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The effect of retrogression time during retrogression and re-aging (RRA) treatment of AA7010 is evaluated
by performing tensile tests and characterizing the microchemistry of the grain boundary precipitates
(GBPs) using transmission electron microscope coupled with the energy-dispersive spectroscopy. Retro-
gression time is evaluated so that the ultimate tensile strength of the RRA-treated sample is equal to that of
the T6-treated sample and the grain boundary microstructure similar to that of the over-aged (T7451)
condition. The investigation reveals that the sample retrogressed at 200 �C for 20 min has UTS of 586 MPa
which is equivalent to that of the T6 sample and 11.5% higher than that of the T7451 condition. The
fracture toughness of the RRA-treated sample was 41 MPa�m. Microstructure of the RRA-treated sample
is similar to T7451, along the grain boundaries and in the grain interior similar to that of the T6-treated
sample. Energy-dispersive spectroscopy confirmed the increment of Cu content on the GBP�s with increase
in the retrogression time, which is expected to improve the stress corrosion cracking resistance of the alloy.
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1. Introduction

The 7xxx series aluminum alloys are extensively used in the
aerospace structural applications, such as lug joints and bulk
heads (Ref 1-3) due to their good specific strength and damage
tolerance behavior (Ref 4). They are generally used in T6 heat-
treated condition which ensures good strength. In several
applications, such as military and naval aircrafts, these alloys
are exposed to corrosive environment in addition to loads.
Under these environmental conditions, the presence of different
intermetallic particles in these alloys, which exhibit different
electrochemical potential with the grain interior, leads to the
formation of corrosion pits (Ref 2). With the application of the
load, pits act as stress raisers leading to stress corrosion
cracking (SCC) (Ref 5). Thus, the stress corrosion cracking
behavior of these alloys assumes significant importance in these
materials.

Although 7xxx series aluminum alloys exhibit high strength
in T6 heat-treated condition, they possess poor resistance to
SCC. In order to overcome the stress corrosion cracking
susceptibility, these alloys are used in T7 condition (Ref 2). The
size and distribution of the grain boundary precipitates get
modified during T7 heat treatment, and it makes them more
resistant to SCC. The SCC resistance is imparted due to the
change in microchemistry and chemical activity of grain
boundary precipitates. These precipitates are generally anodic
with the grain interior in the aluminum alloys containing more

than 1% Cu (Ref 6, 7). However, T7 heat treatment has been
observed to reduce the strength by 10-15%, resulting in added
weight penalty to the structural components (Ref 8). A new
heat treatment called retrogression and re-aging (RRA) has
been proposed which imparts the alloy with the mechanical
properties equivalent to T6 and SCC resistance equivalent to T7
heat-treated alloy (Ref 9).

The precipitation sequence in Al-Zn-Mg-Cu alloy is as
following (Ref 10):

Supersaturated solid solution ! Vacancy rich clusters

! GP zones ! g0 ! g MgZn2ð Þ

The RRA heat treatment involves an additional heat treatment
of T6-treated alloy to a higher temperature range between
180 and 250 �C and re-aging to peak aging condition. The
mechanical and corrosive properties of the material depend
on the temperature and time of the reversion and re-aging
steps. The recent investigations on RRA treatment of alu-
minum alloys have shown that the grain size and grain
boundary microstructures influence the fatigue fracture behav-
ior. The fracture behavior is influenced by the strength differ-
ence between the grain interior and the grain boundary. The
T761-tempered alloy exhibited intergranular crack during fati-
gue, due to the formation of the wider precipitate free zone
(PFZ). In contrast, there exist both intergranular and trans-
granular fractures in the RRA-treated condition which is ben-
eficial in retarding fracture tendency (Ref 11).

AA7010 is one of the ultra-high-strength wrought aluminum
alloys, used in the aircrafts primary structural applications
where strength is the limiting design parameter. It is well
known that RRA is established to retain the peak strength of the
alloy along with SCC resistance similar to that of over-aged
condition (Ref 12). But optimization of the RRA treatment
coupled with quantification of the microchemistry of the GBPs
is not much reported. The aim of the present research work is to
optimize the retrogression time at 200 �C retrogression tem-
perature, so as to obtain equivalent tensile properties of T6-
treated sample and to quantify the variation of the copper
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content in the GBPs. Along with the desired mechanical
properties, the grain boundary characteristics are expected to be
similar to that of the T7 (over-aged)-treated sample which is
essential for improving the SCC resistance of the alloy.

2. Experimental Procedure

The material used for the present research work is commer-
cial aluminum alloy 7010 received in rolled form in T7451
(over-aged) condition. The alloy composition is: Al-89.4, Zn-
6.3, Mg-2.21, Cu-1.65, Zr-0.124, Fe-0.21 and Si-0.073 (in
wt.%). The alloy is solution heat-treated at 490 �C for 6 h
(optimized by experiments) and quenched in water maintained
at room temperature. The quenched samples are then pre-aged
at 120 �C for 24 h duration. Retrogression is performed by heat
treating the pre-aged alloy to 200 �C for different time intervals
and re-aging at 120 �C for 24 h. The retrogression temperature
is selected based on the reported investigations (Ref 13, 14).
The tempering designation for different heat treatments per-
formed is listed in Table 1. The optimization of the retrogres-
sion time is obtained by conducting tensile tests. The typical
heat treatment procedure for RRA is shown in Fig. 1.

Tensile tests were performed in longitudinal direction as per
ASTM E8, using universal testing machine (UTM, Shimadzu

make, model: AG-X plus) of 100 kN capacity. During this,
crosshead speed of 1 mm/min was maintained. Linear elastic
fracture toughness tests were performed on the compact tension
samples in L–T orientation, as per ASTM E399, to evaluate and
compare the fracture toughness of the different heat-treated
samples. Standard CT specimens with width of 50 mm and
thickness of 25 mm were employed for evaluating the fracture
toughness. Microhardness tests were performed using Vicker�s
microhardness instrument (Shimadzu make model: G21).
Indentation load of 500 g was applied and time of indentation
maintained for 15 s. The microstructural characterization of the
heat-treated samples was done by using TEM (make JEOL,
JEM-2100), operating at an accelerating voltage of 200 kV.
Fractured surfaces were analyzed using secondary electron
imaging mode in scanning electron microscope (JSM 6380 LA,
JEOL make).

3. Results and Discussion

3.1 Microstructural Characterization

The bright-field TEM micrographs of the alloy samples
heat-treated to T6, retrogressed at 200 �C for 20 min, RRA,
and T7451 are produced in Fig. 2. Figure 2(a) shows the matrix

Table 1 Heat treatment steps adopted for AA7010

Tempering designation Heat treatment description (measuring error ± 2 �C)

T6 490 �C for 6 h + water quench + 120 �C for 24 h
RRA 490 �C for 6 h + water quench + 120 �C for 24 h + 200 �C for

20 min + 120 �C for 24 h
T7451 490 �C for 6 h + water quench + 115 �C for 8 h + 165 �C 16 h

Fig. 1 Schematic representation of retrogression and re-aging treatment
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of T6-treated alloy dispersed with the GP zones and fine-scale
metastable precipitates g¢ (MgZn2) of size varying from 3 to
5 nm, which is similar to the values reported by earlier
researchers (Ref 15, 16). The grain boundary precipitates
(Fig. 2b) in T6 condition are thin and continuous. During
retrogression, unstable GP zones are completely dissolved and
metastable g¢ precipitates get partially dissolved (Ref 17). This
is evident from the reduced density of the fine-scale precipi-
tates, as observed in bright-field TEM micrographs of the
retrogressed sample (Fig. 2c, d). When these retrogressed
samples are re-aged to peak aging condition, the partially
dissolved g¢ precipitates will grow further to become elongated
disks of size (10-12 nm) and transform into stable g precipi-
tates. The GP zones and g¢ precipitates dissolved during
retrogression will reprecipitate during re-aging. The g¢ precip-
itates (4-5 nm) as observed by the diffused spots at 1/3 and 2/3
of 220Al position in [111]Al (Fig. 3a), which is responsible for
imparting the strength characteristics of T6-treated sample (Ref
16). The grain boundary precipitate g gets coarsened and
becomes discontinuous with size (25-50 nm) during re-aging
(Ref 18) as shown in Fig. 2(f). Figure 3(b) represents [122]Al
SAED pattern highlighting the diffused ring corresponding to
the presence of g precipitates. The GBPs are more widely
spaced with the average interspacing of 24 nm. The width of
the PFZ is found to vary from 35 to 38 nm which is slightly
higher than that of the T6-treated sample. The size of the
precipitates with different morphologies and PFZ width in
different heat-treated samples are quantified and pictorially
represented in Fig. 4(a).

In T7451 (over-aged) condition shown in Fig. 2(g, h), the
grain interior is occupied with lesser dense g¢ precipitates of
size (8-12 nm). The grain interior is majorly occupied with
elongated disks (g precipitates) of size (20-45) nm. The average
GBPs size and PFZ width are 60 nm and 70 nm, respectively.
The T6-treated alloys are more prone to SCC. The grain
boundary precipitates in T6 act anodic with the grain interior
forming active galvanic cell path leading to corrosion of grain
boundaries (Ref 19). The presence of continuous grain
boundary precipitates in the case of T6-treated condition
further promotes intergranular crack path (Ref 20).

The recent researches have shown that the size, Cu content
and interspacing of GBPs play a major role in controlling the
SCC, in high-strength aluminum alloys (Ref 13). With the
increase in aging temperature, more Cu is diffused into the
grain boundaries. The TEM–EDS is used for characterizing the
microchemistry of the grain boundary precipitates in RRA-
treated samples with retrogression performed for different time
intervals (10-60 min). It is evident from the EDS analysis that
GBPs are increased with the Cu content as retrogression time is
increased. The average Cu content of GBPs quantified by EDS
is represented in Fig. 4(b). The GBPs of T6-treated alloy
contains 2.52 (wt.%) of Cu. In contrast, GBPs of RRA-treated
samples contained Cu in the range of 4.04 (Fig. 5) to 5.27
(wt.%), for 20 and 60 min retrogression periods, respectively.
The Cu content of 60-min retrogressed and re-aged sample is
higher than that of the over-aged sample (4.81 wt.%). The
GBPs with increased Cu content lead to the reduction in
electrochemical potential difference between the grain interior
and the grain boundary region. It accounts for better stress
corrosion cracking resistance of the alloy. It is expected that
increased Cu content at the grain boundary region during

retrogression would delay the corrosion attack on the GBPs.
The discontinuous GBPs would further resist the SCC. The
microstructure of the RRA-treated condition exhibits similar
characteristics of T7 condition along the grain boundaries, and
similar characteristics of T6 condition, in the matrix. This is
expected to provide enhanced SCC resistance along with the
tensile properties equivalent to that of the T6-treated condition.

3.2 Tensile Test

Figure 6(a) compares the results of the tensile tests per-
formed on RRA heat-treated samples. The yield strength, UTS

Fig. 2 Bright-field TEM micrographs of the AA7010 on the matrix
and grain boundary at different aging conditions; (a, b) T6, (c, d)
retrogression at 200 �C for 20 min, (e, f) RRA 200 �C at 20 min, (g,
h) T7451 as-received
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and % elongation to fracture are plotted for RRA-treated
samples, corresponding to retrogression done for different time
intervals at 200 �C. A maximum strength of 609 MPa is
obtained for short time retrogression performed for 5 min. With
the retrogression time increased, continuous drop in both yield
strength and UTS is observed which is due to the coarsening of
precipitates in the matrix. The microhardness plot in Fig. 6(b)
also demonstrates the similar behavior of drop in hardness with
retrogression time. To acquire the high strength equivalent to
that of T6 and grain boundary microstructure similar to that of
T7451, retrogression at 200 �C for 20 min is considered as
optimized condition. A representative stress vs strain plot
comparing the deformation behavior of different heat-treated
samples is shown in Fig. 7(a). The optimized RRA resulted in
the UTS of 586 MPa, which is slightly higher and equivalent to
T6-treated condition. Apart from the equivalent UTS, the RRA-
treated samples also exhibited 6% higher in the yield strength.
The yield strength of the RRA- and T6-treated samples is 514
and 486 MPa, respectively. It is also noted that optimized RRA
did not loose much ductility and % elongation to fracture stood
at 11.3%. Figure 7(b) compares the YS, UTS and % elongation
of T6, T7451 and RRA (retrogression for 20 min) conditions.
The tensile fracture surfaces of T7451-treated sample exhibited
both intergranular and transgranular fracture, whereas T6- and
RRA-treated samples exhibited dimples indicating ductile
fracture. This is shown in the fractographs in Fig. 8.

3.3 Fracture Toughness Test

The fracture toughness of the T7451-, RRA- and T6-
treated samples stood at 40, 41 and 42 MPa�m, respectively.
Three trials were performed for each heat-treated conditions,
and a standard deviation of 2, 1.5 and 2 was observed for
T7451-, RRA- and T6-treated samples, respectively. The
increased PFZs weaken the grain boundary and promote
intergranular crack growth during fracture (Ref 21). RRA-
treated samples with narrow PFZ, coarsened GBPs and grain
interior similar to T6 lower the strength difference between
the grain interior and grain boundary and thereby promotes
microvoid coalescence of the matrix that leads to transgran-
ular fracture (Ref 22).

Fig. 3 (a) [111]Al SAED pattern indicating g¢ precipitate at 1/3 and 2/3 of 220Al position; (b) [122]Al SAED pattern with diffused ring corre-
sponding to g precipitate

Fig. 4 (a) Precipitate size in the matrix, grain boundary, PFZ size
and spacing of GBP�s. (b) Variation of Cu (wt.%) on the GBP�s
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Fig. 5 Chemical composition of the GBPs analyzed by TEM–EDS for RRA 20 min condition

Fig. 6 (a) YS, UTS and % elongation of AA7010 heat-treated to RRA:
retrogression performed for different time intervals. (b) Microhardness
data measured on RRA samples with different retrogression duration

Fig. 7 (a) Stress vs. strain plot for AA7010 at different tempering
conditions. (b) Comparison of YS, UTS and % elongation of alloy
in different tempering conditions
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4. Conclusions

1. The matrix of the RRA-treated alloy is majorly populated
with denser g¢ precipitates and fewer elongated disk-
shaped g precipitates compared to T6-treated sample. The
GBPs are coarsened, and grain boundary microstructure
is closer to that of the T7451 condition. Narrowed PFZ
is observed in the RRA-treated sample compared to
T7451-treated condition, which is beneficial from the
fracture perspective.

2. Significant improvement in the Cu content of GBPs of
about 54% compared to T6 could be achieved by retro-
gressing for 20 min and re-aging. This behavior is ex-
pected to improve the corrosion resistance of the alloy
compared to the T6-treated condition.

3. Retrogression performed at 200 �C for 20 min resulted in
the equivalent mechanical properties of the T6 and simi-
lar grain boundary characteristics as that of the T7451
condition.

4. The fracture toughness of the RRA-treated sample is also
equivalent to that of the over-aged (T7451) sample.

5. The PFZ size of RRA-treated sample is narrow compared
to T7451 condition, which will promote transgranular
fracture mode.
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