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Abstract. The galvanic corrosion behavior of anodic AA6061 Al and C1100 Cu couples is 

investigated. Anodized AA6061-T6 Al plates were produced at different thickness of 1µm, 5µm and 

12µm, respectively. The galvanic corrosion current of anodized plate and C1100 copper plate 

couples was measured using a zero resistance ammeter for 8 hours in two solutions, 3.5wt.% NaCl 

solution and 1.0 wt.% NaClO solution under temperatures of 25
o
C, 40

o
C and 60

o
C. The results 

show that the AA6061-T6 aluminum plate without anodizing produced the highest galvanic 

corrosion current, 1200 µA/cm
2
, among the tested specimens under flowing NaClO electrolyte at 

60
o
C. Anodized AA6061-T6 aluminum plates with a 12µm anodized layer produced the lowest 

galvanic corrosion current, 15 µA/cm
2
, in a static 3.5wt.% NaCl electrolyte at 25

o
C. Severe 

corrosion attack was observed at the aluminum specimen with thin and non-uniform anodized layer 

after the galvanic corrosion tests. The anodizing AA6061 Al plate process can effectively reduce 

the galvanic corrosion of the AA6061 Al and C1100 Cu couples. 

Introduction 

Aluminum alloys have many advantages as follows: good conductivity, high strength to weight ratio, 

good corrosion-resistance, easy molding and low cost. Owing to these advantages aluminum based 

materials have many applications such as transportation vehicles and construction [1]. 

Anodized aluminum and its alloys have been used in a wide range of applications, such as 

corrosion protection, wear resistance, decoration and adhesive bonding with polymer coatings [2-4]. 

Kihn et al. studied the galvanic corrosion of Al-Cu alloy and concluded that the greater 

susceptibility to pitting resulted from second phase particles in the alloy [5]. A lot of open channels 

were formed on the oxide film of anodized aluminum alloy when the second phase particles or 

sharp corners existed in the part. Therefore, the formation of second phase AA 6061 aluminum alloy 

particles produced by the manufacturing and heat treatment process should be studied. Mayyta [6] 

researched copper corrosion under the influence of an inhibitor environment. Their results showed 

that the corrosion potential was increased and the electric current densities were effectively reduced 

under an inhibitor environment. However, few works studied the corrosion process under flowing 

conditions using a ZRA [7-12]. This study evaluates the particle size effect on the properties of 

anodized AA6061 aluminum alloy film as a preliminary study for understanding the galvanic 

behavior of anodized aluminum alloy in contact with a copper alloy in chloride ion solutions.  

Experimental procedures 

Experimental materials. An AA 6061 Al sheet was cut into specimens with dimension of 2×25×80 

mm. The specimens were heated to 530
o
C, solution treated for 1 hour, followed by water quenching. 

The water quenched specimens were heated to 170
 o

C and aged for 8 hours. The T6 aged specimens 

were anodized in a sulphuric acid solution to produce the anodized layer 1 to 15µm in thickness. 

After anodizing some anodized specimens were sealed with golden coloring treatment. 
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Potentiodynamic polarization test. The potentiondynamic polarization test was performed to 

evaluate to the corrosion behavior of aluminum alloys in different electrolytes. Two electrolytes 

were used in this study, 3.5 wt.% NaCl solution and 1.0wt.% NaClO solution. The electrochemical 

polarization measurements were carried out in a conventional three-electrode electrolytic cell. The 

working electrode was in the form of a disc cut from experimental materials embedded in a PTEE 

cell with 1 cm
2
 exposed surface area. All experimental specimens were ground using 800# silicon 

carbide paper (SiC). After grinding the samples were ultrasonically cleaned, rinsed and dried. A 

silver/silver chloride electrode (SSE) and platinum electrode were used as the reference and 

auxiliary electrodes, respectively. The sample potential was swept at a rate of 1 mV/sec from the 

initial potential of -0.3V versus open-circuit potential (OCP) to the final potential of +0.8V. Before 

testing the specimen was soaked in the electrolyte solution for a while until the open circuit 

potential reached a stable value. The potentiondynamic data were analyzed using a commercial 

computer package using the Tafel extrapolation to calculate the corrosion potential and corrosion 

density. 

Galvanic corrosion test. According to the ASTM G71-81 specification [13] the galvanic current 

of C1100 copper alloy and anodized 6061 aluminum plate couple was measured using a zero 

resistance ammeter. All experimental specimens were ground using 800# silicon carbide paper 

(SiC). After grinding the samples were ultrasonically cleaned, rinsed and dried. The couple galvanic 

corrosion tests were accomplished using two electrolytes in the polarization test at 25
 o

C, 40
 o
C and 

60
 o

C. The galvanic corrsion test was recorded continuously during the time course for 8 hours. 

Results and Discussion 

Microstructure. The Al specimens were furnace cooled and water quenched from solution treated 

temperature to obtain the second phase particle sizes. Figure 1 shows the microstructures of furnace 

cooled and water quenched specimens. As can be seen in Fig. 1(a), many dark and white particles 

were observed in the furnace cooled specimen. Dark particles are disappeared for the quenched 

specimen. However, the white particles still existed.  

  
(a)                           (b) 

Fig. 1 The microstructures of the (a) furnace cooled and (b) water quenched specimen 

Electron Probe X-ray MicroAnalyzer. EPMA analysis was used to identify the distribution of 

elements. Two particles were confirmed as existing in the specimens. Figure 2 shows the 

backscattered electron image (BEI) and element maps of (a) furnace cooled and (b) water quenched 

AA6061 aluminum specimens. A black particle 3 ~ 10 µm size and white particle 3 ~ 7 µm size 

coexisted in the BEI as shown in Fig. 2 (a). From the element map evidence the black particles were 

mainly Mg and Si elements, implying that black particles precipitated during the slow cooling phase, 

Mg2Si. On the other hand, the dominant elements existing in the white particles were Fe, Cu, Al and 

Si, explaining that the white particles were the constituent phase, AlFeSiCu impurity particles. As 

can be seen in Fig. 2 (b) the black particles decreased obviously in the quenched specimen and the 

constituent white particles are easily observed. As can be seen in Fig. 2(b) several channels in the 

anodized AA6061 aluminum anodic film specimen with 3 ~ 5µm show weak O and Al signals. This 

means that the channel without a dense and continuous oxide layer was generated by the second 
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particles existing at the bottom of the channel in the anodized layer. It can be seen that Fe, Si, Cu 

were concentrated at the white particles at the bottom of the channel. Some channels were also 

observed at the corner of the specimen.  

 
(a)                               (b) 

Fig. 2 The BEI and element maps of (a) furnace cooled and (b) water quenched AA6061 aluminum 

specimen. 

Channel uniformity existed in the anodized layer of the thin anodized 6061-T6 aluminum alloy 

and the AlFeSiCu particles, constituent phase, were dominant. In the precipitate phase, the Mg2Si 

particles were not the major reason in the porous anodized layer was formed. These particles were 

suppressed by the rapid cooling. The thick anodized layer, larger than 12 µm, was uniform and 

dense from the anodizing treatment for the small second phase particles. 

Polarization test corrosion current density. Generally, the polarization curve divided the 

cathodic and anodic parts according to the open circuit potential (Ecorr). The cathodic polarization 

curve is plotted in the lower part of the graph according to the hydrogen reduction reaction. 

Conversely, the anodic polarization curve follows the metal oxidation reaction. When the Ecorr of a 

metal is more negative, the metal corodes easier. In a potential range nearing the Ecorr of metal for 

the polarization curve a region exists called the Tafel region. The two tangential lines (slope) of the 

anodic and cathodic Tafel regions intersect in the Ecorr to obtain the corrosion current density, 

implying the corrosion rate, of the tested metal. 

The polarization curves of the AA 6061 Al specimen at given conditions in a 3.5 wt% NaCl and 

1.0wt% NaClO aqueous solution are shown in Fig. 3.  

 
(a)                               (b) 

Fig. 3 The polarization curves of the AA 6061 Al plate specimen in the (a)3.5 wt% NaCl and (b)1.0 

wt% NaClO aqueous solution 

The corrosion potential and corrosion current densities of the polaration tests are summarized in 

Tables 1 and 2. The corrosion potential of the AA 6061-T6 Al plate are -0.68 V and -1.19 V SSE for 

the NaCl solution and the NaClO solution, respectively. The corrosion current densities of the AA 

6061-T6 Al alloy plate are 1.09x10
-6

 and 5.13x10
-6

 A/cm² obtained in this study for the NaCl 
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solution and the NaClO solution, respectively. The value was relatively close to that of the Al metal, 

7.12x10
-7

 A/cm², because the corrosin behaviors of the AA6061 plate were influenced by the low 

concentration of alloying elements existing in the alloy [5]. The corrosion current densities of the 

anodized specimens with 1µm oxide film thickness were 1.69×10
-6

, 8.66×10
-7

 A/cm
2
 for the NaCl 

solution and the NaClO solution, respectively. Therefore, the anodized specimens with 1µm film 

thickness were not sufficient to protect the aluminum plate. For the anodized specimens with 5µm 

oxide film thickness the corrosion current densities were 5.67×10
-7

, 1.48×10
-8

 A/cm
2
. The corrosion 

resistance of the 6061 plate can be improved by a thick coating. When the thickness of the anodized 

layer was increased to 12µm the corrosion current densities were 5.23×10
-8

 and 1.90×10
-9

 A/cm
2
 for 

the NaCl solution and the NaClO solution, respectively. The corrosion current density was 

significantly decreased by the thick anodized layer. A 12µm anodic oxide film can sufficiently 

protect the aluminum plate. This confirms the microstructural observation that a uniform and dense 

anodized layer, larger than 12 µm can improve the corrosion resistance of Al alloy. 

Table.1 The corrosion potential and corrosion current density of the studied specimens in 3.5wt% 

NaCl solution. 

T6 specimens AA6061-T6 1µm 5µm 12µm 

open circuit 

potential (V) 
-0.68 -0.67 -0.70 -0.19 

corrosion current 

density (A/cm
2
) 

1.09×10
-6

 1.69×10
-6

 5.67×10
-7

 5.23×10
-8

 

Table.2 The corrosion potential and corrosion current density of the studied specimens in 1.0wt% 

NaClO solution. 

 
 

 

Galvanic corrosion test. Figure 4 shows the galvanic current density of the AA 6061 plate -C1100 

plate couple in (a) 3.5 wt% NaCl and (b) 1.0 wt% NaClO flowing aqueous solutions, respectively. 

As can be seen in Fig. 4 the galvanic corrosion current of AA6061-T6 aluminum plate-C1100 

couple has the highest value, 1200 µA/cm
2
, among the tested specimens under flowing NaClO 

electrolyte at 60
o
C.  

T6 specimens AA6061-T6 1µm 5µm 12µm 

open circuit 

potential (V) 

-1.19 -1.07 -0.64 -0.60 

corrosion current 

density (A/cm
2
) 

5.13×10
-6

 8.66×10
-7

 1.48×10
-8

 1.90×10
-9
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(a)                                (b) 

Fig. 4 The Galvanic current density of the AA 6061 plate-C1100 plate couple in (a)3.5 wt% NaCl 

and (b)1.0 wt% NaClO flowing aqueous solution. 

    
(a)                                      (b) 

Fig. 5 The Galvanic current density of the AA 6061 plate-C1100 plate couple in (a)3.5 wt% NaCl 

and (b)1.0 wt% NaClO flowing aqueous solution. 

 

 
(a)                                      (b) 

Fig. 6 The temperature of the electrolyte and anodic film thickness influence on the aluminum sheet 

in the couple galvanic corrosion current density tests for (a) 3.5 wt% NaCl and (b) 1.0 wt% NaClO 

aqueous solution. 

Figure 5 shows the galvanic current density of the anodized AA 6061 plate-C1100 plate couple 

in (a) 3.5 wt% NaCl and (b) 1.0 wt% NaClO flowing aqueous solutions, respectively. Figure 6 

shows the temperature of the electrolyte and anodic film thickness influence on the aluminum sheet 

in the couple galvanic corrosion current density tests. The anodized AA6061-T6 aluminum plates 

with the 12µm anodized layer presented the lowest galvanic corrosion current, 15 µA/cm
2
, in a 

static 3.5wt% NaCl electrolyte at 25
o
C. Severe corrosion attack can be observed in the aluminum 
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specimen with thin and non-uniform anodized layer after the galvanic corrosion tests. The galvanic 

corrosion current density increased obviously when the alkaline electrolyte solution temperature 

was increased. The galvanic current densities reduced when the aluminum sheet anodic film 

thickness was increased. This means that the thricker anodic film provided greater aluminum 

substrate protection. 

Summary 

This study investigated the influence of electrolyte temperature and aluminum sheet anodic film 

thickness on the galvanic corrosion current density of Al-Cu couples. The following conclusions 

were made. Many dark, Mg2Si particles 3 ~ 10 µm, and white particles, AlFeSiCu constituent phase 

of 3 ~ 7 µm, were observed in the furnace cooled AA6061 specimens. The dark particles 

disappeared in the quenched specimen with the white particles still existing. From the polarization 

curve results the corrosion current densities of the AA 6061-T6 Al alloy plate are 1.09x10
-6

 and 

5.13x10
-6

 A/cm² obtained in this study for the NaCl solution and the NaClO solution, respectively. 

The corrosion current density was significantly decreased by a thick anodized layer. This indicated 

that a dense and uniform 12µm anodic oxide film can sufficiently protect the aluminum plate. Using 

the galvanic corrosion test results, the type of corrosive liquid, corrosive liquid flow and 

temperature of the etching solution are factors in the galvanic corrosion current density impact. 

During prolonged erosion, the flow and temperature of the alkaline corrosion liquid produced 

stronger degree of attack on the aluminum sheet. 
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