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ABSTRACT 
 

The present study aimed to investigate the corrosion resistance of Al-Zn-Mg alloy under 
different times of heat straightening, utilizing the intergranular corrosion (IGC) and 
electrochemical testing. The results indicated a decrease in the IGC resistance of the Al-Zn-
Mg alloy as a result of heat straightening. The discussion on the IGC behavior was centered 
on changes in precipitation at the grain boundaries and within the matrix. As the heat 
straightening times increased, the precipitate-free zone (PFZ) disappeared, and the 
precipitate phases underwent dissolution and re-precipitation. Notably, the sample after one 
time of heat straightening exhibited the most severe corrosion among the specimens, which 
was attributed to the higher precipitation coverage rate at the grain boundaries. 
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1 INTRODUCTION  
Al-Zn-Mg alloys are widely employed in aerospace industry, rail transit, and military 

equipment due to their remarkable specific strength and good weldability. Metal inert-gas 
(MIG) arc welding is commonly used for joining Al-Zn-Mg alloys with Al-Mg filler ER5356 in 
structural components. However, the high thermal conductivity and thermal expansion 
coefficient, in comparison to carbon steels, make it prone to welding distortion. This 
distortion can lead to issues such as dimensional inaccuracies during the assembly and 
escalated fabrication costs [1-3]. Therefore, its effective control, especially in large welded 
structures during assembly, is critical. During the assembly process, it is influenced not only 
by local shrinkage due to rapid heating and cooling but also by root gap and misalignment 
between parts to be welded [1-3]. Therefore, as its complete elimination is practically 
challenging, measures need to be taken to reduce it after welding. In this context, here are 
two primary methods for correcting welding distortion after welding, known as mechanical 
rectification and heat straightening [4]. While mechanical rectification is suitable for small 
parts, heat straightening is typically employed for larger components, such as blocks and 
subassemblies. Heat straightening rectifies a metal plate through inflation resulting from 
localized heating. The characteristics of metal materials, involving heat-expansion-cold-
shrinkage, lead to the formation of constringent plastic distortion in the metal plate because 
the swell is hampered by surrounding colder areas. New constringent plastic distortions 
counteract the previous distortions as the temperature falls after heating stops [4]. Despite 
its widespread use in actual production processes due to low cost and ease of operation [5-
8], it is essential to acknowledge that heat straightening can affect the corrosion properties of 
the workpiece. 

Al-Zn-Mg alloys are often susceptible to localized corrosion, particularly along grain 
boundaries, such as IGC, exfoliation corrosion (EXCO) and stress corrosion cracking (SCC). 
The consensus is that the microstructure and microchemistry at grain boundaries play a 
pivotal role in the low resistance to localized corrosion of these alloys. In order to enhance 
the corrosion resistance of Al-Zn-Mg alloys, various investigations have been conducted to 
modify the grain boundary microstructure, including the composition and morphology of 
precipitates at grain boundaries. Over-aging (T7x) or retrogression and re-aging (RRA) 
significantly reduce the corrosion susceptibility of Al-Zn-Mg alloys [9-11]. The over-aging 



 

 

treatment (T7x) can enhance the corrosion resistance but comes with a loss of about 10-
15% in strength [12]. Compared toT7x temper, RRA can achieve high strength and high 
corrosion resistance. However, it poses technical challenges for thick plate production due to 
the relatively short retrogression process in RRA temper, ranging from a few seconds to an 
hour or so[13]. Therefore, to address the corrosion susceptibility of Al-Zn-Mgalloys, 
alternative treatments have been proposed. Ou et al. introduced a step-quench and aging 
(SQA) treatment to improve both the strength and corrosion resistance of the 7050 
aluminum alloy [14]. Huang et al. reported a high temperature pre-precipitation(HTPP) 
treatment [15, 16]. The goal of these treatments was to obtain coarse and distributed 
discontinuous grain boundary precipitates, which are beneficial for enhancing the corrosion 
resistance. 

While numerous studies have focused on different aging treatments, such as peak 
aging (T6), over-aging (T7x),retrogression and re-aging (RRA) of aluminum alloys, few have 
reported T5 condition in recent decades. The T5 condition is defined as the state of an 
aluminum alloy that is cooled in high-temperature molding process and then artificially aged. 
In recent years, extrusion profiles of Al-Zn-Mg alloys in the T5 condition have become widely 
used in rail transit.In thepresent study, Al-Zn-Mg alloys were supplied in the T5 condition, 
aiming to understand the effect of heat straightening on their corrosion susceptibility based 
on IGC and electrochemical testingas well as microstructure characterization by 
transmission electron microscopy (TEM). 

The objective was to identify the mechanism leading to the decrease in corrosion 
resistance and then to improve the heat straightening technologyapplied to Al-Zn-Mg alloys. 

2 EXPERIMENTAL  
The base material used in the present study was a 10-mm thick extruded Al-Zn-Mg alloy 

platesupplied in T5 condition, as shown in Fig. 1. Table 1 shows chemical composition of this 
alloy. Table 2 details its basic mechanical and electrical properties. The samples of as-

received Al-Zn-Mg alloy were heated to 400±10
o
Cfor different times using oxygen-propane 

flame, as outlined in Table 3. The temperature of samples was monitored using Tempilstic 
temperature pen (TS0400), and the torch was moved at a constant speed around the heated 
area to ensure a uniform temperature distribution. Following the heat straightening process, 
the samples were promptly quenched using water. In the actual correction process, due to 
variations in welding deformations, frequently conduct multiple heat straightening, with the 
number of heat straightening typically not exceeding three. Consequently, the samples were 
heated for different numbers of times (once, twice, triple) by repeating the previously 
mentioned heating and quenchingprocess to compare with those without heat treatment, as 
listed in Table 3. 



 

 

 
Fig.1. Macro-appearance ofas-received Al-Zn-Mgalloy. 

 
Table 1.Chemical composition of as-received Al-Zn-Mg alloy (wt.%) 

Zn Mg Mn Cr Zr Fe Cu Ti Si V Al 

4.480 1.547 0.294 0.232 0.180 0.125 0.113 0.054 0.050 0.014 Bal. 

 
Table 2Basic mechanical and electrical properties of as-received Al-Zn-Mg alloy 

Tensile strength 
(MPa)  

Yield strength 
 (MPa) 

Elongation 
(%) 

Hardness 
(HV) 

Conductivity 
(%IACS) 

360 295 20.6 104.3 36.5 

 
Table 3 Heating parameters of Al-Zn-Mg alloy 

Samples No. Temperature(
o
C)  Rectification times 

FR0 
FR1 
FR2 
FR3 

- 
400 
400 
400 

- 
One time 
Two times 

Three times 

Specimens measuring 40 mm×25 mm×8 mm were prepared for IGCtesting, according 

to recommendations of the Chinese National StandardGB/T 7998-2005[17]. The testing was 
conducted in a water bath in a solution of 1.0 mol/L NaCl + 0.01 mol/L H2O2. The solution 

temperature was set at 35±2
o
C, while testing time was 6h. The ratio of the metal surface to 

the solution volume was less than 20 mm
2
/mL. Prior to testing, the samples were ground to 

1200 grit (SiC paper) and degreased with acetone. Subsequently, the cross-sectional 
corrosion appearance and corrosion depth were examined using an optical microscope 
(OM). The statistics on the corrosion depth values was obtained from 3 repeated IGC tests 
at different locations in the case of each sample. The maximum corrosion depth was used to 
compare the IGC resistance of different heat-treated samples. 

Potentiodynamic polarization experiment and electrochemical impedance spectroscopy 
(EIS) testing, known for estimating the resistance to IGC of aluminum alloy [9, 18-20], were 



 

 

also employed in the present study. Potentiodynamic polarization measurements were 
carried out using a CHI660E Electrochemical Workstation and an electrochemical cell with a 
three-electrode arrangement. The three-electrode system comprised a saturated calomel 
electrode (SCE) as the reference electrode, a large platinum sheet as the counter electrode, 
and the studied alloy as the working electrode. The potentiodynamic polarization 
experiments were performed immediately after the Open Circuit Potential (OCP) tests. The 
procedure involved starting at -300 mV (relative to OCP) and then polarizing to +300 mV 
(relative to OCP) at a scan speed of 10 mVs

-1
. Tafel-type fitting of the data was performed to 

estimate the self-corrosion potential (Ecorr) and corrosion rate (icorr) from the polarization 
curves using CorrView software. EIS testing was carried out at the OCP with the frequency 
ranging from 0.01 Hz to 10 kHz using a 5 mV AC signal. All tests were conducted at room 
temperature in 3.5 wt.% NaCl solution, whereas the exposed surface area was 1 cm

2
. 

For microstructural examination, samples were sectioned from the plates. After grinding 
and polishing, samples were made into foils with 100 µm in thickness, which was followed by 
the double electro-polishing in the solution of 25 vol.% HNO3 + 75 vol.% CH3OH at -25

o
Cfor 

examination under TEM. 

3 RESULTS  
3.1 IGC testing 

Fig. 2 shows the results of immersion corrosion testing of samples that were subjected 
to different times of heat straightening. The maximum corrosion depth of samples varied 
significantly with different times of heat straightening. The IGC morphology typically 
exhibited a combination of pitting and network structure characteristic. Table 4 provides an 
overview of the evolution of the IGC tests for samples with different times of heat 
straightening. For sample FR0, no evident corrosion characteristics were detected, and the 
maximum corrosion depth was less than 10 μm, as shown in Fig. 2(a). In contrast, a severe 
IGC feature is evident in Fig. 2(b) for sample FR1, with the maximum corrosion depth of 105 
μm. The corrosion depth of specimen FR2, after 6 h of immersion, decreased from 105 μm 
with one time of heat straightening to 60 μm with two times of heat straightening, as shown 
in Fig. 2(c).Sample FR3 exhibited a higher IGC susceptibility compared to FR2 sample. 
Based on these results, it is reasonable to conclude that the maximum corrosion depth was 

greatest for specimen FR1, with the ranking in the following order: FR1＞FR3＞FR2＞FR0. 

A larger corrosion depth indicated lower corrosion resistance. It is evident that the corrosion 
resistance of the Al-Zn-Mg alloy was reduced to varying extents with different times of heat 
straightening. 



 

 

 
Fig. 2. Metallographic micrographs after IGC testing of (a) base metal and samples after (b) 

one time, (c) two times, and (d) three times of heat straightening at 400
o
C. 

Table 4. The evolution of maximum corrosion depth for samples with different times of heat 
straightening. 

Samples No. Rectification times Maximum depth(μm) 

FR0 
FR1 
FR2 
FR3 

- 
One time 
Two times 

Three times 

<10 
105 
60 
76 

3.2 Electrochemical testing 
The typical polarization curves presented in Fig.3 illustrate notable variations in both the 

corrosion potentialEcorrand anodic polarization behavior between sample FR0 and those 
subjected to different times of heat straightening. The Ecorr values shifted towards the 
nobler direction after heat straightening. However, the shape of the cathodic portion of these 
curves remained essentially unchanged with different times of heat straightening. The log 
current density increased linearly with potential above 60 mV relative to the corrosion 
potential Ecorr, approaching Tafel-type behavior, although the anodic portion showed some 
passivation characteristic. The corrosion rate (icorr) was calculated by Tafel extrapolation 
using CorrView software, and the corresponding results are listed in Table5. The corrosion 
rate (icorr) of studied samples increased after heat straightening, aligning with the results of 
IGC tests. This suggested that the Tafel method was suitable for determining the corrosion 
rate(icorr)of samples, although the fitting process may be subjective. 

To delve deeper into the electrochemical response of alloys subjected to different times 
of heat straightening, the EIS testing was carried out. The typical Nyquist plots of the 
samples undergoing different times of heat straightening are displayed in Fig. 4(a). The 



 

 

corrosion resistance of specimens demonstrated a positive correlation with the radius of 
capacitive reactance arc. It is evident that this radius for sample FR0 was largest and 

followed the order: FR0＞FR2＞FR3＞FR1. The EIS results indicated that heat straightening 

at 400
o
C deteriorated the corrosion properties of the Al-Zn-Mg alloy, especially after one 

time of heat straightening. The equivalent circuit model in Fig. 4(b) was used to analyze the 
experimental data using ZView software, and the results are listed in Table 6. The charge 
transfer resistance (Rt), which indicates corrosion rate, was analyzed. Of all samples, the Rt 
value was the highest in the case of sample FR0, with the maximum Rt value of 10820 
Ω·cm

2
, and the lowest in the case of sample FR1, with a numerical value of 1341Ω·cm

2
. A 

higher Rt value corresponds to a lower corrosion current density and, consequently, better 
corrosion resistance [18, 21]. Based on the results of electrochemical testing, it is 
reasonable to conclude that heat straightening led to a decrease in the corrosion resistance 
of samples. 

 
Fig. 3. Polarization curves of samples with different times of heat straightening. 

Table 5. Electrochemical parameters obtained from the polarization plots. 

Samples No. Rectification times Ecorr(V) vs SCE icorr(A/cm
-2

) 

FR0 
FR1 
FR2 
FR3 

- 
One time 
Two times 

Three times 

-0.832 
-1.025 
-1.058 
-1.070 

3.2E
-7

 
4.0E

-6
 

6.5E
-7

 
5.3E

-7
 



 

 

 

 
Fig. 4. Effect of heat straightening times on the impedance spectra of specimens after 

immersion in 3.5 wt.% NaCl solution. (a) Nyquist plots and (b) equivalent circuit used to 
simulate the corrosion behavior of specimens immersed in the solution. 

Table 6. Electrochemical parameters obtained from the polarization plots. 

Samples 
No. 

Rectification 
times 

Rs/Ω·cm
2
 C/µF·cm

-2
 Rt/Ω·cm

2
 L/µH·cm

-2
 Rp/Ω·cm

2
 

FR0 - 6.533 9.543 10820 4627 1664 

FR1 One time 1.590 15.95 1341 3732 317.4 
FR2 Two times 1.518 5.009 2570 599.4 451.8 
FR3 Three times 3.952 9.966 7949 31320 2014 

3.3 Grain boundary microstructure 
During the heat straightening, various microstructural transformations are likely to 

occur, such as recrystallization, grain growth, and modification of precipitates [22]. The last 
involves processes such as the dissolution of precipitates, growth of precipitates, and their 



 

 

transformation from coherent into incoherent forms. The manifestation of IGC primarily 
occurs along the grain boundaries, and the transformation in corrosion resistance is closely 
linked to the evolution of the grain boundary precipitates [23]. Therefore, attention was 
focused on the transformation in grain boundary microstructure after heat straightening. Fig. 
5 presents the typical TEM microstructures near grain boundaries in samples treated with 
different times of heat straightening. As shown in Fig. 5(a), the extruded Al-Zn-Mg alloy plate 
in the T5 condition mainly contained discrete precipitates in grain boundaries and G.P. 
(Guinier-Preston) zones, along with the non-equilibrium phase η′ in Al matrix. 
Simultaneously, there was a PFZ near the grain boundary precipitates, which was less than 
30 nm on each side of the boundary. To clarify category of precipitate phases, a selected 
area diffraction pattern (SADP) in the Al<112> projection from sample FR0 was obtained, as 
shown in Fig. 6. The main strong diffraction spots originated from the Al matrix.SADP 
analysis indicated that the extra diffraction spots mainly resulted from the η′ phase and η 
phase,contributing to the strength of Al alloys [24]. After heat straightening, the precipitations 
in samples, especially the matrix precipitates (MPt), underwent noticeable changes. In 
sample FR1, most of the MPts dissolved into the matrix and some MPts grew. The grain 
boundary precipitates became continuous and coarser, as depicted in Fig. 5(b), which was 
detrimental to the corrosion resistance of aluminum alloys[9-11]. In Fig. 5(c), there were 
almost no precipitate phases in the Al alloy matrix and along the grain boundary. After three 
times of heat straightening, the grain boundary precipitates reappeared, as shown in Fig. 
5(d), and some sporadic precipitates formed in the matrix. In summary, the precipitates 
phases of the alloys experienced dissolution and re-precipitation with an increase in times of 
heat straightening. 



 

 

 
Fig. 5. Grain boundaries of (a) base metal and the samples after (b) one time, (c) two times, 

and (d) three times of heat straightening at 400
o
C. 



 

 

 
Fig. 6. SAD pattern of the base metal,<112>Al projection 

4 DISCUSSION 
When subjected to different times of heat straightening, the transformation of 

precipitation depends on the heating rate and the characteristics of the initially present 
precipitates. Schematically, in typical 7000 alloys, the dissolution of phases occurs in the 
range of 50-150

o
C for G.P. zones, 200-250

o
C for η′ precipitations, and 300-350

o
C for η 

precipitations [25, 26].From the results of IGC and electrochemical testing, the IGC 
resistance of Al-Zn-Mg alloy decreased after heat straightening. As IGC occurred along grain 
boundaries, it is reasonable to assume that the change in corrosion resistance was related 
to the transformation of microstructure in the grain boundary. As shown in Fig.5, the 
microstructure of samples varied significantly after different times of heat straightening. After 
one time of heat straightening at 400

o
C, the dominant phenomenon was the dissolution of 

the initial matrix precipitates (G.P. zones, η′ and η phase) with dimensions less than the 
critical dimension. Other precipitates, with dimensions larger than the critical dimension, 
grew.Simultaneously, the grain boundary precipitates became coarser and continuous, as 
shown in Fig. 5(b). In Fig. 5(c), with an increase of times of heat straightening, the precipitate 
phases continued to dissolveduring the heating process of the second heat straightening 
and formed super-saturated solid solution. However, there wasonly some elements 
segregation and no significant precipitations at the grain boundariesbecause the super-
saturated degree was low. After theheating process of the third heat straightening, the 
increase in the super-saturated degree of the alloy allowed some solute atoms to be used for 
the precipitation of η at grain boundaries during the quenching process. In the aging 
process, the precipitation relies more on the kinetics of the procedure. If the alloy matrix is at 
a low super-saturated solution degree, the precipitation in the grain and at the grain 
boundary is primarily controlled by thermodynamics [27]. Precipitation can occur during the 
cooling down process at a high temperature. Additionally, the well-known tendency for 
preferable precipitation in the grain boundary is very apparent for Al-Zn-Mg alloys [28]. 
Consequently, after three times of heat straightening, a few η phase particles were 
preferentially precipitated at the grain boundaries. 

According to the anodic dissolution mechanism, the driving force for the corrosion of Al-
Zn-Mg alloy is the potential difference between the grain boundary precipitates η (MgZn2) 
and the matrix [12, 29, 30]. The η phase always acts as the anode, while the PFZ and matrix 
act as the cathode. In solutions containing Cl

-
 ions, numerous corrosion micro-cells can form 

in the corrosive solution due to potential differences [26, 28]. The preferential dissolution of 
anodic phases (η phase) in the cells leads to the formation of anodic dissolution paths at 
grain boundaries, ultimately inducing intergranular corrosion. The coverage rate of 



 

 

precipitates at grain boundaries in sample FR1 was higher than in the other samples. 
Therefore, sample FR1 was the most severely corroded in this test[31-33]. For sample FR2, 
nearly all the precipitations dissolved into the matrix, and the potential difference between 
the grain boundary and matrix decreased, reducing the degree of corrosion. With an 
increase of times of heat straightening, the η phases re-precipitated at grain boundaries, so 
the potential difference increased and the degree of corrosion increased.  

5 CONCLUSIONS 
The corrosion resistance of Al-Zn-Mg alloy subjected to different times of heat 

straightening at 400
o
C was investigated through IGC and electrochemical testing. After one 

time of heat straightening, transformation of precipitation in the alloy caused formation of 
high coverage rate of precipitates at the grain boundaries, increased the potential difference 
between the grain boundary precipitates η and the matrix, resulting in the most severe 
corrosion. The precipitation in the alloy continued to dissolve after two times of heat 
straightening, forming a super-saturated solid solution. Consequently, the potential 
difference between the grain boundary and matrix decreased, reducing the degree of 
corrosion. After thethird heat straightening, the increase in the super-saturated degree of the 
alloy allowed some solute atoms be used for the precipitation of  at the grain boundaries.A 
few stable phases preferentially precipitated at the grain boundaries during the quenching 
process, subsequently increasing the potential difference and the corrosion degree. After 
different times of heat straightening, the precipitate-free zone disappeared and the aluminum 
alloy experienced dissolution and re-precipitation. 
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