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Abstract: The tensile properties and fatigue behavior of an Al-Zn—Mg—Cu alloy were investigated by performing tensile tests and
fatigue crack propagation (FCP) tests. The tensile results show that lower aging temperature modified retrogression and re-aging
(RRA) process enhances the elongation, but reduces the strength of the alloy, as compared to conventional RRA process which
employs peak aging temperature. Both ductility and strength, however, are increased by employing a natural aging prior to re-aging
based on the former modified RRA process. Fatigue test results show that both routes reduce FCP rate. Especially, the lower re-aging
temperature modified RRA process obtains the lowest FCP rate. Natural aging treatment could enhance the nucleation rate of GP
zones. A large amount of GP zones could be cut by dislocations, which is responsible for the highest tensile strength and elongation,

as well as lower FCP rate.
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1 Introduction

Al-Zn—Mg—Cu alloys had been widely used in the
transport, commercial airliners, and military cargo for
structural components due to their high specific strength
and high fatigue crack propagation (FCP) resistance in
the appropriate aged condition [1]. The precipitation
sequence of Al-Zn—Mg—Cu alloys was normally
understood to be: supersaturated solid solution (SSS) —
coherent GP zones (semi-coherent
precipitates) — stable precipitates [2]. The excellent
mechanical properties depended on the fine precipitates
and their precursors [3]. The hardenable aluminum alloys
provided high tensile strength under T6 treatment but
prone to stress corrosion cracking (SCC). Then, the
over-aging heat treatment T7X had been invented to
improve SCC resistance because the microstructure was
the stable precipitates (MgZn,) segregated at grain
boundaries. But the tensile strength of the alloy in T7X
treatment decreased obviously in comparison with that in
T6 treatment because of the coarser precipitates and

— 5’ phase

wider precipitates-free zones (PFZs) [4].

In order to substantially increase the SCC resistance
of Al-Zn—Mg—Cu alloys without sacrificing its
maximum strength, a new heat treatment called
retrogression and re-aging (RRA) was invented by Cina
in 1970s. RRA treatment consisted of three steps [5,6]:
First of all, pre-aged at low temperature after solution
treatment (T6); secondly, retrogressed at high
temperature for a short time; finally, re-aged at low
temperature (T6). After the samples were aged with RRA
treatment, the microstructure of Al-Zn—Mg—Cu alloy
consisted of GP zones and fine 7' phase within grain
interiors similar to T6 treatment and # phase at grain
boundaries similar to T7X treatment [4,7,8]. Later, much
attention had been paid to the effect of RRA treatment on
fatigue behavior. CHEN et al [7] investigated the
influence of precipitates on the FCP rate of AA7055
alloy under different aging treatments. The results
showed that T77-tempered sample possessed the best
FCP resistance due to the shearable particles in the
matrix. Furthermore, CHEN et al [3] pointed out that a
narrow PFZ was beneficial to the FCP resistance. WANG
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et al [8] compared the fatigue crack growth behaviors
between RRA-tempered sample and T7451-treated
sample. The results indicated that dislocations cut the
small coherent particles to localize slip into a single-
planar variant and glided more or less reversibly during
cyclic loading. This planar-reversible slip was reported to
promote fatigue crack growth resistance by favoring
crack deflection, crack tip closure and reducing damage
accumulation [8].

More recently, multistage-aging treatments had
been applied to Al-Cu—Mg—Ag and Al-Zn—-Mg—Cu
alloys [9—11]. LUMLEY et al [10] claimed that T6i6
condition enhanced the fraction of dispersive small size
precipitates in aluminum alloys, resulting in better
mechanical properties. BUHA et al [9] revealed that T6i4
treatment could simultaneously improve the tensile
strength, ductility and fracture toughness. But T6i4/T6i6
treatment costs too much time at lower temperatures.
And it was not fit for all aluminum alloys because of the
difference in the physical properties of precipitates
formed during interruption [12].

Positron annihilation lifetime spectroscopy (PALS)
experiment had been utilized in Al-Zn- and Al-Zn—Mg-
based alloys to study the precipitation kinetics [13—16].
FERRAGUT et al [14] combined positron annihilation
spectroscopy (PALS) with Vickers microhardness to
investigate the decomposition process of Al-Zn—Mg
alloys. It could be concluded that the vacancies with Mg
atoms were stable, and Mg-vacancies were the structural
components of GP zones in the samples which were
treated with natural aging after solution treatment. LIAO
et al [17] demonstrated that Cu addition promoted the
precipitation of Mg and Zn and increased the amount of
precipitates. FERRAGUT et al [13,15] also proposed that
Mg-vacancies which evolved to GP zones were dominant
diffusing species under natural aging temper after
solution treatment of Al-Zn—Mg—Cu alloys. This study
was not only restricted to Al-Zn—Mg-based alloys, but
also in other systems such as Al-Cu—Mg alloys.
According to coincidence Doppler broadening (CDB)
results in Ref. [18], the vacancy was prone to combine
with Al atom after quenching, but the Al-vacancy
fraction would decrease, both Mg-vacancy and
Cu-vacancy fractions would increase instead after
150 °C, 60 s aging treatment. Then, in the subsequent
condition (aging at room temperature for 48 h), the
vacancies were likely to combine with Mg and Al atoms,
rather than Cu atoms, and the increase in the positron
lifetime with Mg alloying indicated that more Mg atoms
could form vacancy complexes.

As generally known, a combination of ultrahigh
strength with high ductility in aluminum alloys is
contradictory. In order to improve the ductility of the
ultrahigh strength aluminum alloy, purification method to

decrease the impurity content of Fe and Si is widely used.
However, this method will increase the manufacturing
cost. So, a new process method should be invented to
improve the ductility and FCP resistance without
reducing the strength of the ultrahigh strength aluminum
alloys, in spite of high content of Fe and Si impurities. In
Al-Zn—Mg—Cu alloy, GP zones are not only
strengthening particles, but also can be sheared by
moving dislocations. A shearable GP zone could be cut
by dislocations [8], so it does not reduce the free-slipping
distance of dislocations, leading to an increased plastic
ductility. Concurrently, GP zones can give a significant
strengthening effect due to boundary strengthening effect,
order strengthening effect. Also, the shearable GP zones
never obstruct the reversible dislocation slipping in the
plastic deformation zone at fatigue crack tip, leading to
high FCP resistance [7]. This suggested that GP zones
are able to concurrently enhance the plastic elongation
and strength, as well as FCP resistance in aluminum
alloys.

Consequently, in order to improve the ductility and
FCP resistance without reducing the tensile strength of
an Al-Zn—Mg—Cu alloy with relatively high content of
Fe and Si, the present work designs a new multistage-
aging method to raise GP zone nucleation rate by
employing the vacancy migration effect, and to narrow
PFZs by shortening retrogression time.

2 Experimental

The material used in this study was Al-Zn—-Mg—Cu
alloy with relatively high contents of Fe and Si, and
Cr-dispersoid strengthening. Its chemical composition
was listed in Table 1. The materials were received as a
d50 mm extruded rods, and then cut them into 2 mm
plates. The samples were treated at 470 °C for 1 h, then
water quenched. After that, these samples were treated
by three different approaches. And the detailed processes
were shown in Table 2.

Table 1 Chemical composition of investigated alloys (mass
fraction, %)
Zn Mg Cu Cr Fe Si Al
6.28 2.19 1.6 0.15 0.4-0.6 04-0.6 Bal.

Table 2 Experimental procedures of three RRA treatments

Condition Experimental process
RRAI 470 °C, 1 h + Water quenching + 120 °C, 24 h +
200 °C, 6 min + Water quenching + 120 °C, 24 h
RRA2 470 °C, 1 h + Water quenching + 100 °C, 24 h +
200 °C, 6 min + Water quenching + 80 °C, 34 h
470 °C, 1 h + Water quenching + 100 °C,
RRA3 24 h + 200 °C, 6 min + Water quenching +

natural aging (25 °C) for 10 h + 80 °C, 34 h
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The tensile tests of the samples were performed on
CSS 44100 wuniversal testing machine at room
temperature with 2 mm/min loading speed in long
transverse (LT) direction. FCP test was carried out on
compact tension (CT) specimens taken from the extruded
rods in the LT orientation with the size of 45.6 mm X
38 mm x 2.5 mm (LxWxB) to obtain the FCP rates. All
FCP tests were conducted at a stress ratio (R) of 0.1 with
a sine-wave loading frequency of 10 Hz on an MTS
machine at room temperature in laboratory air
environment. Three samples were used per condition for
tensile and FCP rate tests. The tensile fracture surfaces of
the specimens were analyzed by a FEI Quanta 200
scanning electron microscope (SEM) with the operating
voltage of 15 kV. A Tecnai G*20 transmission electron
microscope (TEM) with voltage of 200 kV, along with
selected area electron diffraction (SAED) was utilized to
characterize the microstructure of the specimens. The
samples for TEM test were prepared by mechanically
grinding each side to 100 pm and punched into 3 mm
discs and electro-polished by using twin-jet equipment in
a mixture of 70% methanol and 30% nitric acid at
—25 °C. The differential scanning calorimetry (DSC)
tests were carried out on NETZSCH STA 499C with high
purity aluminum as reference, the size of samples was d5
mm x 0.5 mm. The heating rate in the test was 20 °C/min.
Two samples were used per condition for DSC tests. The
protective gas is Ar.

3 Results

3.1 Mechanical properties

Table 3 illustrates the tensile properties of the
samples in three different RRA treatments (RRAI,
RRA2 and RRA3). Comparison of the tensile properties
in Table 3 reveals that the RRAl-treated sample
possesses the lowest elongation (11.1%) and
intermediate tensile strength (674 MPa), the RRA2-
treated sample shows an intermediate elongation (12.5%),
but the lowest tensile strength (662 MPa), and the
RRA3-treated sample possesses both the highest
elongation (13.2%) and the highest tensile strength
(680 MPa). According to Table 2, the RRAI-treated
sample was subjected to 120 °C, 24 h peak pre-aging and
120 °C, 24 h peak re-aging. In this tempered condition,
the sample generally shows the lowest elongation. The
RRA2-treated sample was processed at a lower pre-aging
temperature (100 °C) and re-aging temperature (80 °C),
in comparison with the RRA1-treated sample. Evidently,
the lower aging temperature gave rise to the increased
elongation (12.5%) and degradation of tensile strength
(662 MPa). The RRA3-treated sample employed an
additional natural aging (25 °C, 10 h) prior to re-aging

treatment on the ground of RRA2 process. This suggests
that the additional natural aging process is responsible
for the concurrent increase of the elongation (13.2%) and
the tensile strength (680 MPa), in comparison with
RRA2-treated sample, as shown in Table 3.

Table 3 Mechanical properties in different RRA conditions
(The deviations of ultimate strength and yield strength are
+8 MPa, the deviation of elongation is £0.4%)

Ultimate Yield strength/  Elongation/
Temper
strength/MPa MPa %
RRAI 674 649 11.1
RRA2 662 610 12.5
RRA3 680 621 132

The variation of FCP rates (da/dN) with the stress
intensity factor range (AK) of three RRA-treated samples
is given in Fig. 1. At low AK (12 MPa-m"?), the FCP
rates of all three RRA-treated samples vary in the same
range. However, the three RRA-treated samples show
distinctly different FCP behavior, as AK increases.
Especially at high AK (>20 MPa'm'?), RRA1-treated
sample shows the highest FCP rate, RRA2-treated
sample shows the lowest one, and RRA3-treated sample
corresponds to the intermediate one. Additionally, the AK
value of RRAI-treated sample, corresponding to stable
fatigue crack propagation region (Paris regime), is the
smallest among all three RRA-treated samples. In
contrast, that of RRA2-treated sample is the greatest,
while the intermediate corresponds to RRA3-treated
sample. Combination of the FCP behavior shown in
Fig. 1 with RRA process parameters listed in Table 2
suggests that lower pre-aging and re-aging temperatures
are beneficial to the FCP resistance, and natural
aging prior to re-aging slightly decreases the FCP
resistance.
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Fig. 1 Fatigue crack propagation rates da/dN as function of
stress intensity factor range AK in various aging conditions
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3.2 Microstructural characterization and DSC result
Representative  fracture surfaces in different
treatments are present in Fig. 2. It shows that numerous
large shear zones and a small quantity of shallow
dimples exist in Fig. 2(a). It is apparent that the amount
of dimples increases and the size of the shear zones
reduces in Fig. 2(b). This indicates that decreasing the
aging temperature is beneficial to the ductility. In
Fig. 2(c), the number of dimples is the largest, and the
size of shear zones is the smallest. This implies that
combination of lower aging temperature with natural

Fig. 2 Fracture surface analysis in various conditions:
(a) RRAL; (b) RRA2; (c) RRA3

aging prior to re-aging, has advantages in improving the
ductility. Comprehensive analysis of Fig. 2 reveals that
the best ductility can be obtained with RRA3 treatment.

Figure 3 shows the TEM microstructures and
corresponding SAED patterns in three different RRA
conditions. Figure 3(a) shows that larger #' phase
distributes uniformly within grain interiors and the spots
of n' phase and GP zones are observed clearly. The GP
zones are formed on {100}-planes. However, 7’ phases
are formed on {l111}-planes and the spots are brighter
than those of GP zones. This indicates that 7' phase and
GP zones simultaneously exist in the RRAIl-treated
specimen, but the dominant second-phase particle is 7’
phase. In contrast, the spots of GP zones and 7’ phase are
weak in Fig. 3(c). This is because the size of second-
phase particles decreases in the RRA2-treated specimens.
The microstructure in Fig. 3(e) shows that more GP
zones distribute uniformly within grain interiors, and the
corresponding SAED patterns show the weakest spots of
n' phase, indicating that the #' phase is less and smaller.
The morphologies of grain boundaries in various
conditions are shown in Figs. 3(b), (d) and (f). The width
of PFZs in different conditions is narrow and nearly the
same due to the uniform process of retrogression.

DSC scan is utilized in conjunction with TEM
observation to investigate the precipitation and
dissolution processes during multistage aging treatments.
Figure 4 shows a series of DSC scans of the specimens in
different conditions. The first endothermic peak
corresponds to the dissolution of clusters and GP
zones [9,19-21], which is referred to as peak 1. The
second endothermic peak corresponds to the dissolution
of 5’ phase [9,21], which is referred to as peak 2. The
size of peak 1 in RRAI is the smallest, which means that
the amount of GP zones in RRA1-treated sample is less
than that in other samples. By comparing the size of peak
1 in RRA2 and RRA3 conditions, it shows that peak 1 in
the curve of RRA3 treatment is larger than that of RRA2
treatment, indicating that more clusters and GP zones
dissolve into the matrix in the RRA3-treated sample. It
suggests that the largest amount of GP zone is formed
during RRA3 process, as compared to RRA1 and RRA2
treatments. As to peak 2, it indicates that the #' phase
dissolves at about 200 °C. So when the samples
retrogress at 200 °C, the GP zones and #' phase will
dissolve into the matrix. And this is the reason for
choosing 200 °C as the retrogression temperature.

4 Discussion

Generally, two strengthening mechanisms of
secondary particles have been investigated: Orowan
by-passing mechanism and dislocation shearing
mechanism [22,23]. The decomposition of supersaturated
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(c, d) RRA2; (e, f) RRA3

solid solution of an Al-3.2%Zn—2.2%Mg alloy has been
investigated in Ref. [24]. UNGAR et al [24] found that
between 20 and 70 °C, the precipitation process of
Al-Zn—Mg alloy was the nucleation and growth of GP
zones. And between 100 and 160 °C, the precipitation
process of the alloy was the formation of #' phase. This
indicates that GP zones are the dominant precipitates

with the re-aging temperature of 80 °C and 7' phase is
the dominant precipitate with the re-aging temperature of
120 °C. After the shearable particles (GP zones and finer
n' phase [25,26]) being cut by the dislocations, the
resistance of precipitates to the mobile dislocations is
decreased, and the free-slipping distance of dislocations
increases. As a result, the ductility will improve
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Fig. 4 DSC scans carried out on Al-Zn—Mg—Cu alloy in

various treatments

obviously. On the contrary, the dislocation has to bypass
the large #' phase. With the increase of dislocation loops,
the interparticle distance will be reduced and the mobile
dislocations bow-out between the particles will be harder.
In the RRA2-treated sample, the precipitates are GP
zones and fine 7' phase, and the amount of GP zones is
larger than that of RRA1-treated sample. On this account,
RRA2-treated sample exhibits lower strength and higher
ductility. Then from Figs. 3 and 4, a fact has been
revealed that numerous GP zones are served as the main
strengthening phase in RRA3-treated sample. And the
effect of natural aging after solution treatment has
been investigated by PALS in Al-Zn—Mg-based
alloys [13—15]. During natural aging process, spherical
particles corresponding to solute clusters or GP zones
with the sizes smaller than 2 nm are formed, and no 7’
phase appears [13]. In this study, the precipitates formed
during pre-aging process dissolve into the matrix in the
retrogression process. Supersaturated vacancies are
prone to combine with Mg atoms instead of Cu atoms
during natural aging  process [14]. This will accelerate
the diffusion of Mg atom, and increase the nucleation
rate of GP zones because Mg-vacancy is the structural
component of GP zones. As a result, the total quantities
of particles in RRA3-treated sample are the largest of all
samples, as shown in Fig. 4. So, the tensile strength of
RRA3-treated sample is higher than that of other two
RRA-treated samples. In addition, the GP zones and
shearable small size 7' phase can be cut by moving
dislocations, resulting in the increase of free-slipping
distance of dislocations, and finally the enhancing of the
ductility.

Then, as to the FCP resistance, the RRA1-treated
sample possesses the highest FCP rates due to the
un-shearable particles within grain interiors. And the

RRA2-treated sample possesses the lowest FCP rates at
high AK (>20 MPa-m"?). This is because GP zones and
shearable #' phase exist within grain interiors.
SRIVATSAN [27] explained that the shearable particles
would be cut by the dislocation into a smaller size and
Al-Zn—Mg—Cu
Progressive decomposition of the shearable precipitates

gradually decomposed in alloy.
resulted from the to-and-fro motion of the moving
dislocations cause the weakened plane to continue to slip
and the deformation to become localized [27]. Because
the GP zones dissolution is easier than shearable ' phase
by repeated cutting of moving dislocations, the FCP rate
of RRA3-treated is higher than that of
RRA2-treated sample. This is consistent with the

sample

explanation of cyclic softening in Al-Cu—Mg alloys,
which ascribes the cyclic softening to the small Cu—Mg
co-clusters becoming unstable during the repeated
cutting by moving dislocations and beginning to dissolve
as the cyclic loading continued [28]. And numerous
studies have been carried out in 2000 and 7000 serious
aluminum alloys, in order to investigate the influence of
microstructures on the FCP rate [29-32]. Our previous
study, which will be published elsewhere, investigated
the FCP resistance of the AlI-Cu—Mg alloy in different
conditions. The results show that the FCP resistance of
170 °C, 8 h tempered sample is higher than that of T351
and 170 °C, 0.5 h tempered samples. This indicates that
larger co-cluster and semi-coherent S’ phase within grain
interiors can decrease the FCP rates as compared to small
size co-clusters.

5 Conclusions

1) Among all the multistage-aging processed
samples, the RRA2-treated sample exhibits the highest
FCP resistance, intermediate elongation and the lowest
tensile strength, due to the GP zones and shearable 7’
phase formed in low temperature pre-aging and re-aging
conditions.

2) The RRA3-processed sample possesses both the
highest elongation and tensile strength, as well as
intermediate FCP resistance. It is because natural aging
prior to re-aging treatment promotes the formation of
clusters and GP zones, leading to the largest amount of
precipitates, and the dominant GP zones present in
RRA3-treated samples.
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