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Effects of Aging Treatment on Intergranular Corrosion 
and Stress Corrosion Cracking Behavior of AA7003
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Abstract: In order to study the effects of aging treatment on the intergranular corrosion (IGC) and stress 
corrosion cracking (SCC) of 7003 aluminum alloy (AA7003), the intergranular corrosion test, electrochemical 
test and slow strain rate test (SSRT), combined with optical microscopy (OM) and scanning electron microscopy 
(SEM) as well as transmission electron microscopy (TEM) observations have been carried out. The IGC 
and electrochemical test results showed that the IGC resistance of AA7003 for peak aged (PA) temper is the 
lowest, with double peak aged (DPA) the moderate, and retrogression and re-aging (RRA) the highest among 
three tempers, which is attributed to the continuous feature of precipitation on grain boundary of PA temper 
and the interrupted feature of precipitation on grain boundary of DPA and RRA tempers, as well as the wide 
precipitation free zones (PFZ) of RRA temper. In addition, the SSRT results indicated that all three tempers 
AA7003 are susceptible to SCC in IGC solution, and the change tendency of SCC susceptibility (ISCC) of 
AA7003 for three tempers follows the order: ISCC(RRA)<ISCC(DPA)<ISCC(PA).
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1	 Introduction

7003 aluminum alloy (AA7003) belongs to 7000 
series (Al-Zn-Mg-Cu) aluminum alloys which have 
preeminent combination of properties such as fracture 
toughness, high specific and thermal conductivity[1-4]. 

These superior properties result in a considerable 
amount of studies devoted to developing aluminum 
alloys used as structural materials in aircraft, space 
vehicles, and automotive applications in the past 
several decades[5-9].

Corrosion is one of the main failure forms of 
aluminum alloys, and Al–Zn–Mg–Cu alloys are 
strongly susceptible to the localized corrosion[10,11], 
such as pitting, intergranular corrosion (IGC), stress 
corrosion cracking (SCC) and so on. The poor 
corrosion resistance limits the applications of Al–
Zn–Mg–Cu alloys[12-16]. In the past several decades, 

some investigations have been carried out to study 
the relationships between the heat  treatment, 
microstructural evolution and properties of Al-Zn-
Mg-Cu alloys[17–22]. Rout et al[11] studied the influence 
of aging treatment on SCC behavior of Al-Zn-Mg-Cu 
alloy and found that 7000 series aluminum alloys have 
the highest strength in their peak-aged (PA) temper, 
but they are more susceptible to localized corrosions. 
However, Angappan and Han et al[17,18] found that the 
retrogression and re-aging (RRA) provides an optimum 
combination of the fracture toughness and strength 
during the study of the effects of pre-stretching and 
aging on the microstructure, strength and fracture 
toughness of 7050 aluminum alloy. In addition, Xiao 
et al[19] reported that RRA can increase the size and 
distribution discontinuity of grain boundary precipitates 
and lead to the increase of the corrosion resistance 
without the loss of strength and ductility of an Al-
Zn-Mg-Cu alloy. In order to spread the use of 7000 
series aluminum alloys in industries, it is still of great 
significance to investigate the effects of aging treatment 
on localized corrosion behaviors such as IGC and SCC 
of aluminum alloys.

Aging treatment is the key process to achieve the 
excellent associated properties. The decomposition 
of super saturation solid solution (SSSS) during the 
aging contributes to the formation of some second 
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phase precipitates in Al-Zn-Mg-Cu alloys. Usually, the 
precipitation sequence can be represented as follows: 
[23-25]

Super saturation solid solution (SSSS)→GP 
zones→semi-coherent η ′(MgZn2)→incoherent η 
(MgZn2).

The aim of the present study was to determine 
the respective roles of aging treatment systematically 
during the whole corrosion process of AA7003 in IGC 
solution. Furthermore, the effects of aging treatment 
on the IGC and SCC behaviors of AA7003 were 
investigated by electrochemical testing, IGC testing, 
slow strain rate test (SSRT), and optical microscopy 
(OM). The microstructure of the grain boundaries was 
observed by transmission electron microscopy (TEM) 
and the fracture morphology was observed by scanning 
election microscopy (SEM).

2	 Experimental

The AA7003 used in the present study was 
supplied by Alcoa Co. in the form of smooth specimens 
machined from a 40 mm thick rolled plate. The 
chemical composition (wt%) of the AA7003 is given in 
Table 1. The detailed conditions for the heat treatment 
are listed in Table 2.

The IGC tests were performed according to 
ASTM G110 [26]. The solution temperature was 
maintained at 35±2 ℃ by a thermostat. The surface 
area and the solution volume ratio was 6 mm2/mL. 

The electrochemical experiments were conducted 
in a local electrochemical cell, using the standard 
three electrodes configuration: saturated calomel 
electrode (SCE) as a reference, a platinum plate as the 
counter electrode and the specimen as the working 
electrode. The specimens used for the electrochemical 
tests were mounted with epoxy resin to provide an 
exposed area of 1 cm2 and was polished by successive 

silicon carbide paper up to 1000 #. The specimens 
were then rinsed with deionized water, degreased in 
acetone and dehydrated ethanol by ultrasonic sound, 
and dried in air. Potentiodynamic polarization tests 
were performed at a scan rate of 1 mV/s in IGC 
solution. The potential ranged from -1.4 V vs SCE 
to -0.3 V vs SCE. The potentiodynamic curves were 
fitted using Corrview software in the mode of Tafel 
(Traditional). Electrochemical impedance spectroscopy 
(EIS) tests were conducted at open circuit potential 
(OCP) after immersing in solutions for a few minutes. 
The EIS was obtained in the frequency range from 
100 kHz to 0.04 Hz with ten points per decade and a 
perturbation amplitude of 10 mV. The impedance data 
were interpreted on the basis of equivalent electrical 
circuits using the Zsimpwin program for fitting the 
experimental data.

Slow strain rate test (SSRT) was carried out 
with a strain rate of 9.5×10-7/s to evaluate the SCC 
behavior in IGC solution. The tensile specimens were 
machined into smooth flat-plate specimens ( see Fig.1). 
The specimens were ground sequentially with 1500 # 
grit emery papers in a grinding direction parallel to the 
loading direction before each SCC test. The specimens 
were then rinsed with deionized water, degreased in 
dehydrated ethanol and acetone by ultrasonic cleaner, 
and sealed with epoxy resin, except for the gauge 
sections. In addition, the tensile specimen was then 
applied a pre-loading force of approximately 200 N 
to avoid the gap between the specimen and SSRT 
machine. The SCC susceptibility (ISCC) is defined as 
follows:

ISCC=1−εSCC/ε0                            (1)

where ISCC is the whole SCC susceptibility of alloy, εSCC 

is the elongation to fracture in corrosive environment, 
and ε0 is the elongation in dry air. ISCC reflects the 
extent of SCC susceptibility, the higher the ISCC value, 
the higher the susceptibility to SCC. To ensure the 
accuracy of the test, three samples were tested for the 

Table 1  Chemical composition of AA7003/wt%

Zn Mg Cu Zr Ti Mn Cr Fe Si Al

0.6 0.6 0.2 0.1 0.2 0.3 0.2 0.35 0.3 Bal.

Table 2  The heat treatment parameters of AA7003

Aging Parameters

Peak aged (PA) 470 ℃×2 h+120 ℃×50 h

Double peak aged (DPA) 470 ℃×2 h+120 ℃×120 h
Retrogression and 
re-aging (RRA)

470 ℃×2 h+120 ℃×48 h+
205 ℃×10 min+120 ℃×48 h

Fig.1  Schematic diagram of the SSRT specimen
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average value. The standard deviation was within 5%.
The lengthwise section of the IGC sample was 

observed by OM. The microstructure of AA7003 was 
observed by means of a TEM (JEOL 2100) and the 
specimens were prepared by the standard twin-jet 
electropolishing method using 75% methanol and 25% 
nitric acid solution at 30 ℃. The fracture morphology 
of AA7003 was investigated by means of SEM (JSM-
6510 and SUPRA55).

3	 Results and discussion

3.1	 IGC behavior
Fig.2 shows the optical morphologies of AA7003 

under various tempers immersed in IGC solution 
for 12 h. It can be seen that all the samples under 
various tempers were evidently damaged by IGC to 
some extent. The corrosion degree could be described 
by maximum corrosion depth and global corrosion 
condition. The maximum corrosion depths of AA7003 
with temper of PA and DPA are about 83 and 55 μm 
respectively, and the IGC levels of both tempers are 
3; while the maximum corrosion depth of RRA is 10 
μm and its IGC level is 1. Also, the corrosion form of 
AA7003 of RRA (Fig.2(c)) has transformed from IGC 
to uniform corrosion. Therefore, the results show that 
the IGC resistance of AA7003 under various tempers 
follows the order: PA<DPA<RRA, which may result 
from the difference of precipitates distribution on the 
grain boundaries.
3.2	 Electrochemical analysis

The potentiodynamic polarization curves in IGC 
solution for the PA, DPA and RRA tempers of AA7003 
are shown in Fig.3. It can be seen that the corrosion 
potentials (Ecorr) of AA7003 under various tempers are 
almost the same in IGC solution. Moreover, the anodic 
branch of the polarization curves exhibits typical active 
metal dissolution behavior since the current density 
increases sharply with increasing anodic potential, and 
the localized corrosion will occur when the potential 
surpasses Ecorr. Table 3 presents the electrochemical 
data such as corrosion potential (Ecorr), corrosion 
current density (icorr) and the cathodic and anodic Tafel 

slopes (ba, bc) obtained from the polarization curves. 
Furthermore, the value of Rp was calculated by the 
stern formula:

Table 3	 Electrochemical data of AA7003 under various 
tempers in IGC solution

Aging Ecorr/V Icorr/(mA.cm-2) ba/V bc/V Rp/(Ω.cm2)

PA -0.821 77 3.1 0.142 03 8.745 7 19.363

DPA -0.807 31 1.2 0.114 31 76.137 39.783

RRA -0.812 98 0.3 0.086 127 551.03 117.43 Fig.2	 Optical morphologies of AA7003 under various tempers 
after immersed in IGC solution for 12 h: (a) PA; (b) DPA; (c) 
RRA
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Fig.3	 Potentiodynamic polarization curves of AA7003 under 
various tempers in IGC solution
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Rp=ba×bc/(2.3(ba+bc)×Icorr)                (2)

The fitting results indicated that icorr value of 
AA7003 under the temper of PA is the highest, that 
of DPA is moderate , and that of RRA is the least. 
Besides, the Rp value of PA tempered AA7003 is the 
lowest, and RRA the highest. Therefore, the corrosion 
resistances of three tempers show the following order: 
RRA>DPA>PA. This result is in good agreement with 
the result of the IGC tests.

EIS tests were performed under open circuit 
potential to investigate the electrode reaction process 
of AA7003 under various tempers exposed in IGC 
solution. Fig.4 shows the Nyquist and Bode plots of 
the EIS. As shown in Fig.4 (a), two capacitance loops 
exist in the Nyquist plots, indicating that two time 
constants are present in EIS. In addition, there exist 
two remarkable peak values in the curves of phase 
angle in the Bode plots, which also implies that two 
time constants are present in EIS. Furthermore, it can 

be seen from the Nyquist plots that the diameters of 
the capacitance loops under various aging treatment 
are different. Specifically, the diameter of RRA is 
larger than that of DPA and PA, and the diameter of 
PA is the smallest. According to the Bode plot of |Z| vs 
frequency, it is found that the values of |Z| also comply 
with the order: PA<DPA<RRA.

The electrical equivalent circuit is employed 
to model the spectra, as shown in Fig.5. The circuit 
of “a” denotes the IGC behavior between crystalline 
grains inside the alloy, the circuit of “b” stands for 
the reaction between the corrosion solution and the 
surface of aluminum matrix. Rs stands for the solution 
resistance, Ca and Ra1 represent the electric double-layer 
capacitance and solution resistance of IGC crack inside 
the alloy respectively; Qa and Ra2 represent the constant 
phase angle element and reaction resistance of IGC 
inside alloy; Cb and Rb stand for the electric double-
layer capacitance and polarization reaction resistance 
between the solution and the surface of matrix. The EIS 
fitting results of IGC are shown in Table 4. The value of 
reaction resistance (Rr) of the whole corrosion process 
is the summation of the Ra (Ra1+Ra2) and Rb, because 
all resistances of the electrical equivalent circuit are in 
series. In addition, the fitting results showed that the 
reaction resistance of the electrode reaction achieves 
the maximum value under the temper of RRA, the 
value of DPA is moderate, and that of PA is the least. 
This suggests that the extent of IGC follows the 
following order: RRA<DPA<PA, which is consistent 
with the results of the potentiodynamic polarization 
tests. 
3.3	 TEM observations

Fig.6 illustrates the TEM images of the AA7003 
of PA, DPA, RRA tempers. A continuous feature of 

Table 4  EIS fitting results of AA7003 tested in intergranular solution

Temper Rs/(Ω·cm2)
Ca Ra1/(Ω·cm2)

Qa Ra2

/(Ω·cm2)
Cb

/(F/cm2×10-6)
Rb

/(Ω·cm2)Y0/(Ω
-1·cm-2 s-n ×10-6) n Y0/(Ω

-1·cm-2 s-n ×10-6) n

PA 4.743 13.721 0.112 4 5.895 14.43 0.780 3.794 941.5 12.3

DPA 5.370 18.482 0.593 6 5.419 29.03 0.828 5.604 1 096 22.4

RRA 4.467 16.200 1 2.808 29.37 0.536 8.056 1 298 29.1

Fig.4	 Nyquist (a) and Bode (b) plots of EIS of AA7003 under 
various tempers in IGC solution.
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grain boundary precipitates is shown in the image for 
the PA temper (Fig.6(a)). However, the AA7003 of DPA 
temper shows a discontinuous feature (Fig.6(b)) and 
the AA7003 of RRA temper displays wide precipitation 
free zones (PFZ) at grain boundary (Fig.6(c)). It 
is well known that the corrosion of Al-Zn-Mg-Cu 
aluminum alloys is closely related to the distribution of 
η precipitates on grain boundary, and η precipitates are 
identified as being anodic to the Al alloy matrix[26]. The 
IGC resistances of aluminum alloys are determined 
by the grain boundary microstructure, and the reason 
is that IGC usually initiates at grain boundaries. An 
active corrosion path will occur when η precipitates 
distribute continuously at grain boundaries (e g, PA), 
which is caused by the galvanic reaction between the 
anodic precipitates “η” at the grain boundaries and 
the peripheral alloy base.[27,28] Furthermore, the grain 
boundaries distributed with η precipitates will become 

an ideal segregation area of H, which results from 
the incoherent connection between η and periphery. 
Hence, the η precipitates will make aluminum alloys 
to have high susceptibility to corrosion and hydrogen 
embrittlement. However, the treatment of DPA and 
RRA changes the distribution of η precipitates on 
grain boundary, which decreases the susceptibility to 
corrosion and hydrogen embrittlement. In addition, 
compared with the other two tempers, AA7003 of RRA 
temper is of the highest IGC resistance because of the 
existence of wide PFZ at grain boundary.
3.4	 Slow strain rate test

The stress-strain curves of AA7003 under various 
tempers measured in air and in IGC solution are 
shown in Fig.7. It is shown that both the elongation 
and mechanical strength of AA7003 under different 
aging treatments descend compared with that in 
air, indicating the occurrence of SCC under various 
tempers. Furthermore, the elongations of specimens 

Fig.6	 TEM images of AA7003 under various tempers: (a) PA; (b) 
DPA; (c) RRA
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Fig.7	 Stress-strain curves of AA7003 under various tempers in air 
and IGC solution: (a) PA; (b) DPA; (c) RRA
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under various tempers are different, the PA temper 
achieves about 18.3%, the DPA temper has 19.2% and 
the RRA temper reaches approximately 19.9%. Thus, it 
is suggested that the aging treatment has great influence 
on the SCC behavior of AA7003.

In order to analyze the SCC behavior of 
AA7003 under various tempers in IGC solution, the 
SCC susceptibility (ISCC) under various tempers was 
evaluated by the loss percentage of elongation. The 
dependence of ISCC on tempers is shown in Fig.8. The 
ISCC of AA7003-PA temper is higher than that of DPA 
temper and RRA temper, and the ISCC of RRA temper is 
the least. The PA temper has the ISCC of 27%, and that 
of DPA temper reduces to 25%, however, RRA reduces 
to 21% rapidly. The reason for this behavior is that the 
aging treatment affects the precipitation distribution. 
The grain boundary becomes short circuit diffusion 
channel and the preferential nucleation site because of 
the high interfacial energy. It is easy to form element 
segregation during solid solution treatment, and the 
solute atoms in the vicinity of the grain boundary are 
easy to diffuse to the grain boundary. Then continuous 
precipi tat ion phase “η” (MgZn2)  precipi tates 
preferentially at grain boundary, and η precipitates in 
Al-Zn-Mg-Cu alloy are more electrochemically active 
than the matrix. Hence, the grain boundaries with 
continuous η phase will become the susceptive anode 
channel, and the continuous η precipitates offer a path 
for SCC. The η precipitates preferentially dissolve in 
corrosion condition because of the galvanic action, 
act as crack initiation site, and consequently crack 
propagation occurs during the SSRT test, resulting in 
the highest ISCC of PA. However, the precipitates of DPA 
are discrete, discontinuous, and widely distributed. 
These widely spaced and discontinuously distributed 
precipitates do not act as continuous network of 
corrosion path and channel for IGC, which results in 
an enhancement of resistance to SCC. Moreover, wider 
PFZ exists along the grain boundary in RRA, which 

decreases the dissolution in solution and reduces the 
tendency of IGC.
3.5	 Fracture morphologies

The fractographs of AA7003 under various 
tempers tested in IGC solutions are shown in Figs.9(a)-
9(f). It can be found from Figs.9(a), (b), (c) that 
obvious feature of dimples occurs when the samples are 
tested in air. Furthermore, the dimples of AA7003 of PA 
temper are shallower and larger than that of DPA and 
RRA temper, and a maximum number of dimples exist 
on the fracture morphology of alloy of RRA temper. 
Thus it is suggested that AA7003 of RRA temper has 
the greatest plasticity, DPA has the moderate plasticity 
and PA temper owns the least. However, characteristics 
of  brittle intergranular rupture occurs as the AA7003 
of the three tempers is tested in IGC solution, which 
indicates that IGC solution has a great influence on 
SCC behavior of AA7003. In addition, Fig.9(d) shows  
the characteristics of flat fracture and intergranular 
pores, while Fig.9(e) shows a mixure of intergranular 
fracture appearances and cleavage planes, and Fig.9(f) 
shows not only the feature of intergranular fracture, but 
also some quasi-cleavage surfaces and small dimples. 

On the basis of the analysis above, AA7003 
under various tempers exhibits a certain extent of 
SCC susceptibility in IGC solution. Specifically, the 

Fig.8  Dependence of SCC susceptibility on various tempers
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evolution of SCC of AA7003 with PA temper is faster 
and more active than that of AA7003 of DPA and RRA 
temper, which is consistent with the SCC susceptibility 
test results (Fig.8).

4	 Conclusions

a) The IGC resistance of AA7003 under various 
tempers follows the order: PA<DPA<RRA, which 
is related to the precipitates distribution on the grain 
boundaries.

b) Compared with the continuous characteristics 
of precipitation phase η on grain boundary in AA7003 
of PA temper, the DPA and RRA tempers exhibit the 
interrupted feature, and RRA temper is of wide PFZ.

c) AA7003 under various tempers exhibits a 
certain extent of SCC susceptibility in IGC solution, 
and ISCC of PA is the highest, DPA moderate while RRA 
the lowest.
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