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Abstract: Effects of actual marine atmospheric precorrosion and prefatigue on the fatigue property
of 7085-T7452 aluminum alloy were investigated by using the methods of marine atmospheric
outdoor exposure tests and constant amplitude axial fatigue tests. Marine atmospheric corrosion
morphologies, fatigue life, and fatigue fractography were analyzed. After three months of outdoor
exposure, both pitting corrosion and intergranular corrosion (IGC) occurred, while the latter was the
dominant marine atmospheric corrosion mode. Marine atmospheric precorrosion could result in a
dramatical decrease in the fatigue life of the as-received 7085-T7452 aluminum alloy, while selective
prefatigue can improve the total fatigue life of the precorroded specimen. The mechanism of the
actual marine atmospheric corrosion and its effects on the fatigue life of the 7085-T7452 aluminum
alloy were also discussed.

Keywords: 7085 aluminum alloy; actual marine atmospheric environment; outdoor exposure test;

corrosion; fatigue

1. Introduction

7085 aluminum alloy has received great attention in aerospace and automotive in-
dustries because of its outstanding properties such as low density, high specific strength,
low quenching sensitivity, and good thermal stability [1-9]. Recently, 7085 aluminum
alloy has been used as structural parts in aircrafts, which are usually subjected to fatigue
loading damage [10,11]. Thus, a comprehensive understanding of the fatigue property of
7085 aluminum alloy is necessary. Several studies have been performed to elucidate the
fatigue behavior of 7085 aluminum alloy [12-16]. Burns et al. [12] investigated the role of
the plate thickness on the fatigue crack growth behavior of 7085 aluminum alloy and found
that the increased crack path roughness, tortuosity, and branching in the thicker plate might
result from the strain localization/cracking along precipitate-free zones. Dai et al. [14]
studied the fracture characteristics of a 7085 aluminum alloy thick plate during high-cycle
fatigue and pointed out that the fatigue crack of the 7085 aluminum alloy thick plate mainly
initiates at the locations of coarse Fe-rich particles on the specimen surface. Luong et al. [16]
studied the high-cycle fatigue performance of 7085 aluminum alloy treated with combi-
nations of laser peening and anodisation processes and reported that laser peening could
significantly improve the fatigue property of 7085 aluminum alloy.

In addition, as aircrafts are in service in coastal regions, the damage process of aircraft
aluminum alloy structures is mainly in the alternate “corrosion + fatigue” mode, i.e., marine
atmospheric corrosion damage is dominant when the aircraft parks in the airport, while
the fatigue loading damage is dominant when the aircraft is flying in a high-altitude
environment [17]. Obviously, marine atmospheric precorrosion and prefatigue loading
should have significant influences on the fatigue life of aluminum alloys. The effects
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of the precorrosion on the fatigue properties of aluminum alloys have been extensively
investigated [18-23]. For example, Song et al. [18] studied the fatigue damage evolution
in a precorroded 7075-T7651 aluminum alloy and found that the precorrosion of 48 h
in a standard exfoliation corrosion (EXCO) solution (234 g/L NaCl, 50 g/L KNOj3 and
6.3 mL/L HNO3) leads to a considerable decrease in the fatigue life. Genel [20] investigated
the effect of the pitting on the bending fatigue performance of the 7075-T6 aluminum alloy
precorroded by immersion in a 3.5% NaCl solution and reported that the decrease in fatigue
strength could reach about 60% owing to the presence of pitting. Walde et al. [22] studied
multiple fatigue crack growth behaviors of a precorroded 2024-T3 aluminum alloy by
accelerated corrosion and developed a fracture mechanics-based model to simulate the
multiple crack growth process.

However, to our knowledge, no study has been concerned on the effects of actual
marine atmospheric precorrosion and “precorrosion + prefatigue” on the fatigue property
of 7085 aluminum alloy so far. In this paper, actual marine atmospheric outdoor exposure
tests of 7085-T7452 aluminium alloy were performed for three months to obtain marine
atmospheric precorroded specimens. Atmospheric precorrosion + fatigue (PCF) tests and
precorrosion + prefatigue + fatigue (PCPFF) tests were carried out to obtain the fatigue life
of aluminum alloy specimens. The characteristics of the surface corrosion and the fatigue
fractography were analyzed. The mechanism of actual marine atmospheric corrosion and
its effects on the fatigue life were also discussed.

2. Experimental Procedure

The materials used in this work were 7085-T7452 aluminium alloy forgings supplied
by Southwest Aluminum (Group) Co., Ltd., Chongging, China. The chemical compositions
(wt %) of the 7085-T7452 aluminium alloy are shown in Table 1. In addition, the average
yield strength and tensile strength of the 7085-T7452 aluminium alloy were about 468 MPa
and 516 MPa, respectively. Dog-bone-shaped fatigue specimens (about 3 mm in thickness
and 80 mm in radius of the middle arcs (R80)), as indicated in Figure 1, were cut from the
7085-T7452 aluminium alloy forgings for marine atmosphere outdoor exposure tests and
fatigue tests. The surfaces of the as-received 7085-T7452 aluminium alloy specimens were
smooth and uncorroded (see Figure 1b).

Table 1. Chemical compositions (wt %) of the 7085-T7452 aluminum alloy.

Element Zn Mg Cu Fe Ti Si Cr Mn Al
Composition (wt %) 702 135 154 0.054 0.024 <005 <002 <002 Bal

(a)

R8p

Figure 1. (a) Geometry and dimensions of the specimens; (b) surface morphology of the as-received
7085-T7452 aluminium alloy specimen.
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The tests of the outdoor exposure in actual marine atmosphere were performed at
the Wanning test site located at north latitude 18°58'05” and east longitude 110°30'31” in
Hainan, China. Aluminum alloy specimens were installed on a test rack with the south-
facing surface, at an inclination of 45° from the horizontal surface. The test rack was 350 m
away from the coast. The specimens were directly subjected to the comprehensive effects
of solar radiation, rain, salt spray, temperature, and humidity. Precorroded specimens
exposed to the marine atmospheric environment for three months were retrieved and
kept in a desiccator (DZF-6020, Hefei Kejing Materials Technology Co., Ltd., Hefei, China).
The surface morphologies of the specimens suffering from atmospheric precorrosion were
observed using a scanning electron microscope (Evol8, Carl Zeiss, Oberkochen, Germany).
The selected specimens were cross-sectioned and polished for microstructural observation
by using an optical microscope (OM DMI5000M, Leica, Wetzlar, Germany). Thin foils of the
selected specimens were prepared for microstructural analysis by a transmission electron
microscope (JEM-2100, JEOL Ltd., Tokyo, Japan).

The constant amplitude axial fatigue tests of the uncorroded (as-received) and precor-
roded specimens were carried out using a QBG-50 fatigue-testing machine (Changchun
Qianbang, Changchun, China) in laboratory air at room temperature. For the uncorroded
fatigue (UCF) and PCF tests, the specimens were under cyclic loading until fracture, and
then the total fatigue life (N¢) was obtained. For the PCPFF tests, the selected precorroded
specimens were firstly preloaded for 10* cycles (Npf), then unloaded, held for about 3 min
and finally reloaded until fracture to obtain the residue fatigue life (N). That is, for the
PCPFF aluminum alloy specimens, the total fatigue life Ny was the sum of Np¢ and Ny, and
the prefatigue life (Npf) was 10% cycles. Sine a wave load and the maximum cyclic stress
of 230 MPa were applied in all the fatigue and prefatigue tests. Moreover, the stress ratio
(R) was set as 0.1, and the loading frequency was about 80 Hz. All the fatigue tests were
repeated at least five times. The micromorphology characteristics of fatigue fractures were
analyzed by a scanning electron microscope (Evol8, Carl Zeiss, Oberkochen, Germany).

3. Results and Discussion
3.1. Corrosion Characteristics

Figure 2 shows the surface morphology of the 7085-T7452 aluminum alloy specimen
exposed to an actual marine atmosphere for three months. As indicated, the aluminum
alloy specimen suffered from serious corrosion. Pitting corrosion could be observed at the
local region of the specimen surface, and some surface corrosion products were cracked.

Figure 2. Surface morphologies of the 7085-T7452 aluminum alloy specimen exposed to an actual
marine atmosphere for three months: (a) at a macroscopic scale; and (b,c) at a microscopic scale.
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Figure 3 shows the cross-sectional morphologies of different 7085-T7452 aluminum al-
loy specimens. It can be seen that no visible corrosion occurred in the as-received specimen
(Figure 3a), which was consistent with the result of surface morphology (Figure 1). After
three months of outdoor exposure in a marine atmosphere, pitting corrosion and intergran-
ular corrosion (IGC) could be observed in the 7085-T7452 aluminum alloy, as indicated in
Figure 3b. The maximum depth of the IGC zone was about 96.3 um. It was suggested that
the 7085-T7452 aluminium alloy was sensitive to IGC, which was the dominant corrosion
damage mode. Furthermore, the morphology of the precorrosion + prefatigue aluminum
alloy specimen (see Figure 3c) was similar to that of the precorroded specimen.

R ——
()

100 pm

100 pm

Pitting

IGC

100 pum

Figure 3. Cross-sectional morphologies of the 7085-T7452 aluminum alloy specimens: (a) as-received;
(b) precorrosion; and (c) precorrosion + prefatigue.

The average air temperature, relative humidity and C1~ deposition rate at the Wanning
test site were about 23.9 °C, 87.6% and 14.5875 mg/(m?2d), respectively [24]. As indicated,
the actual marine atmosphere environment at the Wanning test site was characterized by
high temperature, high humidity and high salt fog. In this case, electrolyte water films
containing CI~ easily formed on the 7085-T7452 aluminum alloy surface. C1~ in the water
films could preferentially destroy the local and weak area of the surface oxide film of the
aluminum alloy and thus resulted in pitting holes progressively. Under the action of an
electrolyte solution, corrosive galvanic cells might be formed by the aluminum alloy matrix
exposed in pitting holes and the adjacent surface oxide film. The 7085-T7452 aluminum
alloy matrix had a lower corrosion potential and acted as the anode. The surface oxide
film of the aluminium alloy had a higher corrosion potential and acted as the cathode. The
small anode and the large cathode formed in the pitting holes could accelerate the corrosion
dissolution of the 7085-T7452 aluminum alloy matrix.
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As pitting corrosion reached a certain degree, the corrosion began to develop along
the grain boundary to the interior of the 7085-T7452 aluminum alloy matrix and thus IGC
occurred. It is known that the IGC is closely related to the microstructure of aluminum
alloy. Generally, the precipitation sequence of the second phase in 7xxx alloy system during
the aging process could be expressed as [25-27]:

Supersaturate solid solution — Guinier-Preston (GP) zones — 17" — 1 (MgZny).

where GP zones are the enrichment regions of Mg and Zn atoms; ' is the transition
phase; 7 (MgZny) is the equilibrium phase. GP zones and 7’ usually precipitate within
the grains, while # (MgZn;) is formed at the grain and/or sub-grain boundaries in 7xxx
aluminum alloy [28]. As shown in Figure 4, for the used 7085-T7452 aluminum alloy,
lots of fine precipitates exhibited a homogeneous distribution in the matrix grains, while
some coarser precipitates were identified at the grain boundaries. These grain boundary
precipitates (GBPs) could be deduced to be the equilibrium 7 (MgZn;,) phase [28-30], which
was also confirmed by the electron diffraction pattern of the GBPs, as indicated in Figure 4c.
Compared with the 7085-T7452 aluminum alloy matrix, the corrosion potential of 7 (MgZn;)
was lower [31] and would act as the anode. Consequently, under the action of electrolyte
water films containing C1~, the GBPs were preferentially dissolved, and thus, the grain
boundaries suffered from corrosion, inducing the IGC. Furthermore, the pollutants such
as SO, and NO; in the actual marine atmosphere could be dissolved in the electrolyte
water film on the surface of the aluminum alloy and gave rise to corrosive ions (SO42~ and
NO;3;7) [32], accelerating the marine atmospheric corrosion of the 7085-T7452 aluminum
alloy specimens.

Figure 4. TEM images of the 7085-T7452 aluminum alloy specimen: (a) grain interior morphology;
(b) grain boundary morphology; and (c) electron diffraction pattern of grain boundary precipi-
tates (GBPs).

3.2. Fatigue Property

Figure 5 shows the average fatigue lives of different 7085-T7452 aluminum alloy speci-
mens. As indicated, the average total fatigue lives (N¢) of the PCF and PCPFF aluminum
alloy specimens exposed for three months were about 2.2 x 10* cycles and 3.1 x 10 cycles,
respectively. They were much lower than that of the as-received (UCF) specimen (about
33.1 x 10* cycles). In addition, it should be noted that the average total fatigue life (N¢) of
the PCPFF aluminum alloy specimens was increased by about 41% compared with that of
the PCF specimens, suggesting that selective prefatigue could improve the fatigue life of
the atmospheric-precorrosion 7085-T7452 aluminum alloy.
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Figure 5. Average fatigue lives of different 7085-17452 aluminum alloy specimens: N¢, Npf, and Ny

are the total fatigue life, prefatigue life, and residue fatigue life, respectively.

Figure 6 shows the SEM images of fatigue fractography of the UCF, PCF, and PCPFF
7085-T7452 aluminium alloy specimens. For the UCF (as-received) specimen, the initiation
of fatigue crack occurred at the specimen surface defect, which was easier to induce stress
concentration, as shown in Figure 6a,b. Furthermore, a typical river pattern radiating
from the fatigue crack initiation (see Figure 6a), the direction of which was consistent with
the fatigue crack propagation direction, could be observed in the initial stage of crack
propagation. It might be related to the formed fatigue steps resulting from the continuous
generation of cleavage planes during fatigue crack propagation. As indicated in Figure 6¢cf,
the fatigue fracture characteristics of the PCF and PCPFF specimens were similar. Two
adjacent fatigue crack initiation sites existed at/near the edge of specimen. Fatigue cracks
initiated at the local corrosion zone, which had an IGC characteristic (see Figure 6d,f).
River-like patterns could also be observed but became irregular, which might be attributed
to the interaction effect of the propagation process of the fatigue cracks originating from
the two adjacent sites. Moreover, as shown in Figure 3b, the depth of IGC was not uniform,
which might result in a higher stress concentration and thus accelerate the initiation of
fatigue crack under cyclic stresses. As a consequence, the fatigue life of the precorroded
7085-T7452 aluminum alloy specimen exposed to an actual marine atmosphere for three
months was reduced by about 93% compared with that of the as-received specimen.

In addition, as mentioned above, the total fatigue life (Ny) of the precorroded 7085-T7452
aluminum alloy was increased by selective prefatigue. We presumed that it might be at-
tributed to the following effects. On the one hand, the dislocation density of the precorroded
7085-T7452 aluminum alloy in the marine atmosphere might be increased during the pro-
cess of prefatigue, which would improve the fatigue strength of the aluminum alloy. On
the other hand, the intermittent effect caused by the unloading process following the prefa-
tigue might release the residual stresses in the precorroded 7085-T7452 aluminum alloy
specimens, which would delay the initiation of fatigue crack and reduce the fatigue crack
growth rate. Moreover, it is worth mentioning that unloading in the process of the fatigue
test has a significant influence on the fatigue properties of materials and thus it should not
be ignored in the measurement and prediction of fatigue life.
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Figure 6. SEM images of the fatigue fractographies of the different 7085-T7452 aluminum alloy
specimens: (a,b) uncorroded fatigue (UCF); (¢,d) precorrosion + fatigue (PCF); (e,f) precorrosion +
prefatigue + fatigue (PCPFF).

4. Conclusions

(1) For the 7085-T7452 aluminum alloy exposed for three months in an actual marine
atmosphere, both pitting corrosion and IGC were observed. The dominant corrosion
mode, IGC, was attributed to the preferential anodic dissolution of GBPs (1) which
had a lower corrosion potential than that of the aluminum alloy matrix.

(2) Local stress concentration caused by the nonuniform depth of IGC could seriously
reduce the initiation period of fatigue crack under cyclic stresses and thus dramatically
decreased the fatigue life of the 7085-T7452 aluminum alloy.

(3)  Selective prefatigue could improve the fatigue life of the precorroded 7085 aluminum
alloy, which might be related to the increase of the dislocation density and the release
of residual stresses due to the intermittent effect following the prefatigue.
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