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A novel heat treatment procedure that combines the pre-strain with a two-step aging was proposed
to improve both the strength and stress corrosion cracking (SCC) resistance of the high strength 7050
aluminum alloy. The heat treatment included a post-quenching pre-strain of 5%, a high-temperature
aging at 200 ◦C for several minutes, and a subsequent low-temperature aging at 120 ◦C for 24 h. The yield
strength of the samples aged at 200 ◦C for 0.5 and 1 min was higher than that of the T6 sample. The SCC
resistance of these samples was improved compared to the T6 sample, due to the enlargement in the size
Aluminum
Stress corrosion cracking
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and the inter-particle distance of the grain boundaries precipitates and the decreases in the number of
the GP zone. Especially, the sample aged at 200 ◦C for 5 min exhibited a similar SCC resistance and much
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. Introduction

7000 series aluminum alloys are widely used in the aircraft
tructures 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 the
rtificial aging. The usual precipitation sequence of the 7000 series
l alloys can be summarized as: solid solution–GP zone–metastable
′–stable � (MgZn2) [2]. For the peak aged (T6) 7000 series alu-
inum alloys, the �′ phase is the main precipitate; however, for

he over aged temper (T7×) the � phase is the main precipitate
3,4].

The stress corrosion cracking (SCC) resistance is of practical
mportance for the industrial applications of the 7000 series alu-

inum alloys. Many efforts have been made to correlate the heat
reatment and the resultant microstructure with the SCC behav-
or of the alloys. The major microstructural features that affect the
CC resistance are the grain boundary precipitates (GBP). The SCC
esistance could be improved by increasing both the size and the
nter-particle distance of the GBP [5–7].
Heat treatments are widely used to improve the SCC susceptibil-
ty of aluminum alloys. In the industrial practice, over aging, namely
he T7× temper, is a general method to apply. Although the over-
ged 7000 series alloys have excellent SCC resistance, their strength
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s reduced by 10–15% compared to that of the T6-tempered alloys
8,9].

Therefore, extensive research efforts have been made to enhance
oth the strength and the SCC resistance of the 7000 series alloys.
ina [10] firstly reported the retrogression and re-aging (RRA) treat-
ent of 7075 alloy in the 1970s. The RRA involved in annealing of

6 sample at 180–240 ◦C for 5–2400 s (known as retrogression),
ollowed by cold water quenching and final T6-aging (known as re-
ging). After the RRA heat treatment, the precipitates on the grain
oundaries of the alloys became coarse, whereas those within the
rains were still fine. Thus, the SCC susceptibility of the alloys was
educed with the strength being kept to be similar to that obtained
n conventional T6 sample.

Ou et al. [4,11] proposed a step-quench and aging (SQA) treat-
ent for 7000 series alloys, in which the sample was quenched to
temperature of 200–220 ◦C from the solution treatment temper-
ture and kept for 10–30 s, then quenched to room temperature,
nally the quenched sample was aged to the T6 temper. This
reatment improved the SCC resistance substantially due to the
ncreased size and inter-particle distance of the GBP, while the
trength of the sample was similar to that achieved in the T6 sam-
le. However, this treatment was not suitable for the high quench
ensitive 7000 series alloys.

A pre-strain is usually applied to the 7000 series alloys in the

s-quenched state to relieve quench-induced internal stress [12].
t is widely recognized that the presence of the dislocations which
re generated in the pre-strain process greatly influences the sub-
equent precipitation process, thereby affecting the mechanical

http://www.sciencedirect.com/science/journal/09215093
mailto:zyma@imr.ac.cn
dx.doi.org/10.1016/j.msea.2008.04.023
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Table 1
Chemical compositions of 7050 Al alloy (wt.%)
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Table 3
Transverse mechanical properties of differently-treated 7050 samples at a strain rate
of 2 × 10−6 s−1

Temper UTS (MPa) Elongation (%)

In air In 3.5% NaCl In air In 3.5% NaCl rsol/air (%)

T6 588 591 8.6 5.8 67.4
T76 489 484 9.1 8.6 94.5
HTA0.5 589 590 8.6 5.9 68.6
H
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n Mg Cu Zr Si Fe Al

.18 2.20 2.21 0. 13 0.11 0.10 Bal.

roperties of age-hardened aluminum alloys. For the 7000 series
lloys, the pre-strain usually resulted in the generation of equi-
ibrium phase � (MgZn2) on the dislocation network, therefore
educed the amount of the solutes for the formation of the main
ardening phase �′ in the T6 sample, which decreased the mechan-

cal strength of the alloys [13,14]. However, it was also reported
hat the strain-hardening in the process of the pre-strain led to the
ncrease in the strength of the 7000 series alloys [15].

In this paper, a novel heat treatment procedure that combines
he pre-strain with a two-step aging treatment was proposed. The
ims are (a) to examine the effect of the pre-strain on the strength
f the high strength 7050 aluminum alloy and (b) to evaluate the
icrostructural evolution and SCC behavior of the samples treated
ith this novel treatment procedure.

. Experimental

7050 aluminum casting was used as the raw material and the
hemical composition of the alloy is shown in Table 1. 20 mm
hick plates were cut from the casting and were homogenized at
70 ◦C for 48 h, and then quenched to room temperature by using
ater. The homogenized plates were hot-rolled to 6 mm at 430 ◦C.

he rolled samples were solution treated at 470 ◦C for 1 h in a
alt bath furnace and then quenched into water at room tempera-
ure. Different treatment procedures as listed in Table 2 were used
fter quenching. In addition to the traditional T6, T651, and T76
reatments, a novel heat treatment procedure that combines the
re-strain and two-step aging was proposed. HTA0.5-30 samples

◦
eferred to the samples aged at 200 C for 0.5, 1, 5, 10 and 30 min,
espectively.

Dog-bone shaped tensile specimens with a gauge length of
3 mm and a gauge width of 4 mm and a thickness of 2 mm were
achined with their axes parallel to rolling direction. The tensile

able 2
eat treatment procedures used for 7050 Al alloy in this study

emper Heat treatment

6 470 ◦C/1 h + water quench + 120 ◦C/24 h
651 470 ◦C/1 h + water quench + 5% pre-strain + 120 ◦C/24 h
76 470 ◦C/1 h + water quench + 120 ◦C/6 h + 165 ◦C/16 h
TA 470 ◦C/1 h + water quench + 5% pre-strain + 200 ◦C/several

min + 120 ◦C/24 h

TA0.5-30 referred to the samples aged at 200 ◦C for 0.5, 1, 5, 10, and 30 min, respec-
ively.
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Fig. 1. Tensile properties of 7050 sampl
TA1 575 575 8.8 6.8 77.2
TA5 509 497 9.6 9.1 94.8

sol/air = elongation tested in 3.5% NaCl/elongation tested in air.

roperties were tested at a strain rate of 1 × 10−3 s−1 by using an
HIMADZU AG-100KNG testing machine.

SCC resistance of the 7050 samples was evaluated using the slow
train rate test (SSRT) in the air and in a 3.5% NaCl aqueous solution
ith the gauge length of the specimens being completely immersed
uring the test. Dog-bone shaped specimens with a gauge length
f 10 mm, a width of 3 mm and a thickness of 1 mm were machined
rom the heat-treated plates with the tensile axes perpendicular
o the rolling direction. Tensile tests were conducted at room tem-
erature with a strain rate of 2 × 10−6 s−1 by using an Instron 5848
esting machine.

The fracture surfaces of the specimens were observed by the
canning electron microscopy (SEM). The precipitates in the sam-
les were analyzed by transmission electron microscopy (TEM).
hin foils for TEM were prepared by twin jet-polishing in 30%
NO3, 70% ethanol solution cooled to −35 ◦C with liquid nitrogen
t 19 V. Differential scanning calorimetry (DSC) experiments were
erformed on TAQ 1000. The heating rate was 10 K min−1.

. Results and discussion

Fig. 1 illustrates the tensile properties of the 7050 samples with
arious heat treatments. Both the yield strength (YS) and ultimate
ensile strength (UTS) of the T6 sample were higher than those of
he T76 one. Similar result has been reported before [8]. The T651
ample with a pre-strain of 5% prior to the aging exhibited higher
S and UTS compared to the T6 sample, and the YS increased by
%, especially. The strength of the HTA samples decreased as the
ging time increased. The YS of the HTA0.5 and HTA1 samples was
lightly lower than that of the T651 sample, but still higher than
hat of the T6 and T76 samples. The strength of the HTA5 sample
as slightly higher than that of the T76 one, however, its elongation

ncreased by 17%. When the high temperature aging time was equal

o or greater than 10 min, the strength of the HTA samples was lower
han that of the T76 sample.

Table 3 shows the SSRT results of the differently treated samples
n the air and 3.5% NaCl solution at a strain rate of 2 × 10−6 s−1. The
TS values of the samples tested in the air were slightly lower than

es with various heat treatments.
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Fig. 2. SSRT curves of differently-treated 7050 samples in 3.5% NaCl solution.

hose shown in Fig. 1, since these samples were tested perpendic-
lar to the rolling direction at a lower strain rate. The UTS values of
he samples tested in the 3.5% NaCl solution were similar to those
ested in the air. However, the elongations in the 3.5% NaCl solu-
ion were lower than those in the air. The T6 sample had the lowest
longation in the 3.5% NaCl solution, indicating that the T6 sample
ad the worst SCC resistance among these samples. Similar results
ere also reported in other 7000 aluminum alloys [16]. However,
he elongation of all the HTA samples was larger than that of the
6 sample, indicating that the HTA procedure improved the SCC
esistance of the 7050 samples.

Fig. 2 shows the SSRT curves of the various 7050 samples. In
eneral, the longer displacement in the aqueous chloride solutions

b
m
T
t
s

Fig. 3. SEM micrographs showing SSRT fracture surfaces of differently treat
gineering A 494 (2008) 360–366

ndicates the better SCC resistance of the samples [4,16]. Similar to
he results in Table 3, the T6 sample had the worst SCC resistance
mong these samples. Nevertheless, because of the improvement
n the elongation of the HTA5 sample, the displacement of the HTA5
ample was larger than that of the T76 sample. For the HTA1 sam-
le, the displacement was similar to that of the T76 sample, which
as due to the higher YS of the HTA1 sample compared to the T76

ample. This indicates that both the displacement and the time to
ailure used previously to evaluate the SCC resistance [4,17] are not
ppropriate to the HTA samples.

In this study, we used an index rsol/air to evaluate the SCC-
esistance, which is the ratio of the elongations of the samples
ested in the 3.5% NaCl solution and in the air (shown in Table 3).
he greater the rsol/air value is, the better the SCC resistance is. The
sol/air value of 1 implies that the material exhibits no SCC suscepti-
ility. The lowest rsol/air value observed in the T6 sample indicates
hat the T6 sample had the worst SCC resistance among these sam-
les. The rsol/air of the HTA samples was larger than that of the T6
ample, and increased as the aging time increased. The rsol/air of the
TA5 sample was similar to that of the T76 sample, implying that

hey had a similar SCC resistance.
Fig. 3 presents the typical tensile fracture surfaces of the T6,

76 and HAT5 samples tested in the aqueous chloride solutions.
he fracture surface of the T6 sample was dominated by the
ntergranular fracture with severe corrosion, showing the typical

rittle fracture and SCC attack (Fig. 3(a)). In contrast, intergranular
icrovoid coalescences were found in the T76 sample (Fig. 3(b)).

his is attributed to the preferential deformation of the precipi-
ate free zone around the grain boundary area [18]. Furthermore,
ome large dimples and cleavage facets were also observed on

ed 7050 samples in 3.5% NaCl solution: (a) T6, (b) T76, and (c) HTA5.
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Fig. 4. TEM micrographs showing precipitat

he fracture surface of this sample. In the HTA5 sample, the dim-
les nearly disappeared and the fracture surface was characterized
y the intergranular microvoid coalescences and cleavage facets
Fig. 3(c)). The predominance of the intergranular fracture sug-
ested that the grain boundaries were the preferential paths for
he SCC.

Fig. 4 shows the TEM images within the grains of the T6 and
he T651 samples, respectively. For the peak aged (T6) 7050 alloy,
he �′ phase is the main precipitate and some GP zones remain in
he matrix. In the present T6 sample, it was observed that the pre-
ipitates were homogeneously distributed (Fig. 4(a)). Similar result
as been previously reported by Sha and Cerezo [2]. For the T651
ample with a pre-strained of 5% prior to the aging, many dislo-
ations were generated in the pre-strain process and remained in
he matrix after the aging (Fig. 4(b)). The precipitates far away from
he dislocations were also homogeneously distributed. The dislo-
ations existed in the matrix led to the increase in the strength of
he sample. Therefore, the strength of the T651 sample was higher
han that of the T6 sample.

Fig. 5 presents the TEM images within the grains of the HTA0.5
nd HTA5 samples. It is well known that the � phase can be nucle-

ted within the grains and the GP zone can be reversed at 200 ◦C.
he reversion of the GP zone at 200 ◦C increased the difficulty of
he nucleation of the �′ phase that was prone to nucleate in the
P zone when the samples were aged at 120 ◦C, thereby producing
ome coarse �′ phase particles in the matrix. For the HTA0.5 sample

1
b
w
{
A

Fig. 5. TEM micrographs showing precipitates within
hin grains of 7050 samples: (a) T6, (b) T651.

aged at 200 ◦C for 0.5 min), the coarse precipitates were few in the
atrix (Fig. 5(a)). When the aging time was longer at 200 ◦C, more

oarse precipitates appeared in the matrix. In the HTA5 sample the
recipitates were coarser than those in the HTA0.5 and T6 samples
Fig. 5(b)). Therefore, the strength of the HTA samples decreased
s the aging time increased at 200 ◦C. Furthermore, the disloca-
ions would be annihilated when the samples were aged at 200 ◦C.
herefore, the dislocation was not found in the HTA5 sample, which
ight be another reason for the decrease in the strength of these

amples.
The selected area electron diffraction (SAED) patterns of the T6

ample in the Al matrix 〈1 0 0〉, 〈1 1 2〉, and 〈1 1 1〉 projections are
llustrated in Fig. 6. The main strong diffraction spots came from
he Al matrix. The weak diffraction spots came from the precip-
tates [19–21]. According to the studies by Stiller et al. and Berg
t al. [20,21], the diffraction spots in the {1, (2n + 1)/4, 0} in the
1 0 0〉Al were from the GPI zone (Fig. 6(a)) and the diffraction spots
ear {3 1 1}/2 associated with the GPII zone were observed in the
1 1 2〉Al projection. The diffraction features of the �′ phase were
lso observed, such as diffraction spots in 1/3 and 2/3 of {2 2 0} in
he 〈1 0 0〉Al projection and weak streaks along {1 1 1} direction in

/3 and 2/3 of {2 2 0} in the 〈1 1 2〉Al projection. This indicates that
oth the GP zone and the �′ phase existed in the T6 sample. Some
eak sharp diffraction spots in the three projection pattern, such as

1 0 0}, {1 1 0} in the 〈1 0 0〉Al projection were from cubic structure
l3Zr.

grains of 7050 samples: (a) HTA0.5, (b) HTA5.
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Fig. 6. Selected area electron diffraction patterns of T6 sam

The SAED patterns of the HTA5 sample in the Al matrix 〈1 0 0〉,
1 1 2〉, and 〈1 1 1〉 projections are shown in Fig. 7. The diffraction
pots in 1/3 and 2/3 of {2 2 0} in the 〈1 0 0〉Al projection became
tronger and the shape became complicated compared to the T6
ample. Some of the spots came from the � phase. The diffraction
pots of the GPI zone were also observed in the {1, (2n + 1)/4, 0} in
he 〈1 0 0〉Al projection. However, the diffraction spots of the GPII
one near {3 1 1}/2 in the 〈1 1 2〉Al projection were not clear. This
uggests that the GPII zone almost disappeared in the HTA5 sam-
le. The weak sharp diffraction spots of the Al3Zr dispersoids also
xisted in the three projection patterns.

Fig. 8 illustrated the DSC curves for the samples with a pre-
train of 0% and 5% after quenching but without aging (hereafter
eferred to as 0% and 5% pre-strain sample). Recent studies [22,23]
ndicated that peak I in the two curves corresponded to the disso-
ution of the GP zone, peak II was caused by the formation of the
′ phase, peak III was due to the transformation of the �′ phase to
he � phase, and peak IV was associated with the growth of the fine

phase. Although the 0% and 5% pre-strain samples showed the
ame peaks in the DSC curves, all the peaks of the 5% pre-strain
amples moved to the lower temperatures, and peak I in the 5%
re-strain sample had higher intensity compared to that in the 0%
re-strain sample. It is known that the GPII zone, produced by the
uenching from the high supersaturation solution above 450 ◦C,
ad been assumed to be the vacancy rich clusters [21]. The quench-

ng vacancies were easily annihilated in the dislocations produced
n the pre-strain process, which accelerated the dissolution rate of
he GP zone in the 5% pre-strain sample. Consequently, the inten-

ity of peak I increased in this sample. The dislocations could also
rovide efficient sites for the heterogeneous nucleation of the pre-
ipitates and they were also fast diffusion paths for the precipitation
lements in the aging process. In this case, the precipitates would

i
a
a
g

Fig. 7. Selected area electron diffraction patterns of HTA5 sample:
a) 〈1 0 0〉, (b) 〈1 1 2〉, and (c) 〈1 1 1〉 projection of Al matrix.

recipitate at a lower temperature, leading to the movement of
eaks II and III to lower temperatures. Therefore, for the T651 sam-
le, the dislocations made more GP zone dissolve and the �′ phase
ucleate directly in the dislocations, which increased the number
f the �′ phase. This would be one of the reasons for the strength
ncrement of the T651 sample.

In the T651 sample, the dislocations provided efficient sites for
eterogeneous nucleation of the �′ phase at 120 ◦C and accelerated
he elements diffusion in the early aging process and made the �′

hase coarsen in this process. The residual dislocations also made
he strength increase compared to the T6 sample. However, for the
TA samples that were aged at 200 ◦C for several minutes after the
re-strain, the dislocations accelerated the heterogeneous nucle-
tion of the � phase and the reversion of the GP zone, while the
islocations were also annihilated in this process. During the aging
t 120 ◦C for 24 h, the GPI zone and the �′ phase appeared within the
rains, and the � phase nucleated at 200 ◦C grew in size. Further-
ore, the GPII zone almost disappeared in the HTA5 sample since

hey were annihilated by the dislocations and reversed at 200 ◦C.
Fig. 9 shows the grain boundary precipitates in the 7050 sam-

les with various heat treatments. The precipitates on the grain
oundaries of the T6 sample were small and distributed continu-
usly (Fig. 9(a)), but in the T76 sample the grain boundaries were
ecorated with the coarse and discontinuously distributed parti-
les (Fig. 9(b)), which is similar to the previous reports [5,11]. The
rain boundary precipitates in the HTA1 sample (Fig. 9(c)) were
lightly larger than those in the T6 sample (Fig. 9(a)) and the inter-
article distance was also larger than that in the T6 sample. With
ncreasing the aging time at 200 ◦C, the size of the grain bound-
ry precipitates in the HTA samples enlarged and the precipitates
lso became more discontinuous. The HTA5 sample had the largest
rain boundary precipitates and the inter-particle distance, but the

(a) 〈1 0 0〉, (b) 〈1 1 2〉, and (c) 〈1 1 1〉 projection of Al matrix.
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Fig. 8. DSC curves of 0% and 5% pre-strain samples prior to aging.

ize was still smaller than that in the T76 sample. The small and dis-
ontinuously distributed grain boundary particles are believed to
e beneficial to the toughness of the samples [24]. A slight increase

n the elongation of the HTA5 sample compared to the T76 sample
as observed (Table 3).

For the HTA samples aged at 200 ◦C, the � phase pre-nucleated

n the grain boundaries. At the same time, some dislocations pro-
uced by the pre-strain treatment would be aggregated around
he grain boundaries. Similar to the situation in the grains, the
islocations in the grain boundaries also provided heterogeneous
ucleation sites for the � phase particles. Both the modes con-

t
t
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w
t

Fig. 9. TEM micrographs showing grain boundary precipitate
gineering A 494 (2008) 360–366 365

ributed to the nucleation of the � phase on the grain boundaries
nd the � phase grew up in the subsequent aging at 120 ◦C, which
ade the grain boundary precipitates enlarge and distribute dis-

ontinuously.
For the 7000 series aluminum alloys, the stress corrosion crack-

ng resistance was related to the grain boundary precipitates. The
echanism of the SCC in the Al–Zn–Mg–Cu alloys was thought to be

oth anodic dissolution and hydrogen embrittlement [17]. The pre-
ipitates in the grain boundaries are Mg-rich phases in these alloys,
hich have the electrode potential different from the Al matrix. This
ould result in the anodic dissolution and form critical defects in

he first stage of the SCC process in the aqueous chloride solutions.
urthermore, the hydrogen produced in the crack tip also leads to
he hydrogen embrittlement in the grain boundaries.

However, in fact, the lattice diffusion coefficients of hydrogen in
he FCC materials such as the aluminum alloys are very low, which

eans that there should be some more rapid transport modes for
ydrogen. It is well known that the grain boundary is one of the
apid diffusion paths in a material which would help the hydrogen
ransport quickly. Moreover, Albrecht et al. [25] examined another
ossible mode and suggested that the mobile dislocations gener-
ted in the tip of the crack would improve the hydrogen diffusion
n the matrix. Neguyen et al. [26] proposed that the increment of

he precipitate size and the associated change from the GP zone to
he semicoherent �′ and incoherent � precipitates will result in a

ore homogeneous slip mode and the reduction of slip planarity,
hich could effectively decrease the mobile dislocation and fur-

her reduce hydrogen transported to the grain boundaries. In the

s of 7050 samples: (a) T6, (b) T76, (c) HTA1, (d) HTA5.
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TA samples, the number of the GP zone was reduced due to the
eversion in the aging at 200 ◦C and the annihilation by the dislo-
ations. Therefore, more homogeneous slip mode would appear in
he SCC process in order to inhibit the hydrogen diffusion. This was
possible reason that the HTA samples had better SCC resistance

ompared to the T6 sample.
In addition, Song et al. [27,28] reported that the element Mg

n the grain boundaries had a larger electronegativity difference
etween Mg and H atoms than that between Al and H atoms. There-
ore, the element Mg in the grain boundaries could increase the
mount of hydrogen absorbed and consequently accelerate its dif-
usion and enhance the solution degree of hydrogen in the grain
oundaries. This resulted in the embrittlement of the grain bound-
ries and accelerated the growth of the stress corrosion cracks. The
arge size and inter-particle spacing of the grain boundary particles
ould decrease the anodic dissolution speed and act as the trapping
ites for atomic hydrogen and create molecular hydrogen bubbles
o reduce the concentration of the atomic hydrogen in the grain
oundaries. Both the size and the inter-particle distance of the grain
oundary precipitates in the HTA samples and the T76 sample were

arger than that in the T6 sample, therefore, the SCC resistance of
hese samples were better than that of the T6 sample. For the HTA
amples, as the aging time increased, the size and, especially, the
nter-particle distance of the grain boundary precipitates enlarged,

hich improved the SCC resistance. The SCC resistance of the HTA5
ample was almost equal to that of the T76 sample.

. Conclusions

1. The strength of the T651 sample was enhanced compared to the
T6 sample, since the pre-strain prior to the aging produced the
dislocations in the sample and more �′ precipitates precipitated
within the grains after an aging at 120 ◦C for 24 h.

. Although the strength of the HTA0.5 and HTA1 samples was
slightly lower than that of the T651 sample, it was greatly higher
than that of the T6 sample. Furthermore, the strength of the
HTA5 sample was slightly higher than that of the T76 one and
its elongation increased by 17%.
. The size and the inter-particle distance of the grain boundary
precipitates became large in the HTA samples due to the het-
erogeneous nucleation of the � phase on the grain boundaries,
which was attributed to the high-temperature aging at 200 ◦C
and the dislocation generated by the pre-strain.

[
[

[

gineering A 494 (2008) 360–366

. The enlargement in the size and the inter-particle distance of the
grain boundary precipitates and the decrease in the number of
the GP zone all together improved the SCC resistance of the HTA
samples, which had better SCC resistance than the T6 sample.
Especially, the SCC resistance of the HTA5 sample was equivalent
to that of the T76 sample.
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