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Effect of pre-strain on microstructure and stress corrosion cracking
of over-aged 7050 aluminum alloy
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bstract

The effect of pre-strain on the microstructure and stress corrosion cracking of over-aged 7050 aluminum alloy was investigated. In the over-aged
050 alloy the �- (MgZn ) phase was the main precipitates. The size of the �-phase particles within grains increased with increasing the pre-strain
2

eformation, which resulted in the reduction in the mechanical strength of the alloy. Compared to that of the sample without pre-strain, the
recipitates in the grain boundaries of pre-strained samples became smaller and tended to form relatively continuous distribution with increasing
he pre-strain percents, resulting in a continuous decrease in the stress corrosion cracking (SCC) resistance.

2008 Elsevier B.V. All rights reserved.
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. Introduction

7000 series aluminum alloys are widely used in aircraft struc-
ures due to the high strength and low density [1]. The high
trength of the 7000 series alloys is due to the fine and uniformly
istributed precipitates in the matrix which precipitate during
he artificial aging. The usual precipitation sequence of the
000 series Al alloys can be summarized as: Solid solution–GP
ones–Metastable �′–Stable � (MgZn2) [2–4]. In the peak aged
T6) 7000 series aluminum alloys, the �′-phase is the main pre-
ipitates. However, for the over-aging temper (T7×) the main
recipitate is the �-phase [5–7].

The stress corrosion cracking (SCC) resistance is of practi-
al importance for the industrial applications of the 7000 series
luminum alloys. Until the middle of the 1970s, the mechanism
f the SCC was thought to be associated with simple anodic
issolution of the grain boundary region because the SCC is
requently intergranular for these alloys [1]. However, the subse-
uent investigations indicated that the hydrogen which induced

ydrogen embrittlement plays an important role in this process
8,9]. Recently, it was reported that both anodic dissolution and
ydrogen embrittlement operated in the SCC process [10]. Fur-
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hermore, it was suggested that the Mg segregation also plays an
mportant role in the SCC process [11,12]. Although the SCC
echanism is not completely understood in these alloys, many

fforts have been made to correlate the heat treatment and resul-
ant microstructure with the SCC behavior of the alloys [13–15].
he major microstructural features that affect the SCC resistance
re the grain boundary precipitates (GBP). The SCC resistance
ould be improved by increasing both size and interval of the
BP. For the over-aged 7000 series alloys, the grain boundaries

re characterized by large and discontinuous precipitates. There-
ore the SCC susceptibility of the 7000 series alloys could be
ignificantly improved under over-aged condition.

A pre-strain is usually applied to the 7000 series alloys in the
s-quenched state to relieve quench-induced internal stress [16].
t is widely recognized that the presence of dislocations which
re generated in the pre-strain process greatly influences the
ubsequent precipitation process, thereby affecting the mechan-
cal properties of age-hardened aluminum alloys. For the 7000
eries alloys, the pre-strain usually results in the generation of
quilibrium phase � (MgZn2) on the dislocation network and
herefore reduces the amount of the solutes for the formation of

ain hardening phase �′ in the T6 temper, which decreases the

echanical strength of the alloys [17,18].
Although the effect of the pre-strain on the strength of the

000 series alloys is well documented [17,18], there is no report
o far about the influence of the pre-strain on the grain boundary
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Table 1
Chemical compositions of 7050 Al alloy (wt.%)

Zn 6.18
Mg 2.20
Cu 2.21
Zr 0.13
Si 0.11
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Table 2
Transverse mechanical properties of over-aged 7050 Al plate at a strain rate of
1 × 10−6 s−1

Pre-strain (%) UTS (MPa) Elongation (%)

In air In 3.5% NaCl In air In 3.5% NaCl

0 512 507 6.6 6.2
1 507 499 7.1 6.5
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saline solution (Fig. 2(b)). This is attributed to the preferen-
tial deformation of the precipitate free zone around the grain
boundary area [19]. Furthermore, some large dimples and cleav-
e 0.10
l Balance

recipitates and the SCC resistance of the 7000 series alloys. In
his paper, we studied the microstructure and the SCC behavior
f over-aged 7050 aluminum alloy with various pre-strain per-
ents. The aims are (a) to examine the effect of the pre-strain
ercents on the microstructural evolution of high strength 7050
luminum alloy, in particular the grain boundary precipitates
nd (b) to evaluate the effect of the change in the grain boundary
recipitates on the SCC resistance.

. Experimental

7050 aluminum casting was used as the raw material and the chemical com-
osition of the alloy is shown in Table 1. 20-mm thick plates were cut from
he casting and were homogenized at 470 ◦C for 48 h, and then quenched. The
omogenized plates were hot-rolled to 6 mm at 430 ◦C. The rolled samples were
olution treated at 470 ◦C for 1 h in a salt bath furnace followed by quenching in
ater at room temperature. Pre-straining was performed within 1 h after quench-

ng along the rolling direction under the permanent elongation of 0%, 1%, 2%
nd 5%, respectively. Then all the samples were aged at 120 ◦C for 6 h followed
y 165 ◦C for 16 h.

SCC resistance was evaluated using the slow strain rate test (SSRT) in the
ir and in an aqueous 3.5% NaCl solution with the gauge length of the speci-
ens being completely immersed during the test. Dog-bone shaped specimens
ith a gauge length of 10 mm, a width of 3 mm and a thickness of 1 mm were
achined from heat-treated plates with the tensile axis perpendicular to the

olling direction. Tensile tests were conducted at room temperature and a strain
ate of 1 × 10−6 s−1 by using an Instron 5848 testing machine.

The SCC susceptibility was evaluated by a ratio rtf, which is calculated by
14]:

tf = tfe

tfc
(1)

here tfe was the measurement of time-to-failure determined in the 3.5% NaCl
queous solution and tfc was the corresponding value determined in the air.

The fracture surfaces of the specimens were observed by the scanning elec-
ron microscopy (SEM). The precipitates in the over-aged samples was analyzed
sing the X-ray diffraction (XRD) and transmission electron microscopy (TEM).
hin foils for TEM were prepared by twin jet-polishing in 30% HNO3, 70%
thanol solution cooled to −35 ◦C with liquid nitrogen at 19 V. Differential
canning calorimetry (DSC) experiments were performed on TAQ 1000. The
eating rate was 10 K min−1.

. Results and discussion

Table 2 shows the tensile results of the over-aged 7050
amples with different pre-strain percents in the air and 3.5%
aCl solution at a strain rate of 1 × 10−6 s−1. The ultimate ten-

ile strength (UTS) of the samples tended to decrease as the

re-strain percents increased. The UTS of the sample with a
re-strain of 5% (here after referred to as 5% pre-strain sample)
ecreased by 32 MPa compared to that of the sample without
he pre-strain (hereafter referred to as 0% pre-strain sample).

F
a

507 507 8.3 6.5
480 480 7.5 6

he UTS of the samples tested in the 3.5% NaCl solution were
imilar to that tested in air. On the other hand, the elongation-
o-failure of the samples with pre-strain treatment tested in the
ir increased slightly compared to that of 0% pre-strain sample,
hich were higher than those in the 3.5% NaCl solution. Sim-

lar results were also reported in other 7000 aluminum alloys
11,17].

Fig. 1 illustrates the variation of the rtf with the pre-strain
ercents for the over-aged 7050 samples. The rtf is an index
or evaluating the SCC resistance of a material. The greater the
tf value, the better the SCC resistance is [14]. A rtf value of 1
mplies that the material exhibits no SCC susceptibility. Fig. 1
eveals that the rtf value of the 0% pre-strain sample is 0.97. This
eans the SCC hardly occurs in this sample. Similar result was

reviously reported in over-aged 7050 aluminum alloys [6,14].
urthermore, Fig. 1 shows that the rtf decreases as the pre-strain
ercents increases, indicating that the pre-strain tended to reduce
he SCC resistance of the 7050 aluminum alloy.

Fig. 2(a) presents a typical tensile fracture surface of the 0%
re-strain sample tested in the air. The fracture surface was char-
cterized by large dimples, showing the characteristic of ductile
racture. The fracture surfaces of the samples with various pre-
train percents tested in the air were similar to that of the 0%
re-strain sample. In contrast, intergranular microvoid coales-
ences were found in the 0% pre-strain sample tested in the
ig. 1. Variation of rtf with pre-strain percents for over-aged 7050 aluminum
lloy.
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ig. 2. SEM micrographs showing SSRT fracture surfaces of 7050 samples wit
n air and (b–e) in 3.5% NaCl solution.

ge facets were also observed on the fracture surface of this
ample. Fig. 2(c)–(e) shows the tensile fracture surfaces of the
amples with a pre-strain of 1, 2 and 5%, respectively, tested

n the saline solution. The large dimples on the fracture sur-
ace became less as the pre-strain percent increased, whereas the
ntergranular microvoid coalescences became more. For the 5%
re-strain sample, the dimples disappeared nearly and the frac-

g

o
m

nd b) a pre-strain of 0% and (c–e) a pre-strain of 1, 2 and 5%, respectively; (a)

ure surface was characterized by the intergranular microvoid
oalescences and cleavage facets (Fig. 2(e)). The predominance
f the intergranular microvoid coalescences suggested that the

rain boundaries were the preferential paths for the SCC.

It is well documented that the strength and the SCC resistance
f the 7050 aluminum alloy are significantly dependent on the
icrostructure. In the over-aged 7050 alloy the main precipitates



448 D. Wang, Z.Y. Ma / Journal of Alloys and Compounds 469 (2009) 445–450

F
r

a
o
d
s

F
w

ig. 3. X-ray diffraction patterns of 7050 samples with a pre-strain of 0 and 5%,
espectively.
re the �-phase [20]. Fig. 3 shows the X-ray diffraction patterns
f the samples with a pre-strain of 0 and 5%, respectively. The
iffraction peaks of the �- (MgZn2) phase were observed in both
amples, suggesting that the �-phase was the main precipitate

ig. 4. TEM micrographs showing precipitates within grains of 7050 samples
ith a pre-strain of (a) 0% and (b) 5%.
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ig. 5. TEM micrographs showing dislocations of 5% pre-strain 7050 sample
rior to aging: (a) within grains and (b) around grain boundaries.

n both samples. This is consistent with the previous studies
20].

Fig. 4 shows the TEM images of the samples with a pre-strain
ercents of 0 and 5%, respectively. The main precipitates within
he grains were the �-phase in both samples. In the 0% pre-

train sample the precipitates were homogeneously distributed.
owever, in the 5% pre-strain sample some coarse precipitates

ppeared within the grains and there were no other precipitates
round these coarse precipitates. It is well known that dislo-

Fig. 6. DSC curves of 0 and 5% pre-strain samples.
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Fig. 7. TEM micrographs showing grain boundary precipitate

ations can be generated in a metallic material during cold
eformation. Fig. 5(a) shows the TEM image of the 5% pre-
train sample prior to the aging. High density of dislocations
as clearly visible within the grains, without the precipitates on

he dislocations. The dislocations could provide efficient sites
or heterogeneous nucleation of the precipitates and they were
lso fast diffusion paths for the precipitation elements in the
ging process [18,21].

Fig. 6 illustrates the DSC curves for the 0 and 5% pre-strain
amples. Since the samples were under the over-aged condition,
he formation and dissolution of GP zones were not observed
n these curves. Recent studies [22,23] indicated that peak I
as caused by the dissolution of the small �-phase, peak II

orresponded to the coarsening of the �-phase, and peak III
as due to the dissolution of the �-phase. And peak IV was

ssociated with the dissolution of S-phase (Al2CuMg). The DSC
urves of the 0 and 5% pre-strain samples were all but same.
owever, it is noted that the incipient temperature of peak I in

he 0% pre-strain sample was 172 ◦C, but that in the 5% pre-
train sample was 180 ◦C. This means that the average size of
he fine �-phase in the 5% pre-strain sample was larger than that

n the 0% pre-strain sample.

In the pre-strain samples, the dislocations provided efficient
ites for heterogeneous nucleation of the �′-phase at 120 ◦C and
ccelerated the elements diffusion in the early aging process and

g

b
C

050 samples with a pre-strain of (a) 0%, (b) 1%, and (c) 5%.

ade the �′-phase coarsen in this process. When the samples
ere aged at 165 ◦C, the �′-phase transformed to the �-phase.
hile some �′-phase precipitated in the dislocations network

rew up and formed the coarse precipitates in the matrix, part
f �′-phase transformed to �-phase directly, which increased
he average size of the small �-phase. Therefore, the coarsening
f � phases in the pre-strained samples reduced the density of
he precipitates within the grains, leading to a reduction of the
trength (Table 2).

In the over-aged 7050 alloy, the grain boundaries were char-
cterized by the coarse and discontinuously distributed �-phase
articles that exert an important effect on the SCC susceptibil-
ty of the alloy. Fig. 7 shows the TEM images of the samples
ith various pre-strain percents. In these samples, all the grain
oundaries were decorated with the coarse and discontinuously
istributed �-phase particles. The 0% pre-strain sample had the
argest grain boundary precipitates. With increasing the pre-
train percents, the �-phase particles at the grain boundaries
ecame smaller and tended to form relatively continuous distri-
ution. The small grain boundaries particles were of benefit to
he toughness of the samples [24] which resulted in that the elon-

ation increased slightly as the pre-strain percents increased.

Fig. 5(b) shows the dislocations distributed around the grain
oundaries in the 5% pre-strain sample prior to the aging.
learly, the dislocations were also aggregated around the grain
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oundaries. Similar to the situation in the grains, the dislocations
n the grain boundaries also provided heterogeneous nucleation
ites for the �-phase particles. Consequently, the precipitates
n the grain boundaries became smaller and tended to form
elatively continuous distribution (Fig. 7).

Recently, the mechanism of the SCC in the Al–Zn–Mg–Cu
lloys was thought to be both anodic dissolution and hydrogen
mbrittlement [10]. The precipitates in the grain boundaries were
g-rich phases in these alloys, which had the electrode poten-

ial different from the Al matrix. That would result in the anodic
issolution in the aqueous chloride solutions. Furthermore, the
ydrogen in the crack tip also led to the hydrogen embrittlement
n the grain boundaries. In the over-aged 7050 aluminum alloy, it
s impossible to wipe off the Mg-containing �-phase particles in
he grain boundaries. The large size and interparticle spacing of
he grain boundary particles, as shown in Fig. 7a, decreased the
nodic dissolution speed. Song et al. [11,12] reported that the
lement Mg in the grain boundaries had the electronegativity dif-
erence between Mg and H atom larger than that between Al and

atom. Therefore, Mg in the grain boundaries could increase
he amount of hydrogen absorbed and consequently accelerate
ts diffusion and enhance the solution degree of hydrogen in the
rain boundaries. This may result in the embrittlement of the
rain boundaries and accelerate the growth of the stress corro-
ion cracks. The large �-phase particles in the grain boundaries
n the 0% pre-strain sample could also act as the trapping sites
or atomic hydrogen and created molecular hydrogen bubbles
o reduce the concentration of the atomic hydrogen in the grain
oundaries, therefore, the SCC occurred hardly in this sample.
owever, in the pre-strain samples the precipitates in the grain
oundaries were smaller than those in the 0% pre-strain sam-
les. That would increase the anodic dissolution speed, reduce
he number of trapped hydrogen atoms, and increase the hydro-
en atom diffusion on the grain boundaries. Therefore, the stress
orrosion cracking would be easier to expand in these samples. In
his case, the SCC resistance of the pre-strain samples would be
ignificantly decreased, compared to the 0% pre-strain sample.

. Conclusions
1) The main precipitate in the over-aged 7050 aluminum alloy
was the �- (MgZn2) phase. Pre-strain caused the coarsening
of the precipitates within the grains and reduced the size of
the precipitates on the grain boundaries.

[
[
[
[

Compounds 469 (2009) 445–450

2) The strength of the over-aged 7050 aluminum alloy
decreased with increasing the pre-strain percents because
of the precipitate coarsening within the grains.

3) The SCC resistance of the over-aged 7050 aluminum alloy
decreased with increasing the pre-strain percents because
the precipitates in the grain boundaries became small and
tended to form relatively continuous distribution.
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