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Abstract: The redistribution and re-precipitation of solute atom during retrogression and reaging of three different Al-Zn-Mg-Cu 
aluminum alloys were investigated. The results of hardness and tensile strength test indicate that after pre-aging at 100  or 120℃   ℃
and retrogressing at 200  for various time and re℃ -aging treatment, the hardness and strength of the alloys are all larger than those 
under pre-aging condition, some of them even exceed the value under peak aging(T6) condition. TEM observation shows that the 
PFZ formed during retrogressing in short time becomes narrow and even disappears after re-aging treatment. However, the PFZ 
formed during retrogressing for a long time does not narrow after re-aging treatment. It is suggested that the redistribution and 
re-precipitation of solute atom during re-aging treatment result in the narrowing and even disappearance of the PFZ formed during 
retrogression, which reinforces the grain-boundaries and presents the value of tensile strength exceeding peak-aging strength in the 
RRA condition, while the precipitates in the matrix of the alloys still keep or even exhibit a more dispersed distribution, and a greater 
effect of precipitation strengthening is obtained. 
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1 Introduction 
 

The retrogression and re-aging(RRA) treatment 
invented by CINA[1] in 1974 can enhance the resistance 
of aluminum alloy to stress corrosion up to or close to 
the level of T73 temper while maintain the tensile 
strength of T6 temper. Since then a lot of research work 
on RRA has been done in many countries. However 
those research work[2−8] is mainly focused on the 
engineering application of CINA’s invention. And less 
attention has been paid on the microstructural evolution 
in RRA treatment and its effect on the tensile properties 
at room temperature. Currently, there are still some 
disagreements. For example, CHUUICHI’s research[9] 
indicated that on the hardness curves of retrogression and 
RRA of 7475 aluminum alloys there appeared a platform 
variation corresponding to that of single-peak aging. So 
did the OLIVERA’s[10] research. Nevertheless, many 
other researchers[11−13] concluded that the hardness 
value after RRA treatment showed a single-peak 
variation, which was higher than that on peak-aging 

condition. It is suggested that the relationships between 
the microstructure after RRA treatment and the 
mechanical property have not far been understood clearly. 
In this study three different kinds of Al-Zn-Mg-Cu alloys 
are taken as experimental materials to sufficiently 
demonstrate the relationships by means of hardness 
measurement and tension test, TEM and EDX analyses. 
 
2 Experimental 
 

The experimental materials were three different 
kinds of Al-Zn-Mg-Cu alloys and their chemical 
compositions are listed in Table 1. The ingots of three 
alloys were homogenized, hot squeezed and solution 
heat-treated according to the parameters presented in 
Table 2. The regime of pre-aging temperature and time, 
retrogression time and re-aging temperature and time are 
established in Table 3. The Vickers hardness test was 
performed on a HV-10A low load hardness test machine. 
The load of each test was 100 N and the duration was 10 
s. Each point represented the mean value of 
measurements on 3 disks. Tension test was performed on 
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Table 1 Chemical compositions of alloys tested (mass fraction,%) 
Alloy No. Zn Mg Cu Ag Zr Cr Al 

1 6.28 2.19 1.60 − − 0.15 Bal. 
2 9.99 2.50 1.72 − 0.13 − Bal. 
3 12.2 2.48 2.00 0.166 0.15 − Bal. 

 
Table 2 Heat treatment tempers of alloys tested 

Alloy No. Homogenization 
Extrusion 

ratio 
Solid 

resolution 

1 460 ℃, 36 h 17.0 470 ℃, 1 h

2 
400 ℃, 12 h+ 
460 ℃, 32 h 16.7 450 ℃, 2 h+

470 ℃, 1 h

3 
430 ℃, 6 h+ 
455 ℃, 16 h 17.5 450 ℃, 2 h+

470 ℃, 1 h

 
Table 3 Parameters used in retrogression and reaging heat 
treatment 

Alloy No. 
Pre-aging 

temperture and 
time 

Retrogression time 
at 200 ℃/min 

Re-aging 
temperature 

and time 

1 120 ℃, 24 h 2, 6, 8, 10, 18, 45 120 ℃, 24 h

2 100 ℃, 24 h 
2, 4, 7, 10, 12,  

17, 45 100 ℃, 24 h

3 100 ℃, 24 h 
2, 5, 6, 7, 8, 10, 

12, 15, 45 100 ℃, 24 h

 
a universal tensile testing machine of CSS-44100 type. 
The TEM specimens were prepared by mechanically 
grinding each side of the sample to about 10 µm in 
thickness. Further thinning to a thickness of electron 
transparency was carried out by using accelerating 
voltage and current of 12−15 V and 70−90 mA 
respectively, and liquid nitrogen for cooling the 
specimens. Transmission electron microscopy(TEM) 
observation was performed on a Tecnai G2 microscope 
operating at 200 kV and EDX was used to analyze the 
content of Zn, Mg, Cu elements distributed in grain 
interior and at grain boundary of each sample. 
 
3 Results and analysis 
 
3.1 Hardness and tensile properties 

The results of the hardness test indicate that the 
hardness curves of Alloy 1 and Alloy 2 after 
retrogression exhibit a double-peak variation and the 
minimum hardness value appears at 6 min and 7 min 
respectively, as shown in Figs.1 and 2. Moreover, they 
also show that the hardness of Alloy 1 and Alloy 2 
present a single-peak variation during the re-aging 
treatment. As can be seen, the hardness of Alloy 1 and 
Alloy 2 after retrogressing plus re-aging for various time 
is greater than that under pre-aging condition (Alloy 1: 
120 ℃, 24 h; Alloy 2: 100 ℃, 24 h), even greater than 
that under single-peak aging condition. That is different 

 
Fig.1 Variation of hardness of Alloy 1 during retrogression at 
200 ℃ (RR) and after retrogression plus reaging treatment 
(RRA) 
 

 
Fig.2 Variation of hardness of Alloy 2 during retrogression at 
200 ℃ (RR) and after retrogression plus reaging treatment 
(RRA) 
 
from Refs.[9−10], but is the same as the most 
literatures[11−13]. 

The results of tension test indicate that the tensile 
strength under three-step aging condition of Alloy 1 after 
retrogressing for different time (2, 6 min) at 200  ℃ is 
higher than that under single-peak aging condition 
(Figs.3 and 4). The tensile strength values of Alloy 2 that 
was pre-aged at 100  for 24℃  h and retrogressed for less 
than 10 min are all greater than those under pre-aging 
condition. Moreover, the tensile strength of Alloy 2 
treated by RRA process of 100℃, 24 h+200 ℃, 7 
min+100 ℃, 24 h is even greater than that under 
single-peak aging condition, as shown in Fig.4 and Table 
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4. The tensile strength of Alloy 3 retrogressed for less 
than 15 min is greater than that under pre-aging 
condition. Furthermore, the tensile strength of Alloy 3 
after three-step aging process as 100 ℃, 24 h+ 200 ℃, 7 
min+100 ℃, 24h is even greater than that under 
peak-aging condition as shown in Fig.5 and Table 4. It is 
suggested that the tensile strength of RRA condition is 
greater than that under not only pre-aging condition but 
 

 
Fig.3 Variation of mechanical properties of Alloy 1 after RRA 
heat treatment by retrogression at 200 ℃ and reaging 
 

 
Fig.4 Variation of mechanical properties of Alloy 2 after RRA 
heat treatment by retrogression at 200 ℃ and reaging 
 
Table 4 Tensile properties of alloys aged for different time in 
single-step aging process 

Alloy No. 
Parameters of 

aging 

Ultimate 
strength/ 

MPa 

Yield 
 strength/

MPa 
δ5/%

1 
120 ℃, 24 h 
(peak-aging) 665 617 11.4

2 
100 ℃, 24 h 770 733 9.1
100 ℃, 48 h 
(peak-aging) 778 741 9.3

3 
100 ℃, 24 h 727 655 9.8
100 ℃, 80 h 
(peak-aging) 754 689 9.0

 

 
Fig.5 Variation of mechanical properties of Alloy 3 after RRA 
heat treatment by retrogression at 200 ℃ and reaging treatment 
 
also single-peak aging condition, and combined with a 
good elongation. 
 
3.2 Microstructural characterization and analysis 

A large number of short club shaped η′ phase 
(MgZn2) and GP zones are observed by TEM in all three 
kinds of alloys under peak-aged condition (Alloy 1: 
120 ℃, 24 h; Alloy 2: 100 ℃, 48 h; Alloy 3: 100 ℃, 80 
h), and the interior precipitated particles are highly 
dispersed (Fig.6), which is the typical interior 
microstructure for 7000 series aluminum alloy on 
peak-aging condition, corresponding to the peak-aging 
strength as high as 665−788 MPa of the three kinds of 
alloys (see Table 4). At the same time, PFZ at gain 
boundary appears in peak-aging state of all three kinds of 
alloys, as shown in Fig.7. The TEM image for Alloy 1 
shows that the PFZ becomes wider when the alloy is 
retrogressed after pre-aged on peak-aging condition 
(Figs.7(a) and 8(a)). After the alloy is subsequently 
re-aged at 120  for 2℃ 4 h, the PFZ gets narrow (Figs.8(b) 
and (c)) and even narrower than that under pre-aging 
(peak-aging) condition, besides the interior precipitates 
are more dispersed than that under peak-aging condition 
(Figs.7(a) and 8(c)). 

The TEM image for Alloy 2 indicates that there is 
no PFZ at grain boundaries when the alloy is pre-aged at 
100  for 24℃  h as pre-aging treatment (Fig.9(a)). After 
retrogressed at 200  for 7℃  min, a wider PFZ appears at 
gain boundaries of the alloy (Fig.9(b)), but becomes 
narrow greatly during re-aging at 100  for 24℃  h 
(Fig.9(c)), while the grain interior has the same dispersed 
distribution of particles as peak-aging condition (Fig.9(c) 
and Fig.6(b)). 

The EDX analysis reveals that the content of solute 
atoms in Alloy 2 has uniform distribution in the matrix 
and at gain boundaries when pre-aged for 24 h at 100 ℃. 
After retrogressed at 200  for 7℃  min, compared with 
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Fig.6 TEM images of interior precipitates of three alloys at peak-aging state (arrows show η′ phases): (a) Alloy 1 (120 ℃, 24 h);   
(b) Alloy 2 (100 ℃, 48 h); (c) Alloy 3 (100 ℃, 80 h) 
 

 

Fig.7 TEM images of precipitate free zone(PFZ) at grain boundary of three alloys at peak-aging state: (a) Alloy 1 (120℃, 24 h);   
(b) Alloy 2 (100 ℃, 48 h); (c) Alloy 3 (100 ℃, 80 h) 
 

 

Fig.8 TEM images showing PFZ at grain boundary of Alloy 1 retrogressed at 200  fo℃ r 6 min (a), PFZ narrowed by re-aging at 
120  for 24℃  h (b) and high magnification image (c) of Fig.8(b) showing precipitates in grain more dispersive than those in Fig.6(a) 
 
grain interior the content of solute atoms at grain 
boundaries decreases heavily, meanwhile after 
subsequently re-aged at 100  for 24℃  h, the content of 
solute atoms at grain boundaries increases sharply and 
approaches to the content in the matrix, as listed in Table 
5. 
 
4 Discussion 

 
As we can see from Fig.1 to Fig.5 and Table 4, the 

tensile strength values of Alloy 1 under three-step aging 
condition after two different retrogression processes 
(200 ℃/2, 6 min) are both greater than those under 
single-peak aging condition. When Alloy 2 and Alloy 3 
are treated following the parameters listed in Table 3, the 
values of tensile strength of samples retrogressed at 
200  for less℃  than 10 min and 15 min respectively are 
all greater than those under pre-aging condition (100 ℃, 
24 h), furthermore, the tensile strength values of Alloys 2 
and 3 treated as following RRA process of 100 ℃, 24 h+ 
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Fig.9 TEM images showing no PFZ formed when pre-aged at 100 ℃ for 24 h (a), PFZ formed when retrogressed at 200 ℃ for 7 
min (b), PFZ narrowed and “filled ” by re-precipitating when re-aged at 100 ℃ for 24 h (c) 
 
Table 5 Molar fraction of elements in grain interior and at grain boundary of Alloy 2 under different treatment (%) 

Treatment Position Zn Mg Cu Al 

100 ℃, 24 h 
Grain boundary 6.50 3.90 3.10 86.50 

Grain interior 6.45 4.05 3.00 86.50 

100 ℃, 24 h+200 ℃, 7 min 
Grain boundary 6.90 4.55 2.55 88.00 

Grain interior 6.90 6.00 2.60 84.50 

100 ℃, 24 h+200 ℃, 7 min+100 ℃, 24 h 
Grain boundary 6.30 4.90 3.70 85.10 

Grain interior 3.70 4.40 4.20 84.70 

 
200 ℃, 7 min+100 ℃, 24 h are all higher than those 
under single-peak aging condition. All these reveal that 
the tensile strength after RRA treatment is greater than 
that under pre-aging condition, even exceeds the peak 
strength of single-step artificial aging. 

Figs.6 and 7 show that the precipitates of three 
kinds of peak-aged alloys are highly dispersed, which is 
dominanted by GP zones except a few short-club shaped 
η′ phase particles (as pointed by arrows), corresponding 
to their super-high strength. However, all of them have 
PFZ. Generally, PFZ is considered the weakness areas of 
alloy structure[14−15]. They can decrease the 
intragranular binding forces and the stress concentration 
occurs at grain boundaries easily, which leads to the 
decrease of strength. This means the potential of strength 
of studied alloys is not explored sufficiently. 

PFZ at grain boundaries becomes wider when Alloy 
1 is pre-aged with peak-aged process parameter and 
subsequently retrogressed at 200  for 6℃  min (see 
Fig.8(a)). That is obviously because the precipitates 
around PFZ in the matrix re-dissolve during the 
retrogression, then the re-dissolved atoms diffuse to the 
equilibrium phase (MgZn2) in grain boundaries and 
deposit on it. All above concerned make the equilibrium 
η phase coarse as well as the PFZ wide. In the same way, 

although Alloy 2 of under-aging condition has no PFZ at 
grain boundaries, the PFZ somewhat forms during the 
retrogression at 200  for 7℃  min and the second phase 
particles at grain boundaries become aggregated and 
coarse (see Fig.9). Whether the alloy is pre-aged with the 
parameters of under-aging or peak-aging condition, the 
PFZ of Alloy 1 and Alloy 2 formed during the 
retrogression at 200  for 6 min and 7℃  min respectively 
becomes narrower and annihilated after re-aged at 
100  for 24℃  h and 120  for 24℃  h respectively (see 
Figs.8(b), (c) and 9(c)). The results of EDX analysis also 
indicate that the content of solute atoms in grain interior 
of Alloy 2 is close to that at grain boundaries and no PFZ 
is formed, while the content of solute atoms in grain 
interior is much higher than that at grain boundaries after 
retrogressed at 200  for 7℃  min and PFZ is formed 
obviously. After re-aging at 200  for 24℃  h, the content 
of solute atoms at grain boundary increases, reaching up 
to the similar level in grain interior, which suggests that 
PFZ disappears (see Table 5). Obviously, this is caused 
by the re-distribution and re-precipitation of solute atoms 
during re-aging. Figs.6(a) and 9(a) show that the 
microstructures of pre-aged Alloy 1 and Alloy 2 are both 
dominated by GP zone particles besides a few short club 
shaped η′ phase. When Alloys 1 and 2 are retrogressed at 
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200  for 6℃  min and 7 min respectively, large number of 
small sized GP zones and η′ phase may dissolve in the 
matrix to enlarge the solid solution quantity of the solute 
atoms[16−17]. These dissolved solute atoms tend to 
re-distribute from higher concentration zone near the 
grain boundaries to lower concentration site in PFZ, so 
that the PFZ regains a supplement of solute atom. These 
dissolved solute atoms diffuse into the PFZ and then 
precipitate during the re-aging, so the PFZ becomes 
narrower or even disappears. The disappearance of PFZ 
strengthens the grain boundaries, inhibits the 
concentrated deformation at grain boundaries and 
promotes the uniform deformation in grain. All these can 
release the strengthening potential of the alloys and make 
great contribution to enhancement of mechanical 
performance. 

Another important factor affecting the mechanical 
properties of alloys under RRA condition is precipitated 
particles formed during re-aging including particle 
dispersity and constitution. As we can see from Figs.6(a) 
and 8(c), it is suggested that after Alloy 1 is pre-treated 
on peak-aging condition and subsequently retrogressed 
and re-aged, the dispersity of interior precipitates reaches 
the same level under peak-aging condition and all of 
them consist of a large quantity of GP zones and a few 
short club shaped η′ phase (see Figs.6(a) and 8(c)). On 
the condition of the same dispersity in grain, compared 
with peak-aging condition (σb=665 MPa, δ5=11%), the 
disappearance of PFZ enhances the tensile strength of the 
alloys after RRA treatment, and the highest value reaches 
679 MPa, meanwhile, the elongation keeps up to 8%, as 
shown in Fig.3 and Table 4. After Alloy 2 is pre-aged on 
under-aging condition (100 ℃, 24 h), and subsequently 
retrogressed and re-aged, and the microstructure of the 
alloy is still dominated by GP zones particle and η′ phase. 
But compared to pre-aging condition (100 ℃, 24 h), 
short club shaped η′ phase increases and coarsens 
obviously. The length of η′ phase particle is up to about 6 
nm, while the quantities and dispersity increase relatively 
(see Figs.9(a) and (c)). Obviously, although PFZ 
decreases the strength of alloys at 100 ℃, 24 h pre-aging 
condition, the increase of η′ phase and increment of 
quantities and dispersity of precipitates under RRA 
condition will improve mechanical properties, which 
leads to a higher tensile strength than that under 100 ℃, 
24 h pre-aging condition (Figs.4, 5 and Table 4). Even 
compared with peak-aging condition, the quantities and 
dispersity of precipitates in those alloys RRA-treated 
also increase obviously, as shown in Figs.6(b) and 9(c). 
Based on the disappearance of PFZ, the tensile strength 
of RRA condition reaches 795 MPa, which is greater 
than that of pre-aging condition (100 ℃, 24 h) with low 

dispersed precipitates (770 MPa) and peak-aging 
condition (788 MPa) having PFZ at grain boundary. At 
the same time, the elongation is over 9%. In the same 
way, the strength of Alloy 3 exceeds that on peak-aging 
and RRA condition. 
 
5 Conclusions 
 

1) At a certain range of retrogression time, the 
hardness values of the RRA-treated Alloys 1 and 2 are 
both higher than those under pre-aging condition even 
peak-aging condition, and shows a single peak variation. 

2) When being pre-aged at peak-aging condition, 
Alloy 1 can obtain a larger tensile strength than that 
under peak-aging condition (665 MPa) after 
subsequently retrogressed at 200  for 6℃  min and 
re-aged at 120  for 24℃  h, and its highest strength can 
reach 679 MPa. While being pre-aged on under-aging 
condition (100 ℃, 24 h), the tensile strength of Alloy 2 
and Alloy 3 exceed that on pre-aging condition (770 MPa) 
even peak-aging condition (788 MPa) after retrogressed 
at 200  for 7℃  min and re-aged at 100  for 24℃  h, and 
the highest strength and elongation can reach 795 MPa 
and 9%, respectively. 

3) Re-aging treatment during RRA treatment can 
annihilate the PFZ formed during short time 
retrogression and increase the dispersity of precipitated 
particles in grain. 
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