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Abstract: Mandatory repair welding for production of structural parts easily causes problems to the reliability of welded joints 

due to the resultant extra thermal cycle. The evolution of corrosion resistance of repair welded joint of 7N01 aluminum alloy 

in T5 and T4 state through metal inert gas (MIG) welding process was investigated. The results reveal that repair welding 

deteriorates the corrosion resistance of weldment, especially of the heat-affected zone. The main reason for the change in 

corrosion resistance of repair weldment is related to the transformation of precipitates and the diffusion of Zn from the matrix 

to grain boundaries caused by the extra thermal cycles. 
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7N01 aluminum alloys have medium-strength and are 

widely applied in rail transit because of their high specific 

strength and good weldability

[1-3]

. And the metal inert gas 

(MIG) welding method is commonly applied in assembly of 

aluminum alloy structures, which is attributed to the ad-

vantages of relatively easy operation and low cost

[4-8]

. Since 

the 7N01 aluminum alloys are age-strengthened alloys, the 

corrosion resistance and mechanical strength are mainly 

related to the thermal cycles

[9-11]

. Repair welding is often 

mandatory in actual production of welded structural parts in 

order to prolong their service lives

[12,13]

. However, the extra 

thermal cycles easily cause new problems to the reliability 

of welded joints. Maya-Johnson et al

[12]

 found that the in-

crease of the number of repair welding decreases the ulti-

mate tensile strength of AA7020 aluminum alloy welded 

joints. Venugopal et al

[13]

 discussed the effect of repair 

welding on the performance of AA2219 aluminum alloy 

welded joints by tungsten inert gas welding, and then 

pointed out that the repair welding process exacerbates the 

solute segregation along the partially melted zone, resulting 

in the decrease of hardness in this location. 

It is frequently necessary to join different types of alu-

minum alloys to fulfill the requirements of special proper-

ties. However, the aluminum alloys have different response 

mechanisms to welding thermal cycles due to the differ-

ences in strengthening mechanism and the initial aging 

conditions, and usually the heat-affected zones (HAZs) of 

welded joint soften in different degrees

[14,15]

. At present, the 

research on 7N01 aluminum alloy welded joint mainly fo-

cuses on the change of microstructure and mechanical 

properties. However, the effect of repair welding on the 

corrosion behavior of 7N01 aluminum alloy welded joint is 
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rarely investigated

[12,14]

. This work aims to illuminate the 

influence of repair welding on the corrosion susceptibility 

of the 7N01 aluminum alloy welded joints. 

1  Experiment 

The 7N01 aluminum alloy in T5 state, namely 7N01-T5, 

and 7N01 aluminum alloy in T4 state, namely 7N01-T4, 

were butt welded by MIG welding process with ER5356 

filler metal. The chemical composition of the base alumi-

num alloys and filler wire is listed in Table 1. T5 state 

means that the aluminum alloy is cooled rapidly after high 

temperature molding process and then artificially aged. T4 

state means that the aluminum alloys are subjected to solu-

tion heat treatment and then naturally aged. Fig.1 displays 

the schematic diagram of repair welding and the corre-

sponding welding parameters are displayed in Table 2. The 

high-purity argon gas (99.999%) was used as the shield gas. 

The acronyms were self-defined to stand for different loca-

tions in welded joint in this research, as shown in Fig.2 and 

Table 3. 

The morphology of the samples after immersion experi-

ment was investigated with scanning electron microscope 

(SEM). The evolution of precipitates in welded joints was 

examined by FEI Tecnai G220 transmission electron mi-

croscope (TEM) with the operating voltage of 200 kV. 

TEM samples were thinned to around 30 µm in thickness by 

mechanical polishing and then electrochemically thinned 

utilizing a twin jet polisher with 30vol% nitric acid-methyl 

alcohol solution under the temperature of −30 °C.  

The dimensions of exfoliation corrosion (EXCO) speci-

mens and sampling locations are displayed in Fig.2. The 

specimens were cleaned by acetone to remove contaminants 

before immersion corrosion tests. The exfoliation corrosion 

experiment was performed in the corrosion solution of 4.0 

mol/L NaCl+0.5 mol/L KNO

3

+0.1 mol/L HNO

3

 at the con-

stant temperature of 35±2 °C, according to the criterion of 

GB/T 22639-2008

[16]

. The intergranular corrosion (IGC) 

experiment was carried out in the solution of 1.0 mol/L 

NaCl+0.01 mol/L H

2

O

2

 at the constant temperature of 25±2 

°C according to the criterion of GB/T 7998-2005

[17]

. The 

samples were air dried after exfoliation corrosion experi-

ment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.1  Schematic diagrams of repair welding: (a) original welded  

joint; (b) groove machining; (c) repair welded joint 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.2  Sampling locations of the welded joint for exfoliation 

corrosion and electrochemical tests  

 

Table 1  Chemical composition of two base alloys and filler metal (wt%) 

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

ER5356 0.10 4.50 0.15 0.10 0.14 0.10 - - - - Bal. 

7N01-T5 4.48 1.55 0.23 0.11 0.05 0.29 0.18 0.13 0.05 0.01 Bal. 

7N01-T4 4.76 1.20 0.11 0.01 0.04 0.42 0.07 0.11 0.04 0.01 Bal. 

 

Table 2  Welding parameters of MIG welded joints 

No. Welding speed/mm·s

-1

 Voltage/V Current/A 

1 8.5 27 290 

2 8.5 27 290 

3 7.5 27 290 

4 6.5 28 290 
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Table 3  Abbreviations of specimens in Fig.2 

Abbreviation Meaning 

AT4-BM 7N01 aluminum alloy under T4 condition 

AT4-HAZ I Location I of heat-affected zone of 7N01-T4 side 

AT4-HAZ II Location II of heat-affected zone of 7N01-T4 side 

AT4 Location of all 7N01-T4 parts (AT4-BM+AT4-HAZ I+AT4-HAZ II) 

WZ Welded zone 

AT5-HAZ I Location I of heat-affected zone of 7N01-T5 side 

AT5-HAZ II Location II of heat affected zone of 7N01-T5 side 

AT5-BM 7N01 aluminum alloy under T5 condition 

AT5 Location of all 7N01-T5 parts (AT5-BM+A54-HAZ I+AT5-HAZ II) 

 

In order to record the electrochemical behavior of speci-

mens from different positions of repair welded joint (RWJ), 

the electrochemical tests were performed by CS350 elec-

trochemical workstation. In the typical three-electrode sys-

tem, the saturated calomel electrode (SCE) is the reference 

electrode, the platinum electrode is the auxiliary electrode 

and the studied alloy is working electrode. The size of the 

electrochemical test specimen is 15 mm×15 mm×5 mm, and 

the sampling location is displayed in Fig.2. The specimens 

were polished by SiC paper (roughness~2000#) gradually 

and then washed by alcohol. Additionally, the samples were 

dealt with ultrasonic cleaner before electrochemical testing. 

In order to stabilize the potential, the open circuit potential 

(OCP) experiment was conducted for 30 min, then dynamic 

potential polarization experiments for different positions of 

RWJ were conducted. The scanning speed is 1 mV·s

-1

 with 

the testing scope of −200~200 mV (relative to open circuit 

potential). Then the corresponding electrochemical pa-

rameters were obtained based on the polarization curves 

through Tafel-type fit of the data. The electrochemical im-

pedance spectroscopy (EIS) tests were performed at OCP 

with the frequency range of 0.1 Hz~10 kHz. The electro-

chemical experiments were conducted in 3.5wt% sodium 

chloride solution at 25

 

°C with the exposed area of 1 cm

2

. 

2  Results 

2.1  Microstructure analysis 

For the age-strengthening aluminum alloys, the strength 

and corrosion susceptibility is mainly related to transforma-

tion of precipitates in different temperature ranges

[15,18-20]

. 

The distribution of precipitates in the original welded joint 

is shown in Fig.3

[15]

 and the morphology of precipitates in 

different zones of RWJ is displayed in Fig.4. The distribu-

tion of precipitates in different locations of RWJ is mainly 

related to the initial state and thermal cycles during repair 

welding. On AT4 side, the non-continuous grain boundary 

precipitates form in the AT4-HAZ II (Fig.4a). The grain 

boundary precipitates in the AT4-HAZ I and AT5-HAZ I 

become more continuous compared to those in the original 

welded joint

[15]

, which are harmful to the corrosion resis-

tance of aluminum alloy, as displayed in Fig.4b and 4c, re-

spectively. Additionally, the volume of matrix precipitates 

increases in the AT5-HAZ II. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.3  Precipitates in different areas of original welded joint:   

(a) AT4-HAZ II, (b) AT4-HAZ I, (c) AT5-HAZ I, and    

(d) AT5-HAZ II

 [15]

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4  Precipitates in different areas of repair welded joint:     

(a) AT4-HAZ II, (b) AT4-HAZ I, (c) AT5-HAZ I, and    

(d) AT5-HAZ II 
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2.2  Corrosion properties 

Fig.5 shows the evolution of exfoliation corrosion mor-

phology of RWJ with different immersion time. A large 

number of bubbles appear at the initial stage of immersion 

corrosion experiment, which mainly occurs in the 

heat-affected zone. With the increase of immersion time, 

the exfoliation corrosion becomes severe and obviously 

occurs in the locations of HAZ I on both sides of RWJ after 

immersion for 2 h. The exfoliation corrosion grade on 

AT5-HAZ I and AT4 sides is defined as EA and EC, re-

spectively. The exfoliation corrosion at AT5-HAZ I of RWJ 

is severer than that of the original welded joint after the 

same immersing time

[15]

. 

The IGC morphology of RWJ is displayed in Fig.6. It is 

obvious that the corrosion of AT4-HAZ I, covered by a 

large amount of white corrosion products, is the most seri-

ous, as shown in Fig.6a. Fig.6b shows the IGC characteris-

tics of the original welded pass, and the white corrosion 

points are caused by the corrosion of phases around 

α-Al(Fe,Mn)Si in the matrix

[21,22]

, which is common in 

aluminum alloys. The α-Al(Fe,Mn)Si phases fall off be-

cause of the corrosion of the surrounding matrix, and then a 

large number of corrosion pits form, as shown in Fig.6c. 

This phenomenon demonstrates that the corrosion of repair 

welded passes is more serious than that of the original ones. 

Additionally, the corrosion in AT4-HAZ I of RWJ is also 

more serious than that in the corresponding area of original 

welded joint

[15]

, as displayed in Fig.6d and 6e. 

2.3  Electrochemical test 

In order to analyze the evolution of corrosion behavior of 

RWJ, the electrochemical experiments were conducted. 

Fig.7 displays the open circuit potential curves in different 

locations of RWJ. On AT4 side, the fluctuations of open 

circuit potential decrease and the open circuit potential 

moves towards the anode gradually with the increase of dis-

tance to the welded zone (WZ), while open circuit potential  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Evolution of exfoliation corrosion for repair welded joint 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  SEM images of repair welded joint after IGC for 6 h:    

(a) appearance of welded joint; (b) original welded zone 

(OWZ); (c) repair welded zone (RWZ); (d) transition area 

between original welded zone and AT4-HAZ I;         

(e) AT4-HAZ I 

 

is still lower than that of WZ and AT5 side. Similarly, the 

open circuit potential moves to anode gradually with the 

increase of distance to WZ on AT5 side. The open circuit 

potential of AT5-BM is more positive than that of WZ. The 

difference of open circuit potentials in different locations of 

RWJ is probably associated with the transformations of mi-

crochemistry of grain boundary precipitates, which is 

mainly related to the welding thermal cycles and the initial 

state of Al-Zn-Mg(Cu) alloys

[15,19,20]

.  

The cathodic polarization curves in different zones of 

RWJ are similar, while the anodic polarization curves in 

different locations of RWJ display different characteristics, 

as shown in Fig.8. As the over-potential of the anode in-

creases, the polarization current density on the AT4 side 

rapidly increases and then gradually approaches a certain 

stable value. The change of anodic polarization curves on 

AT5 side can be divided into three stages: first, slow in-

crease; second, fast-rising stage; finally, certain stable 

value. The main reasons for the difference of polarization 

curves are related to the difference of element contents, 

morphology and volume of precipitates in different loca-

tions of RWJ. 

Generally speaking, the corrosion susceptibility of 7N01 

aluminum alloys can be evaluated by the electrochemical 

parameters obtained from the polarization curves, such as 

corrosion current density (i

corr

) and corrosion potential (E

corr

). 

The parameters in Table 4 illustrate that the difference of 

corrosion current density on AT5 side is not obvious. 
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Fig.7  Evolution of open circuit potential in different locations of 

repair welded joint for different immersion time 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Dynamic potential polarization curves in different areas of 

repair welded joint 

 

On AT4 side, the corrosion current density of AT4-BM is 

the lowest with the value of 2.5×10

-7

 A·cm

-2

 and the corro-

sion current density of WZ is 6.7×10

-7

 A·cm

-2

. The greater 

the corrosion current density, the larger the corrosion rate, 

which reflects poor corrosion resistance of the alloy. How-

ever, the evolution of corrosion susceptibility in different 

positions of RWJ cannot be evaluated through the corrosion 

current density based on the results of immersion corrosion 

test. The reason is that the polarization experiments should 

be conducted by exposing different locations of RWJ inde-

pendently and the relevant electrochemical parameters 

should be obtained under uncoupled situation, while all the 

zones in actual welded joint are galvanically coupled. 

Fig.9 shows the characteristic of EIS results with Nyquist 

and Bode-phase data. In high-frequency area, the Nyquist 

impedance diagrams consist of a capacitive reactance arc, 

and a line with tilt angle appears in the low-frequency loca-

tion, which indicates the occurrence of diffusion procedure, 

namely Warburg impedance

[23,24]

. All the maxima of phase 

angle in Bode plots are lower than 90°, which represent the 

appearance of a deviation of ideal-capacitance on the elec-

trochemical interface, as shown in Fig.9b. The equivalent 

circuit was obtained through Zsimpwin software to analyze 

the corresponding electrochemical data. R

ct

 means the 

charge transfer, R

s

 is the solution resistance and W repre-

sents the Warburg impedance, as shown in Fig.10. In real 

electrochemical behavior, there is no pure capacitance. 

Consequently, the constant phase element (CPE) is widely 

used in the equivalent circuit to get more accurate fitting 

results. The corresponding electrochemical parameters are 

listed in Table 5. The location of AT4-BM has the maxi-

mum charge transfer impedance with the value of 5.54 

kΩ·cm

2

, while the charge transfer impedance of AT5-BM is 

the lowest. The higher R

ct 

value means lower corrosion 

current density, so the alloy has better corrosion resistance. 

 

Table 4  Electrochemical parameters in different areas of RWJ in 3.5wt% NaCl solution 

Specimen E

corr

/mV vs. SCE i

corr

/×10

-6

 A·cm

-2

 β

a

/mV·dec

-1

 Β

c

/mV·dec

-1

 

AT5-BM −863±8 3.9±0.2 189±4 163±6 

AT5-HAZ II −878±3 3.3±0.4 130±5 168±7 

AT5-HAZ I −895±2 2.4±0.2 88±4 92±5 

WZ −863±4 0.67±0.03 32±6 67±4 

AT4-HAZ I −921±3 1.1±0.2 20±3 74±4 

AT4-HAZ II −924±2 1.2±0.3 45±6 52±5 

AT4-BM −906±3 0.25±0.02 17±3 42±4 

 

3  Discussion 

During the nucleation and growth of precipitates in 

Al-Zn-Mg(Cu) alloy, GP zone forms during 20~120 °C, η′ 

phase forms from 120 °C to 250 °C, and η phase forms 

during 150~300 °C

 [7]

. Meanwhile, the corresponding dis-

solution temperature ranges of precipitates in Al-Zn-Mg(Cu) 

alloys are: 50~150 °C for GP zones, 200~250 °C for η′ pre-

cipitate, and 300~350 °C for η precipitate

[25]

. The maximum 

temperature reduces with the increase of the distance to fu-

sion line during welding process and the temperature range 

of HAZ I and HAZ II of welded joint is 300~400 °C and 

150~300 °C, respectively, according to the Rosenthal’s 

model

[15]

. Then the main variation of HAZ I adjacent to WZ 

is the dissolution of precipitates and the diffusion of solute 
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elements from the matrix to grain boundaries, according to 

the temperature range of the formation and dissolution of 

the precipitates in Al-Zn-Mg(Cu) alloy. The repair welding 

process further causes the segregation of solute element Zn, 

which exists as two forms: (I) stable grain boundary pre-

cipitates; (II) solute element. 

The results of immersion corrosion tests prove that the 

difference of corrosion susceptibility of RWJ is evident. 

The difference of corrosion potential in various positions of 

RWJ induces the galvanic corrosion in corrosion medium. 

The AT4 side of RWJ has the highest corrosion susceptibil-

ity during galvanic coupling due to the lowest corrosion 

potential. Additionally, the galvanic corrosion between dif-

ferent locations is associated with the distance between 

them, because the cathodic polarization behavior is mainly 

dominated by diffusion course

[13]

. Accordingly, the corro-

sion in AT4-HAZ I and AT5-HAZ I is severer than that in 

base metals. The evolution of corrosion susceptibility of 

RWJ in this research is similar of that in Peng’s research

[1]

. 

Actually, the root cause of the variation of the corrosion 

susceptibility of RWJ is associated with the content of alu-

minum alloy elements

[20,26]

. The relevant researches dem-

onstrated that the potential of Zn is lower than that of alu-

minum matrix, while the potential of Cu is positive to alu-

minum matrix

[27,28]

. Consequently, the difference of corro-

sion potential in different locations of RWJ is caused by the 

variance of Zn and Cu contents, as displayed in Table 1 and 

Table 4. 

Additionally, the repair welding deteriorates the corro-

sion resistance of HAZ I. The main reason is likely associ-

ated with the transformation of precipitates and diffusion of 

alloy elements, especially the Zn and Cu elements, caused 

by the extra thermal cycles. For the HAZ I, the transforma-

tion refers to the dissolution of matrix precipitates and the 

diffusion of solute elements from the aluminum alloy ma-

trix to grain boundaries (Fig.4). Since the corrosion of

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Impedance spectra in different locations of repair welded joint: (a) Nyquist plots and (b) Bode plots 

 

 

 

 

 

 

 

 

 

 

Fig.10  Equivalent circuit 

aluminum alloy is caused by the corrosion potential differ-

ence between the grain boundaries and aluminum matrix

[20]

, 

the electrochemical potential of grain boundaries and alu-

minum alloy matrix should be considered. The increase of 

Zn reduces the electrochemical potential

[20]

. The influence 

of Cu content on the electrochemical potential can be ne-

glected considering the content is low, as listed in Table 1. 

Consequently, the variation of electrochemical potential is 

mainly caused by the change of Zn content. For the alumi-

num matrix, the dissolution of precipitates leads to the re- 

 

Table 5  Electrochemical parameters obtained from equivalent circuit diagram 

CPE 
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n
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R

ct
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w
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2
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AT5-BM 4.33 7.22±0.52 0.96 3.13±0.14 5.34±0.71 

AT5-HAZ II 4.24 7.44±0.47 0.94 3.73±0.16 5.18±0.70 

AT5-HAZ I 4.30 6.52±0.43 0.94 4.28±0.18 6.03±1.10 

WZ 4.33 7.07±0.44 0.93 5.47±0.24 5.75±1.22 

AT4-HAZ I 4.45 8.02±0.41 0.92 5.13±0.18 6.89±0.13 

AT4-HAZ II 4.30 7.11±0.47 0.93 4.79±0.24 4.29±0.77 

AT4-BM 4.22 7.16±0.45 0.94 5.54±0.26 4.43±0.80 
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duction of electrochemical potential

[19]

, and the electro-

chemical potential of grain boundaries also becomes more 

negative due to the diffusion of Zn. It is reasonable to 

speculate that the negative influence of Zn diffusion from 

the matrix to grain boundaries exceeds the positive influ-

ence of the dissolution of matrix precipitates, so the corro-

sion potential difference between the matrix and grain 

boundaries increases. Therefore, the corrosion susceptibil-

ity of HAZ I increases after repair welding. The similar 

phenomenon is proved in the relevant literatures

[19,20]

. 

4  Conclusions 

1) Galvanic corrosion forms due to the corrosion poten-

tial differences at different locations of repair-welded joint. 

The 7N01-T4 aluminum alloy side displays the lowest cor-

rosion resistance owing to the lower corrosion potential 

during galvanic corrosion.  

2) The repair welding deteriorates the corrosion resis-

tance of heat-affected zone because the transformation of 

precipitates and diffusion of Zn from the matrix to grain 

boundaries caused by extra thermal cycles increase the 

corrosion potential difference between the matrix and grain 

boundaries. 
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