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KEYWORDS Abstract The bimodal grain size metals show improved strength and ductility compared to tradi-
7075 aluminum alloy; tional metals; however, their corrosion properties are unknown. In order to evaluate the corrosion
Corrosion; properties of these metals, the bimodal grain size 7075 aviation aluminum alloys containing differ-
Spark plasma sintering; ent ratios of coarse (100 pm in diameter) and fine (10 pm in diameter) grains were prepared by spark
Transmission electron plasma sintering (SPS). The effects of grain size as well as the mixture degree of coarse and fine
microscope grains on general corrosion were estimated by immersion tests, electrochemical measurements

and complementary techniques such as scanning electron microscope (SEM) and transmission elec-
tron microscope-energy disperse spectroscopy (TEM-EDS). The results show that, compared to fine
grains, the coarse grains have a faster dissolution rate in acidic NaCl solution due to the bigger size,
higher alloying elements content and larger area fraction of second phases in them. In coarse grains,
the hydrogen ions have a faster reduction rate on cathodic second phases, therefore promoting the
corrosion propagation. The mixture of coarse and fine grains also increases the electrochemical
heterogeneity of alloys in micro-scale, and thus the increased mixture degree of these grains in metal

matrix accelerates the corrosion rate of alloys in acidic NaCl solution.
© 2017 Production and hosting by Elsevier Ltd. on behalf of Chinese Society of Aeronautics and
Astronautics. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org,
licenses/by-nc-nd/4.0/).

1. Introduction of their excellent mechanical properties and relatively good
resistance to corrosion and fatigue.' ¢ The 7xxx series alloys

Al-Zn-Mg-Cu (7xxx series) alloys are ultra-high strength alu- have. a remarkably increas.ed strength compal.red to pure
minum alloys and widely used in aerospace industry because alurpl.num because of the high amount of allqymg elements
addition. Many types of strengthening particles, such as

_— _ MgZn, (n-phase), AlL,CuMg (S-phase), Al;Cu2Fe, Al,;CuFe,
Corresponding author. and Mg,Si precipitated in metal matrix during aging and thus
E-mail address: Songmei_li@buaa.edu.cn (S. Li). enhanced the strength of alloys. Even though Al-Zn-Mg-Cu
alloys have a superficial oxide (passive) film to resist corrosion,
their corrosion resistance still deteriorates significantly com-
be B pared to pure aluminum, and are very susceptible to localized
ELSEVIER Production and hosting by Elsevier corrosion, including pitting, intergranular corrosion (IGC)
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and exfoliation corrosion (EXCO),” '* because of the electro-
chemical heterogeneity caused by second (strengthening)
phases. Both the anodic particles (usually containing Al, Zn
and Mg) and the cathodic particles (usually containing Al,
Fe, Cu and Mn) can induce severe micro galvanic-coupling
corrosion, because they exhibit different electrochemical activ-
ity and passivation ability compared to surrounding
matrix.®'0 12

Some kinds of heat treatments such as quenching and aging
have been employed to improve both the strength and corro-
sion resistance of Al-Zn-Mg-Cu alloys. These heat treatments
usually include several adequate steps to modify the distribu-
tion, density, size and microchemistry of strengthening parti-
cles.!™* 5 Quenching is an important step usually
performed after solution treatment on Al-Zn-Mg-Cu alloys,
and has great effects on microstructure and microchemistry
of alloys matrix (including strengthening precipitates and pre-
cipitates free zone), therefore affecting alloys’ corrosion resis-
tance remarkably. Slowing quenching could deteriorate both
the strength and corrosion resistance of alloys owing to the
heterogeneous precipitation of more continuous and bigger
n-phase (MgZn,) on grain/sub-grain boundaries.'>'*!¢1%
The Cu element content in n-phase also decreases with slowing
quenching rate, therefore increases the electrochemical activity
of particles and thus deteriorates corrosion resistance of
alloys.'”** However, rapid quenching from solution treatment
temperature always leads to high residual stress in metal
matrix which usually causes cracks, deformation and exfolia-
tion on thick plates.”’ Therefore, the step-quenching and aging
(SQA) treatments were developed to deal with the shortcom-
ings of traditional quenching treatments.'*'*

Apart from quenching, aging is another important heat
treatment to 7xxx series aluminum alloys, which can also
change the mechanical performance and corrosion susceptibil-
ity of alloys significantly. The Al-Zn-Mg-Cu alloys usually get
the highest strength under peak-aging condition, but they are
susceptible to stress corrosion and localized corrosion under
this condition, because of the small size and continuous distri-
bution of second phases in grain boundaries.'***%* In order to
improve the service life of Al-Zn-Mg-Cu alloys and enhance
the safety of aircraft, over-aging treatments are usually per-
formed on alloys to improve the corrosion resistance, however
with a 10%-15% decrease in strength. The increased content of
Cu as well as decreased content of Zn, bigger size and more
separated features of n-phase particles along grain boundaries
are the main reasons of increased corrosion resistance of alloys
after over-aging.'”>" >> A so-called three-step aging treatment
termed as retrogression and re-aging (RRA) was developed in
recent years to obtain the balance between strength and corro-
sion resistance. After this treatment, the high density and small
sized second phases distributed homogeneously in metal
matrix; therefore, the alloys obtained high strength as peak-
aging and good corrosion resistance as over-aging.'>'*

A so-called core-shell structure was developed by Ameyama
et al.”® ?® in recent years to improve both the ductility and
strength of traditional metals. In this kind of structure, the fine
(small) grains assembled a three-dimensionally connected net-
work as the shell, while the coarse grains were embedded in
this network as the core. However, up to now, this interesting
structure was seldom carried out on Al-Zn-Mg-Cu ultra-high
strength aluminum alloys. Besides, the effects of the bimodal
grain size structure on corrosion were never investigated thor-

oughly. In this work, the bimodal grain size AA7075 alu-
minum alloys containing different mass fraction of coarse
and fine grains are sintered by spark plasma sintering (SPS).
The corrosion behavior of these alloys in acidic NaCl solution
is also investigated.

2. Experiment

2.1. Materials and preparation

Two kinds of rotating disk centrifugal atomized 7075 alu-
minum alloy powders were used to prepare bulk alloys. The
100 pm diameter powders simulate coarse grains, while the
10 pm diameter powders simulate fine grains in metal matrix;
these two kinds of powders were wetly blended in an acetone
ultrasonic bath for 2 h, and then dried in vacuum at 50 °C
for 12 h. The dried mixed alloy powders were loaded in a cylin-
drical graphite die for SPS sintering. The sintering temperature
was 450 °C with 1 min dwell time and a heating rate of 50 °C/
min in vacuum. A uniaxial pressure of 60 MPa was applied
during the sintering. The sintered alloys were cooled naturally
in vacuum after sintering.” Six kinds of 7075 alloys named as
AL1-AL6 were sintered by SPS, and these alloys contained dif-
ferent mass fraction of coarse and fine grains as shown in
Table 1. The mixture degree of coarse and fine grains increased
with the decreasing content difference between them, i.e., AL3
and AL4 had relatively high mixture degree of coarse and fine
grains. The chemical composition (wt%) of the alloys and
unsintered powders was measured by Optima-7000DV induc-
tively coupled plasma atomic emission spectrometer
(ICP-AES). The element content (wt%) of AL1-AL6 and pow-
ders is the same and listed as follows: Zn 5.6, Mg 2.8, Cu 1.8,
Fe 0.4, Si 0.2, Mn 0.05, Ti 0.05, Cr 0.05, Zr 0.05 and Al
balance.

2.2. Microstructure measurements

Leica-4000 optical microscope was used to obtain the metallo-
graphic morphologies of alloys. The back-scattered electron
images (BEI) of alloys and unsintered powders were revealed
by Apollo-300 scanning electron microscope (SEM). JEOL-
2100F transmission electron microscope (TEM) equipped with
energy dispersive X-ray spectroscopy (EDS) was used to ana-
lyze the detailed morphologies and composition of second
phases in metal matrix. The high angle annular dark field
(HAADF) images of alloys were taken by TEM. The area frac-
tion of second phases in metal matrix was calculated by Ima-
gel software. The corroded surface of alloys was observed by
KH-7700 three-dimensional video microscope.

Table 1 Mass fraction of coarse and fine grains in alloys

ALI-ALS6.

Alloy Mass fraction of coarse Mass fraction of fine
grains grains

ALl  100% 0%

AL2  80% 20%

AL3  60% 40%

AL4  40% 60%

ALS  20% 80%

AL6 0% 100%
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