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The mechanical properties and corrosion susceptibility of the welded 7N01 aluminum alloy change after 

the mandatory heat straightening due to the post-welded thermal cycles. It can cause severe safety issues 

for the structural parts. Herein, we used non-isothermal heat treatment to simulate a heat straightening 

process and investigated the effect of quenching conditions on the microstructure and properties of 7N01 

aluminum alloy. The non-isothermal heat treatment deteriorates the corrosion resistance and mechanical 

properties of 7N01 aluminum alloy, due to the formation of GP zones during natural aging. Since the 

cooling rate results in the difference in potential between the matrix and the grain boundary precipitates 

in 7N01 aluminum alloy, the corrosion resistance of heat-treated samples ranks in the following order: 

base metal water quenched oil quenched  air quenched. 

 

 

Keywords: Heat straightening; 7N01 aluminum alloy; non-isothermal heat treatment; corrosion 

susceptibility 

 

1. INTRODUCTION 

Welding is widely applied in the manufacturing industry and the control of distortion is a 

challenge in the welding process[1, 2]. It will affect the assembly accuracy, results in a substantial 

deterioration in the properties (strength and corrosion resistance, etc.) of structural parts[1, 2].  The 

welding distortion is inevitable due to the heterogeneous thermal cycles during the welding process. 
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Especially, the 7N01 aluminum alloy, which has low yield strength and high linear thermal expansion 

coefficient, is prone to induce distortion during the welding process [3, 4]. Consequently, heat 

straightening is always performed to regulate the welding distortion in the manufacturing of 7N01 

aluminum alloy structural parts[5, 6]. However, the extra thermal cycles easily cause new problems to 

the reliability of welded joints [5, 6]. The heat straightening is a non-isothermal heat treatment. At 

present, many investigations have been performed to reveal the evolution of mechanical and corrosion 

properties during heat straightening [4-8]. The evolution of mechanical properties after the different 

numbers of times in heat straightening was studied using oxy-acetylene flame, and pointed out that the 

mechanical properties showed different change trends at different flame correction temperatures [8]. The 

effect of heat straightening on the corrosion susceptibility was investigated using heat treatment, and 

found out that the corrosion resistance reduced with increasing the number of times of heat straightening 

[5, 9]. The properties of 7N01 aluminum alloys after heat straightening is associated with the peak 

temperature, heating speed and cooling rate. The supersaturated solid solution forms during the heating 

process, then it displays different quenching sensitivity based on the various quenching conditions. The 

relevant researches showed that the quenching condition has an important effect on the microstructure 

and properties of age strengthening aluminum alloys[10, 11]. Therefore, the quenching sensitivity of age 

strengthening aluminum alloys has attracted great attention from industry and academia. And the cooling 

rate is one of the extremely important parameters in the heat treatment process. In this paper, the non-

isothermal heat treatment experiment is performed to simulate the heat straightening. And the quenching 

sensitivity of 7N01 aluminum alloy after non-isothermals with different quenching media (water, oil and 

air air at room temperature ) is investigated. The aim is to study the effect of quenching sensitivity during 

heat straightening. 

 

 

2. EXPERIMENTAL PROCEDURE 

2.1 Non-isothermal heat treatment 

The heat treatment specimens with the sizes of 40 mm 150 mm  5 mm were obtained from the 

7N01 aluminum alloy with T4 condition and the chemical composition of the alloy is listed in Table 1. 

During heat treatment, the 7N01 aluminum alloy samples were heated to the peak temperature of 300 
oC, and then immediately quenched in water, oil or air at room temperature. Then the specimens were 

taken out when the specimens were cooled to room temperature. The schematic diagram of non-

isothermal heat treatment of the simulation of heat straightening is shown in Fig.1. The duration of the 

heating stage is around 95 s and the quenching time is controlled within 3 s. The water quenching has 

the largest cooling rate, which can cool the alloy to room temperature instantaneously. The cooling rate 

in oil is lower than that in water and the corresponding quenching process can be divided into two stages. 

First, the temperature of heat-treated samples decreased from the peak temperature to a lower 

temperature (about 100 oC) immediately, and then cooled to room temperature at a slower rate. The air 

quenching samples have a similar temperature trend with the oil quenching specimens. However, the 

cooling rate is lower than that in oil and the cooling process lasts for about 40 min. 
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Table 1. Chemical composition of 7N01-T4 aluminum alloy (wt. %) 

 

Element Mg Zn Cu Mn Fe Cr Si Ti Zr V Al 

Contents 4.76 1.20 0.01 0.42 0.11 0.11 0.04 0.04 0.07 0.01 Bal. 

 

 

 
 

Figure 1. Schematic diagram of non-isothermal heat treatment 

 

2.2 Immersion corrosion and electrochemical tests 

The intergranular corrosion tests were carried out according to the standard of G110-92[12]. The 

testing specimens were prepared with a dimension of 40 mm  25 mm  5mm. The immersion corrosion 

time is 12 h with the temperature of 35 oC. The exfoliation corrosion experiments were performed based 

on the standard of G34-01[13]. The exfoliation corrosion specimens were obtained with the sizes of 40 

mm  30 mm 5 mm and the experimental temperature was set as 25 oC. The evolution of corrosion 

morphology during the exfoliation corrosion test was recorded at different immersion time. All the 

immersion corrosion experiments were performed for three times. 

The electrochemical tests were carried out by using the CS350 electrochemical workstation. A 

typical three-electrode system was used to conduct the potentiodynamic polarization test. The reference 

electrode and counter electrode are Ag/AgCl (saturation KCl) and large platinum sheet, respectively and 

the investigated 7N01 aluminum alloy as the working electrode. The electrochemical experiments were 

conducted in 1 M NaCl solution with the scan rate of 1mV/s and the testing range is 0.2 V (relative to 

the open circuit potential). The potentiodynamic polarization experiments were carried out after the open 

circuit potential to keep the potential stable and the exposed area of the electrochemical testing samples 

was 0.95 cm2. 

 

2.3 Mechanical property test and microstructure investigation 

The sizes of the tensile test specimens are illustrated in Fig. 2 and the mechanical property 
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experiment was conducted on DNS100 type apparatus (Changchun Testing Machine Institute Co., LTD) 

with the tensile speed of 5 mm/min. The micro-hardness test was carried out on MVC-1000B type 

Vickers micro-hardness tester according to GB/T4340.1-2009 standard. The load is 0.1 N with the 

duration time of 15 s. All the micro-hardness values were tested five times to ensure accuracy.  

The intergranular corrosion depth was observed on Leica MEF4 Optical Microscope (OM). And 

the fracture morphology of tensile specimens and corrosion features of electrochemical experiments 

were conducted on Zeiss Supra55 Scanning Electron Microscope (SEM) apparatus. To analyze the 

reason for the evolution of mechanical properties and corrosion susceptibility of 7N01 aluminum alloys, 

the Transmission Electron Microscope (TEM) tests were performed on a Tecnai G2 20 S-Twin (FEI Co.) 

device. The TEM samples were prepared by twin-jet electropolishing and the mixture solution is HNO3: 

ethanol = 1:4, which is cooled to -25 oC. The Differential Scanning Calorimetry (DSC) tests were 

performed to discuss the evolution of precipitates of 7N01 aluminum alloy. The weight of the DSC 

sample is around 20 mg. During the experiment, the samples were heated from room temperature to 450 
oC with a heating rate of 10 oC/min. 

 

 

 
 

Figure 2. Dimensions of the specimens for the tensile test (mm) 

 

3. RESULTS  

3.1 Mechanic Property 

Figure 3 shows the micro-hardness of 7N01 aluminum alloy after quenching. The natural aging 

effect occurred for the 7N01 aluminum alloy after non-isothermal heat treatment. The evolution of 

micro-hardness can be divided into two stages: first fast-rising stage and then it tends to stable values. 

The stable values of micro-hardness rank in the following order: water quenching  oil quenching  air 

quenching. This phenomenon shows that the three quenching mediums have a different effect on the 

evolution of properties of 7N01 aluminum alloy. It is emphasized that all the experiments of specimens 

were carried out 45 days later after heat treatment considering the natural aging effect. 
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Figure 3. Evolution of micro-hardness during room temperature aging after non-isothermal heat 

treatment under different quenching conditions 

 

 
 

Figure 4. The tensile strength and elongation of 7N01 aluminum alloys under different quenching 

conditions 
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Figure 5. SEM images of the fracture morphology of (a)-(b) base metal and samples after non-isothermal 

heat treatment for (c)-(d) water quenching, (e)-(f) oil quenching, (g)-(h) air quenching 
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The change of mechanical properties of 7N01 aluminum alloy under different quenching 

conditions is illustrated in Fig.4. The non-isothermal heat treatment deteriorates the mechanical 

properties of the 7N01 aluminum alloy. The mechanical properties decreased with the reduction of the 

cooling rate during quenching. Necking phenomenon occurred near the fracture of the tensile testing 

specimens after non-isothermal heat treatment under different quenching conditions. The fracture 

morphology of base metal displays ductile features with uniform dimples as shown in Fig.5 a-b. The 

specimens of water and oil quenching have similar fracture characteristics, which are dominated by 

cleavage planes and fine dimples, as displayed in Fig.5c-f. For the fracture morphology of the air 

quenching sample, layer-like fracture features appear at low magnification (in Fig.5g). Lots of fine 

dimples appear in high magnification, which is caused by the intercrystalline micropore aggregation, as 

displayed in Fig.5 h. This phenomenon may be related to the plastic deformation of the precipitate-free 

zone near the grain boundary when fractured [14, 15]. 

 

3.2 Corrosion behavior 

 
 

Figure 6. Intergranular corrosion morphology in (a) 7N01 aluminum alloy base metal and samples after 

non-isothermal heat treatment at 300 oC for (b) water quenching, (c) oil quenching, and (d) air 

quenching 

 

The morphology of intergranular corrosion of 7N01 aluminum alloy after non-isothermal heat 

treatment under different quenching conditions is shown in Fig. 6. The corrosion resistance of 7N01 

aluminum alloy deteriorates after non-isothermal heat treatment. And the corrosion depth of sample 

quenching in oil is around 35.7 μm, which shows higher corrosion susceptibility than those of the 

samples quenching in other media. The maximum intergranular corrosion depth of the sample quenching 

in the air is about 23.6 μm, which is between the base metal and the water quenching samples. The 

intergranular corrosion morphology of oil and air quenching samples are dominated by pitting and 

exfoliation corrosion. There is no typical network-like intergranular corrosion morphology. These 

characteristics are similar to those of base metal and water-quenched samples.  
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The exfoliation corrosion morphology of 7N01 aluminum alloy after non-isothermal heat 

treatment under different quenching conditions is shown in Fig. 6. The phenomenon of exfoliation 

corrosion of oil and air quenching samples appears after immersion in the corrosive solution for 6 h, 

which shows higher exfoliation corrosion susceptibility than those of base metal and water quenching 

samples. The surface layers on the oil and air quenching samples have fallen off after immersion in the 

corrosive solution for 12 h and the degree of exfoliation corrosion is significantly greater than those of 

the base metal and the water quenching sample. The exfoliation corrosion morphology of samples under 

different quenching conditions has no significant change when the immersion time is more than 12 h. 

 

 

 
 

Figure 7. Exfoliation corrosion morphology for 7N01 aluminum alloy under different conditions 

 

3.3 Electrochemical properties 

Fig. 8 shows the change of the open circuit potential of 7N01 aluminum alloy after the non-

isothermal heat treatment under different quenching conditions. The values of the the open circuit 

potential of samples have reached a stable state and slightly fluctuated near the stable value after testing 

for 30 min. The evolution of the open circuit potential of the heat treatment specimens is mainly related 

to the change of grain boundary precipitates, which is caused by the thermal cycles during different 

quenching conditions[16]. The dynamic potential polarization curve of samples is shown in Fig.9. The 
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polarization curves of samples under different quenching conditions are similar. As the over-potential 

of the anode increases, the polarization current density of samples increases and then gradually 

approaches a certain stable value. The fitting results of polarization curves of samples under different 

quenching conditions are listed in Table 2. The self-corrosion potential of the oil quenching sample is 

lower than those of the air quenching sample and the base metal, and higher than that of the water 

quenching sample. In terms of corrosion current density, the value of oil quenching sample is the largest, 

followed by the air quenching sample, which is higher significantly than those of the base metal and 

water quenching sample. The corrosion rate has a similar evolution trend. The corrosion resistance of 

7N01 aluminum alloys deteriorates significantly after non-isothermal heat treatment with oil and air 

quenching conditions based on the results of polarization curves.  

 

 

 
 

Figure 8. Open circuit potential of 7N01 aluminum alloy in 1M NaCl aqueous solution under different 

quenching conditions 
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Figure 9. Potential dynamic polarization curves of 7N01 aluminum alloy in 1M NaCl aqueous solution  

under different quenching conditions 

 

 

Table 2. Electrochemistry corrosion parameters of 7N01 aluminum alloy in 1M NaCl aqueous solution  

under different quenching conditions 

 

Condition 
Corrosion 

potential (V) 

Corrosion current 

density (mA/cm2) 

Corrosion rate 

(mm/a) 

Base metal -0.899 2.150×10-6 0.07306 

Water quenching -0.906 1.933×10-6 0.06568 

Oil quenching -0.890 6.086×10-6 0.20679 

Air quenching -0.895 5.088×10-6 0.17288 

 

3.4 Microstructure evolution 

The distribution of precipitates in the matrix of non-isothermal heat treatment samples under 

different quenching conditions is shown in Fig.10. It can be seen that the morphology of precipitates in 

the matrix is different, which is attributed to the different quenching conditions, as shown in Fig.10a-d. 

There are no obvious precipitates in the matrix of base metal and water quenching sample, as shown in 

Fig.10a-b. While disc-like and rod-like precipitates are formed in the oil and air quenching samples. The 

relevant investigations have proved that the precipitates are mainly  phases, which are formed during 

the quenching process. Additionally, there are a large number of high density and fine GP zones in the 

matrix of the heat-treated specimens, which attributed to the natural aging of 7N01 aluminum alloy, as 

shown in Fig.10 a1 and Fig.10 b1. 

 



Int. J. Electrochem. Sci., 16 (2021) Article ID: 210339 

  

11 

 
 

Figure 10. TEM images of matrix morphology in 7N01 aluminum alloy for (a) base metal,(a1) the 

magnified image of (a), (b) water quenching, (b1) the magnified image of (b),(c) oil quenching 

and (d) air quenching 

 

 

 
 

Figure 11. TEM images of grain boundary morphology in 7N01 aluminum alloy for (a) base metal and 

samples after non-isothermal heat treatment at a peak temperature of 300oC for (b) water 

quenching, (c) oil quenching, and (d) air quenching 

 

The TEM images of grain boundary precipitates of non-isothermal heat treatment samples under 

different quenching conditions are shown in Fig.11. The size of the precipitates at the grain boundary of 

the oil-quenched sample is larger than those of another specimen. The size of precipitates at the grain 

boundary of the air quenching sample decreased slightly, while the density and quantity of precipitates 
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increased.  Many precipitates in the matrix form on both sides of grain boundaries. It should be noted 

that the precipitate-free zone is not observed near the grain boundary for all the samples.  

 

4. DISCUSSION 

The evolution of mechanical properties and corrosion susceptibility are mainly associated with 

the change of precipitates of Al-Zn-Mg(Cu) alloy[17-19]. And the evolution of the precipitates in 7N01 

aluminum alloy is related to the thermal cycles[17-19]. Consequently, it is necessary to analyze the 

thermal cycles of heat-treated samples before discussing the evolution mechanism of mechanical 

properties and corrosion susceptibility. For the heat-treated specimens, the thermal cycles can be divided 

into three stages: heating process, quenching process, and natural aging. All heat-treated specimens have 

the same heating process and natural aging. As a result, the differences in mechanical properties and 

corrosion susceptibility are caused by different quenching process. The investigations have proved that 

the critical cooling rate of the η phase is around 100 oC/s[20, 21]. For oil and air quenching samples, the 

cooling rate during the quenching process is lower than 100 oC/s. Therefore, disc-like and rod-like 

precipitates form, as shown in Fig.10. For the water quenching sample, η phases do not form because 

the cooling rate during water quenching is higher than 100 oC/s. The formation of η phase results in the 

decrease of solute elements in the matrix then the natural aging effect reduced, namely the quantity of 

GP zones decrease. It is reported that a peak strength of Al-Zn-Mg(Cu) can be achieved when the matrix 

precipitates are mainly dominated by the GP zones[22]. Consequently, the mechanical properties of the 

heat-treated sample rank in the following order: base metal water quenching  oil quenching  air 

quenching, as shown in Fig.3-4. The corrosion susceptibility of Al-Zn-Mg(Cu) is mainly associated with 

the potential difference between the grain boundary precipitates and the matrix[4, 16]. It is well known 

that the longer duration of quenching process means the longer time of diffusion of solute elements. 

Then the potential difference between the grain boundary precipitates and the matrix will change, which 

will result in the evolution of corrosion susceptibility of 7N01 aluminum alloy. For the heat-treated 

samples, the air quenching specimen suffered the longer duration of the quenching process compare to 

those of another samples, and the potential difference between the matrix and grain boundary precipitates 

increase significantly. Consequently, the corrosion resistance of the heat-treated sample ranks in the 

following order: base metal water quenching  oil quenching  air quenching. 

 

5. CONCLUSION 

The non-isothermal heat treatment deteriorates the mechanical properties and corrosion 

resistance of 7N01 aluminum alloy. The natural aging has a significant effect on the mechanical 

properties of 7N01 aluminum alloy, which is attributed to the formation of GP zones. The cooling rate 

affects the evolution of the potential difference between the matrix and grain boundary precipitates of 

7N01 aluminum alloy, and then the corrosion resistance of heat-treated sample ranks in the following 

order: base metal water quenching oil quenching  air quenching. 
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