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A B S T R A C T   

The effect of non-isothermal creep aging (NICA) on the microstructure, mechanical properties, and stress 
corrosion cracking (SCC) resistance of 7075 alloy was investigated. The results showed that the tensile strength 
of the alloy increased to 565 MPa when the alloy was heated to 210 ◦C (CH210) and reached 580 MPa when it 
was subsequently cooled to 120 ◦C (CC120). Simultaneously, the SCC susceptibility of rtf increased from 50.8 % 
to 98.4 %. As compared with traditional creep aging process [1], a large strength increment with excellent stress 
corrosion resistance have been obtained by NICA. The microstructure revealed that a lot of dislocations have 
been introduced by creep during the heating stage which could improve the precipitates volume fraction and 
accelerate the diffusion of solutes; while during the cooling stage, η′ was greatly refined, and GPI and GPII were 
re-precipitated from the matrix due to the decreased solid solubility and increased critical radius R*; both of 
them are responsible for the continuous strength increase during NICA. Moreover, the width of the precipitate 
free zone (PFZ) was narrowed from 46.1 nm (CH210) to 28.6 nm (CC120). The microchemical analysis reveals 
that solutes were more homogenously distributed in grain boundary precipitates (GB-ppts), matrix precipitates, 
the PFZ, and the matrix with the help of creep. The narrower PFZ and homogeneous solute distribution are 
responsible for improving the SCC susceptibility in the CC120 alloy.   

1. Introduction 

Al–Zn–Mg–Cu alloys are widely used in the automotive and aircraft 
industries, for their low density, high strength and excellent fatigue 
resistance [1,2]. Creep age forming is a new aging process that aging and 
forming carried out simultaneously, it always used to produce parts with 
curved feature. It costs 18~48 h at 150 ◦C aging to achieve desirable 
mechanical properties and corrosion resistance [3,4]. The development 
of new creep aging processes is still of great value to improve mechan-
ical properties and corrosion resistance with production time and cost 
reduction, production efficiency increase. 

It is well known that mechanical properties and corrosion resistance 
of the material are tailored by alloy composition and aging technique by 
varying the microstructure in the grain interior and grainboundary. 

Tunable factors of microstructure include precipitate size, spatial dis-
tribution and chemical composition, solute atom segregation in pre-
cipitate free zones (PFZ), and the width of PFZ [5–7]. In Al–Zn–Mg–Cu 
alloys, GPI, GPII, η and η′ phases are the major precipitates formed 
during aging [8,9]. GPI is an ordered solute cluster formed along the 
{100}Al planes, featuring a size of 1–3 nm. GPII is a platelet of a few 
atomic layers along the {111}Al planes. GPI and GPII can provide 
nucleation sites for the η′ phase, which is important for strengthening. 
With increasing Zn concentration, the nucleation probability of GPI and 
GPII increases, along with an increase in the volume fraction of η′, thus 
giving rise to improved alloy strength [10]. However, the SCC resistance 
of these alloys decreased remarkably with increasing Zn concentration, 
due to the widened regimes of PFZ. Some works have demonstrated that 
the addition of Cu is beneficial for improving SCC resistance, and they 
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found that the crack growth rate of the stress-independent region (stage 
II) decreased by two orders of magnitude, with increasing Cu content 
from 0.01 (wt.%) to 2.1 (wt.%) [11–13]. Noble Cu atoms can be incor-
porated into the grain boundary precipitates, reducing the potential 
difference between the grain boundary and its adjacent area, as well as 
the H content produced during cathodic reactions at the SCC crack tips 
[5]. However, high Cu content could also increase the alloy density and 
its susceptibility to hot-cracking. 

In addition to chemical composition, age tempering has also been 
confirmed effective in altering precipitate chemistry and spatial distri-
bution in Al–Zn–Mg–Cu alloys, providing an alternative route to mate-
rial properties modification. For example, peak-aged alloys have shown 
combination of maximum tensile strength, but the worst corrosion 
resistance after T6 temper. T7 temper was developed to improve the 
corrosion resistance of alloys, however at a cost of strength reduction by 
10–30 %. In recent years, a number of complex tempering methods have 
also been developed for Al–Zn–Mg–Cu alloys. A regression re-aging 
(RRA) temper developed by Cina et al. [14] demonstrated simulta-
neous improvement in the mechanical properties and the SCC resistance 
of these alloys. The authors attributed the enhancement in mechanical 
properties to mostly η′ refinement, and the enhancement of SCC resis-
tance to the coarsening and discrete spatial distribution of grain 
boundary precipitates (GB-ppts), as well as the increased Cu contents 
therein [7,15]. It should be noted that this age tempering protocol in-
cludes a T6 temper step, heat treatment at a higher temperature for a 
short period, followed by quenching in cold water, and finally re-aging 
at a lower temperature. Many steps are involved to complete the entire 
process, which significantly reduces its efficiency in industrial 
production. 

To achieve lower industrial production costs and improved industrial 
efficiency, non-isothermal aging (NIA) has been widely used in the heat 
treatment of aluminum alloys, especially Al–Zn–Mg–Cu alloys [16]. 
Compared with conventional heat treatment, NIA can be completed with 
reduced time, thus increasing the production efficiency without material 
property loss [17]. A further optimized NIA process provided a higher 
strength and comparable SCC resistance to a standard T74 aging pro-
tocol [18]. They ascribed the changes to refined η′ phase and the reduced 
width of PFZs [18]. For curved parts in aerospace vehicles, NIA applied 
during creep process could be a meaningful attempts to achieve both 
high strength and corrosion resistance with high producing efficiency 
[19,20]. Creep introduced during NIA has been designated as 
non-isothermal creep aging (NICA), and there is still a lack of systematic 
research on its influence on the microstructure, mechanical properties 
and SCC susceptibility of 7075 alloys. 

Hence, this study systematical investigates the precipitation 
behavior, mechanical properties, and SCC resistance of 7075 alloys 
during NICA. The microstructures and microchemicals of the grain 
interior and grain boundaries were characterized by transmission elec-
tron microscopy (TEM), high-angle annular dark-field scanning trans-
mission electron microscopy (HAADF-STEM) and energy dispersive 
spectroscopy (EDS). The mechanical properties and SCC of the alloys 
were tested by tensile and slow strain rate testing (SSRT) experiments. 

2. Materials and methods 

2.1. Materials 

The chemical composition of the as received 7075 alloy has been 
analyzed using inductively coupled plasma mass spectrometry (ICP-MS). 
Table 1 summarizes the results. The alloy was solutionized at 470 ◦C for 

0.5 h, followed by heat treatment at 475 ◦C and 480 ◦C for 0.5 h, 
respectively. After solid solutionization, high temperature pre- 
precipitation was carried out at 405 ◦C for 0.5 h, at a cooling rate of 
30 ◦C/h, followed by quenching in cold water. Non isothermal creep 
aging was performed on the pre-precipitated alloy with a common 
heating/cooling rate. Sample IDs were assigned as CH and CC. In ‘CH’ 
series, the alloy is heated from room temperature to 120 ◦C, 160 ◦C or 
210 ◦C at a rate of 20 ◦C/h. After reaching the temperature, samples 
were quenched in water to obtain CH120, CH160 or CH210 sample. In 
‘CC’ series, all samples are heated from room temperature to 210 ◦C at 
the rate of 20 ◦C/h, then cooled to 100 ◦C, 120 ◦C or 160 ◦C at the same 
rate, and then quenched in water. The samples are designated as CC100, 
CC120 and CC160. An axial tensile load of 200 MPa was applied on the 
samples during the course of heating and cooling stage. The schematic 
diagram of the experimental process is shown in Fig. 1. 

2.2. Microstructure characterization 

Microstructure at locations within grains and at grain boundaries 
was characterized using scanning/transmission electron microscopy (S/ 
TEM) and energy dispersive X-ray spectroscopy (EDS). Prior to testing, 
the age-treated sheet samples of CH120, CH210 and CC120 were me-
chanically thinned to 80− 100 μm in thickness with mesh sizes of 400, 
600, 800 and 1200, respectively. Φ 3 mm discs were punched from these 
thinned sheets. They were then twin-jet-electropolished at 17 V/− 20 ◦C, 
using HNO3 (25 vol%) in methanol. Bright field micrographs and 
selected area diffraction patterns were recorded on a FEI Tecnai G220, 
operated at 200 kV. High angle annular dark field imaging (HAADF) was 
carried out on a FEI Titan G260-300, operated at 300 kV in STEM mode. 

2.3. Mechanical property 

Tensile testing was carried out at room temperature on a MTS 
landmark 810 electronic universal testing machine. The loading rate 
measured 2 mm/min. Samples of L-T orientation were adopted, and 
were machined according to the Chinese National Standard GB/ 
T228.1–2002 [21]. Three measurements were made per each aging 
condition, providing data regarding the yield strength (σ0.2, MPa) and 
the ultimate tensile strength (σUTS, MPa). 

2.4. Stress corrosion cracking (SCC) 

The SCC susceptibility (ISCC) of the 7075 alloy was evaluated with 
respect to the heating stage and the cooling stage involved, via slow 
strain rate testing (SSRT). SSRT was performed at a strain rate of 1.0 ×
10− 6 s− 1 at room temperature, in either air or 3.5 wt% NaCl solution 
(corrosive environment). Prior to testing, all samples were polished and 
dried in air. The samples were loaded along the L-T direction. Results of 
evaluation included relative time-to-failure and loss in ultimate tensile 
strength after SSRT in air and 3.5 wt% NaCl solution. Three measure-
ments were made per each alloy aging condition. 

3. Results and discussion 

3.1. Mechanical properties 

Tensile tests of the 7075 alloys were carried out during the NICA 
process. Fig. 2 summarizes the results. The ultimate tensile strength 
(σUTS, MPa) and the yield strength (σ0.2, MPa) were measured 524 MPa 
and 432 MPa, respectively, for CH120 alloy. These properties were 
further improved to 565 MPa and 493 MPa, respectively, for CH210 
alloy. σUTS and σ0.2 increased by 41 MPa and 61 MPa, respectively, 
during the heating stage. Both of these two kinds of strength reached 
580 MPa and 512 MPa, respectively, after cooling from 210 ◦C (CH210) 
to 120 ◦C (CC120), and then keep nearly stable when the alloy cooled to 
100 ◦C (CC100). Slightly decrease of elongation could be observed 

Table 1 
Chemical composition of the as-received 7075 alloy.   

Zn Mg Cu Zr Si Fe Al 

wt.% 5.66 2.34 1.82 0.09 0.16 0.08 Bal.  
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during the heating and cooling stage. Compared with traditional T6, 
T73, RRA and CAF process, a remarkable strength improvement and 
production time savings could be achieved by CC120 process, as shown 
in Table 2. 

3.2. Microstructure in the grain interior 

In general, types, size and distribution of precipitates in the grain 
interior play a significant role on the mechanical evolution for alloy. The 
reported precipitates responsible for strengthening in the 7075 alloy are 
GPI, GPII, η′ and η phases [23–26]. GPI features spherical morphology, 
ranging from 1 nm to 3 nm in size, and is coherent with the matrix [25, 
27]. The projection of the anti-phase structure of GPI consisting of Zn 
and Mg (or Al) atoms along the [100]Al direction is very similar to that of 
AuCuI. The produced patterns along [100]Al always display an internal 
order of four doublings of the Al structure along certain cubic directions 
with diffuse spots at (1, (2n+1)/4, 0)Al [28]. GPII phases form a thin 
plate on {111}Al planes with a chemical composition of Al, Zn, and Mg, 
and are correlated with diffraction streaks across (111)Al spots. The 
precipitation of GPII significantly depends on the concentration of 
quenched-in vacancies [27]. η′ precipitates are hexagonal-structured 
platelets lying on {111}Al planes. Their orientation relationship with 
the matrix is (0001)η′//(111)Al and [1010]η′//[011]Al. The lattice 
parameter relationship between η′ and the matrix obtained through the 

Fig. 1. Schematic diagram of the experimental process.  

Fig. 2. Tensile strength, yield strength and elongation evolution of alloy (a) and corresponding stress-strain curves (b) during NICA process.  

Table 2 
The strength and production time cost of 7075 alloy with different aging process.  

Aging 
process 

Tensile 
strength 
(MPa) 

Yield 
strength 
(MPa) 

Production schedule Ref. 

T6 559 504 24 h@120 ◦C [22] 
T73 528 465 24 h@120 ◦C + 30 

h@160 ◦C 
[22] 

RRA 568 512 24 h@120 ◦C +
10min@120 ◦C + 24 
h@120 ◦C 

[22] 

CAF 535 470 24 h@150 ◦C+6 h@190 ◦C [4] 
CC120 580 512 13.5 h. In our 

study  
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simulation calculation is d(0001)η′ = 6d(111)Al and d(1010)η′ = 3d 
(220)Al [29,30]. 

Fig. 3a shows that the size of the precipitates shown is less than 3 nm, 
while the SAED in Fig. 3b very weak and diffuse diffraction spots at 
positions of (1,1/4,0)Al and (1,7/4,0)Al can be observed. The FFT (Fig. 4c 
and e) and corresponding IFFT (Fig. 4b and d) of zone 1 and zone 2 in 
Fig. 4a reveals that the precipitates coherent with the matrix and the FFT 
patterns are the same as those in Fig. 3b. The precipitates have been 
identified GPI and it should be predominant for strengthening in CH120, 
where the 7075 alloy experienced NICA at 120 ◦C. With increasing aging 
temperature to 210 ◦C, diffraction spots of GPI are almost disappeared. 
Strong diffraction intensity at 1/3{220}Al and 2/3{220}Al spots indicate 
that η′ became the predominant strengthening phase, and that most GPI 
could transform to η′ (Fig. 3d). The size of precipitates increases to 
approximately 8 nm (Fig. 3c). Moreover, weak diffraction intensities in 
correspondence with the η phase can also be found (Fig. 3d). When the 
alloy was cooled from 210 ◦C to 120 ◦C at a cooling rate of 20 ◦C/h, the 
bright field images and select area diffraction patterns along [100]Al 
zone axes are shown in Fig. 3e and f. Strong diffraction spots of η′ and 
weak diffraction pattern of η are observed. In addition to these two 
phases, the spots of GPI re-emerged. The FFT patterns and IFFT images 
of zone 1-zone 4 in Fig. 5(CC120) also confirmed GPI, η′ and η are 
predominant for strengthening. Different from the SEAD in Fig. 3f, very 
weak diffraction pattern at 2/3(220) of zone 2 could be observed. Stiller 
et al. ascribe it to GPII [24]. The dislocation arrays are observed in the 
7075 alloy as indicated by ‘⊥’ along the interface. This suggests that the 
GPII, η′ and η precipitate is semi-coherent with the Al matrix. The size of 
the precipitates increased significantly during the heating stage and 
decreased during the cooling stage. 

The precipitation process of an alloy is largely controlled by solute 
diffusion, the driving force and the nucleation energy barrier. The 
driving force Δg proposed by Aaronson is expressed as Eq. (1) [31]: 

Δg= −
kT
vat

ln
(

C
Ceq

)

(1)  

where vat is the atomic volume of the precipitate, k is the Boltzmann’s 
constant, T is the absolute temperature, Ceq is the equilibrium solute 
atomic concentration, and C is the current solute concentration of the 
matrix. The critical radius (R*) of the precipitates derived from the 
above equation is expressed as Eq. (2) [32]: 

R∗ =
2γvat

kTln
(
C
/

Ceq
) (2)  

where γ is the interface energy. Precipitates larger than the critical 
radius R* would be coarsened, and those smaller than R* would dissolve 
back into the matrix. 

The precipitation sequence in Al–Zn–Mg–Cu alloys is SSS→GP zone 
→ η′ → η. When the alloy is heated to 120 ◦C(CH120), the diffusion of Zn 
and Mg solutes accelerates, in favor of GPI formation. However, the size 
of GPI is too small that it could be cut by the moving dislocations and 
hinder the creep deformation. With aging temperature heated to 160 ◦C 
(CH160), the dislocations produced by creep could provide new nucle-
ation sites for GPI (white arrows in Fig. 6a), and the driving force (Δg) in 
Equation (1) increases, which also favors precipitation. Furthermore, a 
lot of new dislocations have been produced in the matrix (the FFT of 
zone 1 in Fig. 6b is mainly composed by the matrix diffraction patterns 
and the corresponding IFFT of zone 1 indicates that a majority of ‘⊥’ 
dislocations could be observed), which could provide new nucleation 
site for GPI and accelerate the diffusion of solutes for the following step. 
Hence, with continuous aging temperature increase to 210 ◦C(CH210), 
the new formed and metastable GPI transforms to more stable η′ by 
favored diffusion of solutes and Δg, as shown in Fig. 3c and d. The 
continuous precipitation and transformation take responsible for the 
improvement of mechanical properties during the heating stage. When 
the alloy cooled from 210 ◦C to 120 ◦C, the critical radius R* would 
increase with decreasing aging temperature with maximum vat and a 
constant γ of η′. The fraction of precipitates with dimensions smaller 
than R* increases, and those precipitates dissolve back into the matrix. 
Simultaneously, secondary precipitation occurs owing to reduced solute 

Fig. 3. Bright field images (a, c, e) and select area diffraction pattern (b, d, f) of CH120 (a,b), CH210 (c,d) and CC120 (e, f) viewed along [100]Al zone axes.  
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solubility in the matrix with decreasing temperature. The diffraction 
patterns of GPI could be observed again in Figs. 3f and Fig. 5a–c, and 
GPII could only be observed in CC120 alloy in Fig. 5d and e due to its 

small volume fraction. As compared with alloy treated by traditional T6, 
CAF and RRA [4,22,33], the size of η′ was remarkably refined and the 
density was improved in CC120 alloy. More importantly, GPI take 

Fig. 4. HRTEM image (a), the IFFT pattern (b,d) and FFT image (c,e) of zone 1(b, c) and zone 2 (d,e) of CH120 alloy viewed along [100]Al zone axes.  

Fig. 5. HRTEM image (a), the IFFT pattern (b,d,f,h) and FFT image (c,e,g,i) of zone 1(b,c), zone 2 (d,e), zone 3(f,g) and zone 4 (h,i) of CC120 alloy viewed along 
[100]Al zone axes. 
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responsible for strengthening again, which could further improve the 
mechanical properties of the alloy. 

3.3. SCC susceptibility 

Besides the mechanical property, stress corrosion cracking (SCC) is 
the most severe corrosion failure. It always breaks suddenly during 
service, which leads to accidents and serious threats to safety. Fig. 7 
shows the stress–strain curves of the slow strain rate test (SSRT) of 
samples with CH120, CH160, CH210, CC160, and CC120 tempers in air 
and in 3.5 wt% NaCl solution. The tensile properties of CH120, CH160, 
CH210, CC160 and CC120 samples in both air and 3.5 wt% NaCl solu-
tion increased dramatically, slowly reached maximum, followed by a 
slight decrease prior to fracture failure. The strength of sample CH120 
quickly reached the maximum in the 3.5 wt% NaCl solution, followed by 
sudden fracture. This finding suggests that alloy subject to CH120 
temper exhibits a high SCC susceptibility. SCC susceptibility can be 
estimated using the ratio rtf (Eq. (3)), 

rtf =
tfc

tfe
(3)  

where tfc and tfe represent the time-to-failure (tf) of the alloy tested in air 
and in 3.5 wt% NaCl solution, respectively. A high rtf value indicates low 
SCC susceptibility. Moreover, the tensile strength loss in the corrosive 
solution can be also adopted to evaluate the SCC susceptibility, which 
can be calculated using Eq. (4): 

Strength loss=
σair − σNaCl

σair
(4) 

σair and σNaCl correspond to ultimate tensile strength in air and in 3.5 
wt% NaCl solution, respectively. A lower strength loss indicates a lower 
SCC susceptibility. The tensile strength, strength loss, tf and rtf values of 
the 7075 alloy with different tempers are listed in Table 3. The strength 
loss of sample CH120 was 12.9 %, which was lowered to 7.8 % upon 
continuous heating to 160 ◦C (CH160). After heating to 210 ◦C (CH210), 
strength loss reached 1.7 % and did not show a significant decrease in 
the subsequent cooling stage (1.5 % for CC160 and 1.3 % for CC120). 
Evaluation of the relationship between strength loss and SCC suscepti-
bility is limited. Another SCC susceptibility evaluation factor is the time- 
to-failure rtf. Table 3 shows that the rtf of CH120 was 50.8 % and reached 
86.3 % after the alloy was continuously heated to 210 ◦C (CH210). 
During the cooling stage, rtf reached 96.9 % (CC160) and 98.4 % 
(CC120). In this study, rtf was more sensitive and effective for the 
evaluation of SCC susceptibility. Sample CC120 exhibited the best SCC 
resistance. 

The corresponding fracture topography of the alloy with CH120, 
CH210 and CC120 after SSRT has been characterized by SEM, as shown 
in Fig. 8. It can be observed from Fig. 8a, c and e that the surface and the 
subsurface areas belong to the intergranular fracture mode, and the 
interior of the alloy belongs to the ductile fracture mode. Choi et al. 
considered that this type of intergranular fracture is caused by SCC, and 
the internal ductile fracture plays a major role in the mechanical prop-
erties of the alloy [34]. The area of SCC regions in Fig. 8a, c and e follows 
as the same order (CH120>CH210>CC120) as the SCC susceptibility of 
the above. The magnified SEM image of SCC region in Fig. 8a shows that 
the fracture morphology in this area is a typical candy-like brittle frac-
ture (Fig. 8b), which indicates the grain-boundary has been attacked 
seriously and results in the whole grain depart from the other. Different 
from the CH120, dimples could be found in the grain interior in Fig. 8d 

Fig. 6. Bright field image with selected area diffraction pattern (a), HRTEM image (b) and the corresponding FFT and IFFT image of zone 1 of CH160 alloy viewed 
along [100]Al zone axes. 

Fig. 7. SSRT tensile curves in air and in 3.5 wt% NaCl solution.  

Table 3 
Mechanical properties and time to failure of alloys after SSRT testing.  

Sample No. Environment UTS/MPa Strength loss tf/s rtf 

CH120 In air 482 12.9 % 233667 50.8 % 
3.5 wt% NaCl 420 118755 

CH160 In air 513 7.8 % 211064 59.2 % 
3.5 wt% NaCl 473 124876 

CH210 In air 529 1.7 % 251976 86.3 % 
3.5 wt% NaCl 520 217633 

CC160 In air 536 1.5 % 264797 96.9 % 
3.5 wt% NaCl 528 256486 

CC120 In air 543 1.3 % 274370 98.4 % 
3.5 wt% NaCl 536 270211  
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and f, which indicates that the strength in the grain boundary and 
interior has been improved simultaneously. 

3.4. Microstructure along the grain-boundary 

Generally speaking, the stress crack corrosion can be divided into 
two processes: anodic dissolution and hydrogen embrittlement [35–37]. 
Anodic dissolution has been reported to be produced by the potential 
difference of PFZ, precipitates in the grain interior and grain-boundary 
when they were exposed in 3.5%NaCl solution after the oxide film 
was destroyed by stress loading, it takes responsible for the initial stage 

of SCC. The anodic dissolution processes can be described as follows 
[38]: 

M(Metallic elements in the alloy)→ Mn+ + ne− (1a)  

Mn+ + zH2O → M(OH)
(n− z)+
Z + zH+ (2a)  

H++e − → Hads (3a)  

Hads +Hads→H2 (4a) 

After the first stage of SCC, continuous stress loading exposes fresh 

Fig. 8. Fracture topography of alloy and the corresponding magnified SCC region with CH120(a,b), CH210(c,d) and CC120(e,f) after SSRT in 3.5 % NaCl solution.  
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metal to the corrosive medium, causing hydrogen to continuously 
accumulate toward the crack tip. Hydrogen atoms form hydrogen gas. 
When the hydrogen gas pressure reaches a certain level, the crack 
expansion is accelerated. Hence, the electrochemical behavior of the 
microstructure along the grain-boundary is significant for the SCC in 
Al–Zn–Mg–Cu alloy. Fig. 9 reveals the microstructure of grain boundary 
of alloy with CH120 treatment, it can be seen that the precipitates 
distribute continuously along the grain-boundary (Fig. 9a) with size 
obviously coarser than that in the grain interior (Fig. 9b). Al, Cu, Mg and 
Zn are distributed homogeneously, as shown in Fig. 9c–f. Like the pre-
cipitates identified in Fig. 3, the coarser ones along the grain boundary 
could also be GPI composed by Zn and Mg solutes. According to the 
investigation of Birbilis et al., the corrosion potentials of Zn (− 1028 mV/ 
SCE in 3.5 wt% NaCl solution) and Mg (− 1688 mV/SCE in 3.5 wt% NaCl 
solution) are more negative than the matrix (− 812 mV/SCE in 3.5 wt% 
NaCl solution) [39]. It can be inferred that the GPI phase could be anodic 
and reactions of (1)-(4) occur when exposed in the electrolyte. Disso-
lution of continuous GPI forms corrosion channels and accelerates 
hydrogen accumulation, both of them deteriorate the strength of the 
grain-boundary. Moreover, coherent and fine GPI is difficult to hinder 
the movement of dislocations and can easily co-slip with the matrix, 
causing a large number of dislocations to accumulate at the grain 
boundaries, leading to further increase of SCC susceptibility. Hence, 
typical candy-like brittle fracture could be seen in Fig. 8a and b. 

After NICA at 210 ◦C (CH210), precipitates located within grains and 
along grain boundaries were coarsened in the 7075 alloys. The coars-
ening of GB-ppts consumes solutes from the adjacent matrix, forming a 
(46.1 ± 3) nm wide PFZ. Both continuous and discontinuous pre-
cipitates can be observed in Fig. 10. Mg and Zn are segregated in the 
precipitates on the grain boundary, and significant Zn and slight Cu and 
Mg depletion can be observed in the adjacent PFZ in Fig. 10c–f. The 
elemental distribution indicates that the precipitates on the grain 
boundary should be η′ or η with a chemical composition of MgZn2. The 

reported corrosion potential of MgZn2 in 3.5%NaCl solution was − 1095 
mV/SCE and that of the PFZ was − 812 mV/SCE [39]. Anodic dissolution 
could occur due to the remarkable potential difference between the 
GB-ppts and PFZ. Continuous dissolution could occur along the contin-
uous distributed MgZn2 particles and crack could propagate rapidly 
along these sites. Hence, intergranular fracture can also be observed in 
CH210 alloy after SSRT (Fig. 8c and d). Different from fracture surface of 
SCC region in CH120, a large number of dimples can be observed in the 
grain interior because the major strengthening phase evolved to dislo-
cation hindered η′ (Fig. 3e and f). The dissolution and crack propagation 
could be slowed down when they come across with discontinuous 
MgZn2 particles, and coarse MgZn2 precipitates act as H trapping sites. 
Both of them can lower SCC susceptibility for CH210 alloy. Therefore, 
the SCC resistance was dramatically improved as rtf increased from 50.8 
% (CH120) to 86.3 % (CH210). 

During the cooling stage, the critical radius R* increases with 
decreasing aging temperature, which leads to the dissolution of larger 
precipitates on the grain boundary. The precipitate size is significantly 
reduced, and secondary precipitation is observed along the grain 
boundary and nearby (Fig. 11b). The width of the PFZ is reduced to 28.6 
±3 nm (Fig. 11a), which is significantly smaller than 70 nm of 7075 
alloy treated by isothermal aging and RRA during creep [4]. Moreover, 
precipitates along grain boundaries are distributed discontinuous. EDS 
mapping of Figs. 11e–f reveals that precipitates at grain boundaries are 
enriched in Mg and Zn, which could also represent MgZn2 particles. The 
solutes are distributed more homogeneously than those in sample 
CH210, as shown in Fig. 11c–f. Although the size of MgZn2 at the grain 
boundary is reduced, it could still act as a H trapping site. A narrower 
PFZ width and discontinuous distribution of MgZn2 can counter-balance 
the weakening of the H-trapping capacity caused by the refinement of 
the size of GB-ppts, and effectively lower the material’s SCC suscepti-
bility. The area of SCC region in CC120 alloy remarkably smaller that of 
CH120 and CH210 alloy (Fig. 8e and f). The rtf value of sample CC120 

Fig. 9. HAADF-STEM image(a-b), EDS maps of Al(c), Cu(d), Mg(e) and Zn(f) of the CH120 alloy. Electron beam direction://[001]Al.  
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Fig. 10. HAADF-STEM image(a-b), EDS maps of Al(c), Cu(d), Zn(e) and Mg(f) of CH210 alloy. Electron beam direction://[001]Al.  

Fig. 11. HAADF-STEM image (a–b), EDS maps of Al(c), Cu(d), Mg(e) and Zn(f) of CC120 alloy. Electron beam direction://[001]Al.  
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increased to 98.4 %, exhibiting the best SCC resistance among all sam-
ples examined. 

Besides the mentioned above, the microchemistry of GB-ppts, PFZ, 
M-ppts and the matrix could be another key point for SCC susceptibility 
in Al–Zn–Mg–Cu alloy. It can be seen in Fig. 12 and Table 4 that: (1) the 
Cu content in GB-ppts and PFZ is higher in CC120 than in CH210; (2) the 
Mg content in GB-ppts in CC120 is lower than in CH210; (3) the con-
centration difference of active Mg and Zn solutes between the GB-ppts 
and PFZ in CC120 alloy is smaller than that in CH210 alloy; (4) the 
concentration difference of active Mg and Zn solutes between the grain 
interior (composed be M-ppts and matrix) and grain boundary 
(composed by GB-ppts and PFZ) of CC120 alloy is also smaller than that 
in CH210 alloy. Generally, Mg can enhance the absorption of H and 
increase the H content along grain boundaries via Mg–H interactions 
[40–42]. The reduction of Mg content in the GB-ppts of CC120 would 
reduce the formation of Mg–H complexes and lower its SCC suscepti-
bility from hydrogen embrittlement. Furthermore, increasing Cu content 
in the GB-ppts and PFZ in CC120 could render them less electrochemi-
cally active, and reduce the rate of anodic dissolution and cathodic H 
production at crack tips [43,44]. Active Mg and Al from the GB-ppts 
dissolve and leave behind a Cu rich remnant which detaches from the 
matrix and dissolves in the electrolytic solution as Cu ions. These ions 
can re-plate and re-precipitate on the surface to avoid further corrosion 
[45]. Moreover, the reduced concentration difference of active Mg and 
Zn solutes in CC120 alloy between the grain boundary and grain inte-
rior, the GB-ppts and PFZ could lower the driving force for anodic 
dissolution during SCC. Hence, CC120 exhibits the most excellent SCC 
resistance. 

4. Conclusions 

The effects of non-isothermal creep aging on the microstructure, 
mechanical properties and SCC were systematically investigated for the 
7075 alloy. Key conclusions are summarized as follows:  

(1) The strength and SCC resistance improved during the heating and 
cooling stages. Alloys creep aged at 210 ◦C followed by cooling to 
120 ◦C (CC120) exhibited the highest strength and best SCC 
resistance.  

(2) During the heating stage, the major precipitate responsible for 
strengthening in alloy CH120 was GPI, which then evolved to η′ 
with a small amount of η in alloy CH210. The precipitation could 
be greatly improved with the help of dislocations introduced by 
creep. During the cooling stage, the alloy was strengthened by 
phases of η′, GPI, GPII and η. Particles with sizes larger than R* 
can dissolve into the matrix and lead to secondary precipitation, 
refining the precipitate size and increasing the precipitate den-
sity. Alloy CC120 exhibited the best combination of mechanical 
properties.  

(3) The GPI phase distributed continuously on the grain boundaries 
in alloy CH120, and transformed to coarse η′/η phases. Both 
continuous and discontinuous precipitate distributions were 
observed in CH210 and a PFZ was formed. During cooling stage, 
the precipitate distributions appeared discontinuous, the size of 
GB-ppts was refined, and the width of the PFZ was reduced due to 
secondary precipitation.  

(4) In alloy CC120, solutes were distributed more homogeneously, 
reducing the driving force for electrochemical corrosion. More 
importantly, the Cu content increased slightly in the GB-ppts of 
CC120. Combined with the effect of narrowed width of PFZs, 
significant reduction in the SCC susceptibility of alloy CC120 was 
achieved. 

Fig. 12. Grain boundary HAADF-STEM images of NICA-treated the 7075 alloy: (a) CH210; (b) CC120.  

Table 4 
Atomic percentage content of Al, Zn, Cu and Mg in GB-ppts, PFZ, M-ppts and 
matrix in the 7075 alloy. 
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