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Abstract: The ageing behavior of a pre-stretched thick plate of Al-Zn-Mg-Cu alloy was systemically studied including one-step ageing, 
two-step ageing, and retrogression and reageing treatment (RRA). One-step ageing of the alloy resulted in peak ultimate tensile 
strengths of 595 and 575 MPa after 22 and 6 h at 120 and 135°C, respectively. The strengthening phase in peak aged (T6 temper) alloy 
contained GP zones and the η′ phase predominantly. After two-step ageing, the electrical conductivity was increased markedly, but the 
pre-stretched thick plate sacrificed a great loss of strength. RRA treatment provided a method for maintaining the strength close to that 
obtained by T6 temper and for obtaining the high electrical conductivity close to that obtained by T7 temper; the ultimate tensile 
strength and electrical conductivity were 583 MPa and 21.0 MS/m, respectively. TEM analysis of T7 and RRA specimens revealed two 
types of precipitates that contributed to age strengthening i.e. the η′ and η phases. 
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1. Introduction 

Al-Zn-Mg-Cu alloys are widely used for structural 
applications in aerospace because of their specific 
mechanical properties. With the development of high 
speed milling machines and the improved properties of 
thick plates, large structures machined from a thick 
plate can now replace forged components or built-up 
structures, which significantly reduce the cost by 
minimizing the amount of components and joints [1-5]. 
More recently, thick plates of Al-Zn-Mg-Cu series al-
loys were used extensively in the aircraft and aerospace 
industry [6-9]. 

Al-Zn-Mg-Cu series alloys are typical ageing pre-
cipitate strengthening alloys; the ageing treatment is a 
key process to achieve the required microstructures and 
properties. T6 temper can obtain the peak hardness and 
tensile strength, with high stress corrosion cracking 
(SCC) susceptivity [10]. The T7 temper increases the 
stress corrosion resistance of Al-Zn-Mg-Cu series al-
loys by modifying the microstructures, sacrificing 
about 10%-15% of the tensile strength properties with 
respect to peak-aged (T6 temper) alloys [11-12]. Ret-
rogression and reageing (RRA) treatment was devised 
by Cina [13] and it was claimed to improve the SCC 
resistance of Al-Zn-Mg-Cu series alloys while main-
taining their strength at the level of the peak-aged tem-

per. In general, RRA was suitable for the treatment of 
articles having thin section dimension because of the 
retrogression treatment lasting just for a few seconds to 
a few minutes at a relative high temperature of 
200-260°C [14-16]. 

The purpose of the present article is to investigate in 
detail the ageing behavior of the pre-stretched thick 
plates of Al-Zn-Mg-Cu and to understand the ageing 
strengthening mechanism in different ageing condi-
tions. In RRA treatment, the relative low retrogression 
temperature (180°C) was selected in this study to allow 
moderately thicker section components to be treated 
for a relative long time. 

2. Experimental 

The chemical composition of the alloy investigated 
in the present study was Al-6.23Zn-2.88Mg-1.58Cu- 
0.16Cr-0.31Mn-0.15Fe-0.048Si-0.025Ti (wt%). The 
slabs were prepared by the traditional ingot metallurgy 
process. After casting, the slabs were homogenized, 
scalped, hot-rolled to plates of 40 mm in thickness, 
solid solution treated at 470°C, water quenched (a 
roller-type spray quenching equipment was used) to 
room temperature, and pre-stretched (residual stress 
relieving). The bulk samples used in this research were 
obtained from a monolithic thick plate, and heat treated 
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by the one-step ageing, two-step ageing, and the ret-
rogress and reageing (RRA) tempers. For the one-step 
ageing, the alloy was treated at 120 and 135°C for 0-72 
h. The two-step ageing consisted of an initial ageing for 
7 h at 115°C, followed by the second ageing at 165°C 
for 0-36 h. For the RRA temper, the alloy was subjected 
to a three-step ageing involving pre-ageing for 10 h at 
120°C followed by retrogressing for 1.5 h at 180°C, 
and then reageing at the peak aged condition. 

The tensile properties of the thick plate were evalu-
ated with a nominal tension rate of 1 mm/min at room 
temperature in long transverse (LT) direction at 1/4 
location of the plate thickness, using 25 mm gauge 
length specimens. Each datum is the average of three 
samples. Electrical conductivity measurement on the 
samples was carried out using a direct reading type 
conductivity meter. TEM specimens were prepared by 
cutting thin slices from the aged samples, which were 
then mechanically thinned down to ~50 µm and then 
electropolished using a twin-jet polisher with a 25vol% 
nitric acid solution in methanol at (−30)-(−20)°C with 
an applied voltage of 15-20 V. The microstructural 
characterization was carried out using a JEM 2000FX 
transmission electron microscope at 160 kV. 

3. Results and discussion 

3.1. One-step ageing treatment 

The ageing curves for one-step ageing, as shown in 
Fig. 1, illustrate the ageing response of the alloy at 120 
and 135°C, respectively. The peak ultimate tensile 
strength (UTS) values were 595 and 575 MPa at ageing 
temperatures of 120 and 135°C, respectively. The age-
ing time to achieve these peak UTS values were 22 and 
6 h, respectively. These results indicated that the rate of 
strength increases markedly with increasing ageing 
temperature while the peak strength decreases. During 
the overageing stage, there are some quite significant 
ageing kinetics differences between these; more rapid 
kinetics was observed at 135°C than at 120°C. Fur-
thermore, Fig. 1(c) shows the electrical conductivity as 
a function of the one-step ageing time for the alloy. It 
can be seen that electrical conductivity increases with 
increasing ageing time and ageing temperature. Fol-
lowing the research results of other researchers [17-19], 
electrical conductivity serves as an indicator of 
corrosion resistance, i.e., the higher electrical 
conductivity means the material has a higher SCC 
performance. 

The microstructure of the alloy after ageing for 22 h 
at 120°C (T6 temper) is shown in Fig. 2. It can be seen 
that the precipitates in the matrix are very fine and are 
distributed homogeneously, with their size ranging 

from 3 to 6 nm; the grain boundary precipitates are 
semi-continuous and the precipitation free zone (PFZ) 
with about 10 nm width is presented. The diffraction 
spots from the aluminum matrix have been indexed; the 
weak spots from the GP zones and the η′ phase can be 
identified, indicating that the strengthening mechanism 
of the peak-aged alloy is GP zones and η′ phase 
strengthening in combination. 

 

 

 

Fig. 1.  Ageing curves of one-step ageing at 120 and 135°C: 
(a) ultimate tensile strength; (b) 0.2% proof stress strength; 
(c) electrical conductivity. 

3.2. Two-step ageing treatment 
The two-step ageing involved pre-ageing for 7 h at 

115°C, followed by final ageing at 165°C. The varia-
tion of the tensile strength and the electrical conduc-
tivity during the final ageing is plotted in Fig. 3. It can 
be seen that a peak tensile strength is achieved after 1-2 
h at 165°C in the two-step ageing treatment; after the 
peak strength point, the tensile strength of the alloy de-
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creases obviously while prolonging the final ageing 
time. On the other hand, the electrical conductivity of 
the alloy increases with the increase of final ageing 
time. By comparing with Fig. 1(c), it is found that the 
electrical conductivity after two-step ageing treatment 
increases remarkably; the electrical conductivity is 

about 21 MS/m after ageing for 6-8 h, which is higher 
than that by the T6 temper (about 18.3 MS/m). It sug-
gests that the SCC resistance of the alloy obtained by 
the two-step ageing temper is higher than that obtained 
by the peak-aged (T6 temper). 

  

Fig. 2.  TEM images of the alloy aged for 22 h at 120°C (T6 temper): (a) bright field image; (b) selected area diffraction (SAD) 
pattern taken along the [111]Al direction. 

 

Fig. 3.  Ageing curves of the two-step aged at 115°C for 7 h 
plus 165°C for various periods of time. 

Fig. 4 shows TEM images of the alloy after ageing 
for 7 h at 115°C plus 16 h at 165°C. It can be seen that 
the precipitates in the matrix increase remarkably, with 
their size ranging from 10 to 30 nm; the precipitation 
density is very low. It is not surprising that the alloy 
possesses low tensile strength under this ageing temper. 
Furthermore, the grain boundary precipitates, recog-
nized as the η phase [20], grow up to be coarser and are 
more sparsely distributed, and the PFZ of 30-40 nm in 
width can also be observed. SAD patterns taken along 
the [100]Al and [112]Al directions are shown in Fig. 4(b) 
and Fig. 4(c), respectively, indicating the existence of 
the η′ phase and the η phase. The spots from the η′ 
phase and the η phase in the SAD patterns mentioned 
above have been marked by arrows and legends in the 
figures for better clarity. Based on the experimental 
results mentioned above, it can be considered that the 
strengthening mechanism for the two-step aged alloy is 
the η′ phase and the η phase strengthening in combi-
nation. 
3.3. Retrogression and reageing treatment 

Table 1 presents the tensile properties and the elec-
trical conductivity of the alloy by RRA temper (T6 and 

T7 tempers are listed for comparison). It can be noted 
that the differences between the tensile properties ob-
tained in peak aged and RRA tempers are minimal. On 
the other hand, the electrical conductivity in the RRA 
temper is remarkably increased, which is higher than 
that in the peak aged alloy. It is suggested that the SCC 
resistance of the RRA treated alloy is improved obvi-
ously. 

Fig. 5(a) shows a TEM micrograph of the alloy after 
RRA treatment. It can be found that the precipitates in 
the matrix are very similar to the T6 temper, which are 
very fine with their size ranging from 5 to 10 nm, and 
are distributed homogeneously. Therefore, it is not 
surprising that the tensile strength of the alloy in the 
RRA temper is very close to that obtained by the T6 
temper. The grain boundary characteristics are similar 
to that obtained by the T7 temper (Fig. 4(a)); the pre-
cipitates are coarse and are discontinuously distributed. 
Following the viewpoints of the other researchers [21], 
the coarser and more discrete grain boundary precipi-
tates have been suggested to improve the SCC resis-
tance. Thus, it may be suggested that the RRA treat-
ment is favorable for the SCC resistance of the alloy. 
Furthermore, apparent PFZ with 40-50 nm width along 
the grain boundary was observed. 

Fig. 5(b) and Fig. 5(c) show SAD patterns taken 
along the [110]Al and [112]Al projection. The SAD pat-
tern analysis indicates that extra spots are mainly from 
the η′ phase and the η phase, confirming that the pri-
mary microstructure at RRA temper contains the η′ 
phase and the η phase predominantly. Thus, the 
strengthening mechanism for the RRA treated alloy is 
the η′ phase and the η phase strengthening in combi-
nation. 
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Fig. 4.  TEM images of the alloy aged for 7 h at 115°C plus 16 h at 165°C: (a) bright field image; (b) SAD pattern taken along 
the [100]Al direction; (c) SAD pattern taken along the [112]Al direction. 

Table 1.  Tensile properties and electrical conductivity of RRA, T6, and T7 treated alloy pre-stretched thick plates (LT-long 
transverse) 

Temper Rm / MPa Rp0.2 / MPa A / % γ / (MS⋅m−1)
RRA：120°C×10 h＋180°C×1.5 h+120°C×22 h 583 525 10.0 21.0 

T6：120°C×22 h 595 534 11.5 18.3 
T7：115°C×7 h+165°C×16 h 512 430 10.6 22.4 

Note: Rm represents the ultimate tensile strength; Rp0.2 represents the 0.2% proof stress strength; A represents the elongation; γ repre-
sents the electrical conductivity. 

   

Fig. 5.  TEM images of the alloy aged for RRA temper: (a) bright field image; (b) SAD pattern taken along the [110]Al direction; 
(c) SAD pattern taken along the [112]Al direction. 

 

4. Conclusions 

(1) One-step ageing of the alloy results in a peak 
UTS value of 595 MPa after 22 h at 120°C. After 
two-step ageing, the electrical conductivity increases 
markedly, but sacrifices a great loss of strength. RRA 
treatments provide a method for maintaining the 
strength close to that obtained by the T6 temper and for 
obtaining high electrical conductivity close to that ob-
tained by the T7 temper; the UTS and electrical con-
ductivity are 583 MPa and 21.0 MS/m, respectively. 

(2) In the T6 temper, the alloy is strengthened by GP 
zones and the η′ phase strengthening in combination. 
The strengthening mechanism for both the two-step 
and the RRA treated alloy is the η′ phase and the η 
phase strengthening in combination. 

(3) The grain boundary precipitates in the peak-aged 

(T6 temper) alloy are fine and semi-continuously dis-
tributed. On the contrary, the grain boundary precipi-
tates in both T7 and RRA treated alloys are coarse and 
discretely distributed. 
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