 and 5).

When the pre-aged alloys are subjected to pre-de-
formation treatment, the intragranular and inter-
granular precipitation behavior has been greatly
changed, where there is a substantial decrease in
GBPs and PFZs, resulting in a higher IGC resistance,
except for alloy A with 2%PD. For alloy A with excess
Mg, the continuous GBPs first increase and then
decrease accompanied by a decrease in PFZs, when
the pre-deformation gradually increases to 8%
(Fig. 12 al-a3). Accordingly, the continuous micro-
coupling of deformed alloy A also consists of GBPs
and PFZs. The higher IGC susceptibility of alloy A
with 2% PD is mainly attributed to the more contin-
uous GBPs with a higher I, value. In addition,
excess Mg atoms preferentially segregate along the
grain boundaries, which is detrimental to the IGC
resistance. Some studies have demonstrated that Mg
segregations along grain boundaries can promote
intergranular corrosion in aluminum alloys due to

Mg-Si-Cu-Zn precipitate
#® Si particle

Intragranular precipitate

e Heterogeneous precipitate

the preferential dissolution of Mg at the electro-
chemical micro-couples [61]. With further increases
in pre-deformation ratio, whether GBPs or PFZs
decrease and the segregation of Mg is suppressed,
leading to the improvement in the IGC resistance in
alloy A.

For alloy B with different pre-deformation ratios,
the PFZs have almost been eliminated, and the con-
tinuity of stable GBPs decreased (Fig. 12b1-b3).
Therefore, the continuous micro-coupling of
deformed alloy B is considered to consist of GBPs and
Al matrix. Furthermore, many metastable Mg-5i
phases gradually nucleate and grow along grain
boundaries as a pre-deformation ratio increases to
8%. Although stable Mg-Si particles are beneficial for
improving the corrosion resistance compared to
alloys with coherent Mg-Si precipitates, the nucle-
ation rate of coherent Mg-Si precipitates has been
limited. As a result, the IGC susceptibility of alloy B
decreases first and then increases slightly when the
pre-deformation ratio increases gradually to 8%,
which is consistent with the change in the I, value.
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Furthermore, the continuous GBPs and PFZs show
a substantial decrease in Si-rich alloy C when the pre-
deformation gradually increases to 8% (Fig. 12¢3). In
addition, some Si particles formed along grain
boundaries due to the segregation of excess 5i atoms
(Fig. 12c2). The corrosion potentials of the Al matrix,
Si, and Mg,5i arranged in decreasing order for the
Al-Mg-Si  alloy are as follows: Si> Al
matrix > Mg,5Si in 3.5 wt% NaCl solution [10, 15].
Therefore, corrosion preferentially develops on the
surface of Mg,Si particles. Although there is sub-
stantial evidence to suggest that Si is an ineffective
cathode in aluminum alloys, precipitated elemental
Si on grain boundaries was claimed to act as local
cathodic sites in alloys containing excess Si. How-
ever, with dissolution, the Mg,Si particles become
enriched with Si because of the preferential dissolu-
tion of Mg from the Mg,Si particles [10, 65]. In this
way, the Si-enriched phases serve as cathodes to
induce IGC. Some literature has shown that prefer-
ential segregation of Si at the grain boundaries
increases the IGC susceptibility of Al-Mg-5i alloys
[10]. Here, although Si particles formed along grain
boundaries, Mg-Si particles were distributed more
discontinuously with a substantial decrease in den-
sity by pre-deformation. Correspondingly, the .o,
value decreased, and the IGC resistance of deformed
alloy C was enhanced. Hereafter, with further
increasing pre-deformation, the PFZs were elimi-
nated with the more discontinuous distribution of
GBPs. Finally, it is difficult to form corrosion micro-
couplings between the alloy matrix and GBPs.
Accordingly, it can be concluded that the IGC sus-
ceptibility of Al-Mg-Si-Cu—Zn alloys can be regu-
lated by coupling pre-deformation and Si content.

Conclusions

In this study, the intragranular and intergranular
precipitation behavior of Al-Mg-5i-Cu—Zn alloys has
been systematically investigated via coupling pre-
deformation and Si content. Subsequently, the
mechanism between precipitation microstructure and
the strength, ductility, and IGC susceptibility of the
peak-aged alloys was deeply analyzed. The following
conclusions can be drawn:

(1) The strength and ductility of the peak-aged Al-
Mg-5i-Cu-Zn alloys increase, but intergranular cor-
rosion resistance first decreases and then remain
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stable as Si content increases. With the introduction
of dislocations by pre-deformation, the age-harden-
ing response and intergranular corrosion resistance
of Al-Mg-Si-Cu-Zn alloys have been largely
improved without losing their strength and ductility.
(2) The intragranular precipitation behavior in the
Al-Mg-Si-Cu—Zn alloys is strongly associated with
the change in pre-deformation ratio and Si content.
First, precipitates (GP zones, " phase and pre-Q’
phase) can preferentially nucleate and grow along
dislocations induced by pre-deformation, while the
nucleation rate of precipitates in the matrix of no
dislocations can also be enhanced. Second, the aver-
age length of needle precipitates increases with
increasing pre-deformation ratio due to the higher
diffusion rate of solute atoms assisted by dislocations.
Accordingly, the age-hardening response can be
enhanced by pre-deformation treatment. In addition,
in the pre-deformed alloys, the average length of the
needle-like precipitates increases while the diameter
decreases due to the mutually exclusive effect of
nucleation rate and growth rate of the precipitates.
(3) The intergranular precipitation behavior is
associated well with Si content and pre-deformation
ratios. In general, the continuity GBPs and width of
PFZs decrease after appropriate pre-deformation
treatment, because the segregation of solute atoms at
the grain boundaries can be suppressed and the
nucleation rate of intragranular precipitates can be
enhanced by pre-deformation treatment. Especially,
the segregation of Cu atoms or Zn atoms at grain
boundaries can be suppressed due to the enhanced
interaction force between Mg and Zn atoms, so the
formation of Cu-rich film or Zn-rich film along grain
boundaries can also be inhibited by pre-deformation
treatment. However, excess Si or Mg content is
instead preferentially segregated along grain bound-
aries with the low density of dislocations, thus
affecting the nucleation rate of the GBPs and ulti-
mately affecting the IGC resistance. The related
mechanisms have been discussed in this paper.
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