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This study investigated the effect of second-phase particles on the galvanic corrosion of anodized 6061
aluminum alloys coupled with C1100 copper alloys. The AA6061 alloys were solution treated at 530—
570°C for 1 h, followed by water quenching or furnace cooling. Anodic coatings of thicknesses 1, 5,
and 12 um were formed on AA6061-T6 after anodizing. The galvanic corrosion current of AA6061
coupled with C1100 copper was measured using a zero-resistance ammeter for 8 h in two solutions,
namely 3.5 wt.% NaCl and 1.0 wt.% NaClO, at 25, 40, and 60 °C. Black Mg,Si particles measuring
3-5 um and white Al-Fe-Si-Cu particles measuring 3-8 um were observed in the furnace-cooled
AAB061 specimens. The highest galvanic corrosion current density (1312 pA/cm?) in a flowing
NaClO electrolyte was observed at 60 °C for the free-anodized AA6061-T6 alloy coupled with C1100
copper. The lowest galvanic corrosion current density (15 pA/cm?) was observed in a 12-um-thick
anodic coating on AA6061-T6 alloy coupled with C1100 copper in a static 3.5 wt.% NaCl electrolyte
at 25 °C. A severe corrosion attack was observed for a thin and nonuniform anodic coating on AA6061
alloy coupled with C1100 copper after the galvanic corrosion test because the coarse second-phase
particles in the thin anodic coating on AA6061 caused perforations in the anodic coating. However, the
thick anodic coating on AA6061 can effectively reduce the galvanic corrosion of AA6061-T6 coupled
with C1100 copper in static or flowing electrolyte solutions.
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1. INTRODUCTION

Aluminum and its alloys are widely used in numerous engineering applications and scientific
technologies, such as aerospace, car engines, mechanical parts, and surface coating. The 6xxx series of
aluminum alloys are commonly used in marine applications in which low density materials, high-
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quality mechanical properties, and high resistance to corrosion are desired [1-3]. The resistance to
corrosion of aluminum alloys is attributed to the formation of oxide (passive) films [4-6], which
develop naturally on the alloy surface under normal atmospheric conditions. However, oxide films
formed on the surface of aluminum alloys are thin, nonuniform, and noncoherent. Therefore, such
films cannot provide adequate protection under corrosive conditions. Anodizing results in the creation
of a thick oxidation coating on the alloy surface to protect it from corrosion [7-12].

AAG6061 is a type of precipitation-hardening aluminum alloy. Second-phase particles in
precipitation hardening aluminum alloys are typically classified into three types: constituents,
dispersoids, and fine strengthening precipitates. The constituent phase particles are relatively large (2—
5 um) and primarily formed from the interaction of the alloying elements with impure elements such as
Si and Fe. Dispersoids are relatively small (0.5-2 pum) and typically contain elements such as Mg, Cu,
Zn, and Cr [13]. Differences in oxidation rates between the second-phase particles and aluminum
substrate cause oxidation-free crevices at the particles/substrate interface in anodic coatings. Corrosive
ions can attack the substrate through such crevices. Therefore, the second-phase particles in aluminum
alloys play a major role in passivity breakdown and pit-morphology of aluminum alloys in seawater
[14, 15]. In addition, Idrac [16] indicated that second-phase particles in an Al-Cu alloy resulted in
pitting susceptibility in galvanic corrosion.

Direct contact between various metals commonly occurs in equipment that transmits liquids
such as reclaimed water containing biocides including CIO™ and CI" ions. These types of water-system
assemblies frequently combine aluminum alloys, copper alloys, stainless steel, low-alloy steel, and
carbon steel [17]. Chloride ions can corrode these galvanic couples [18, 19]. In our previous paper [20],
the preliminary investigation on the galvanic corrosion of anodized AA6061 alloys coupled with
C1100 cooper. In this study, more and complete results evaluated the effect of precipitates in 6061 on
the properties of anodized AA6061 in addition to the polarization corrosion and galvanic corrosion
behavior of anodized AA6061 alloys coupled with C1100 Cu alloys in static or flowing CIO  ion- or
Cl ion-containing solutions.

2. EXPERIMENTAL PROCEDURES

2.1. Experimental materials

An AA6061 aluminum sheet was cut into several specimens measuring 2 x 25 x 80 mm. The
composition of AA6061 was analyzed using an optical emission spectrometer (OES), as shown in
Table 1. The specimens were solution treated at 530-570 °C for 1 h, followed by water quenching or
furnace cooling. The water-quenched specimens were then aged at 180 °C for 8 h. The T6-aged
specimens were anodized in 20 wt.% sulfuric acid solution with 6 g/L of Al;(SO4); -14-18H,0. The
temperature of the electrolyte solution was maintained between —7 and —5 °C by using a chiller. The
treatment was conducted at a constant current mode; the current density of the anode was 0.8 A/dm?,
and the fixed electrical parameters were unipolar rectangular pulses with a frequency of 1000 Hz, a
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duty ratio of 0.6, and treatment times of 1, 5, and 12 min. The porous surface layers on the anodized
specimens were sealed in 12 g/L of Ni (CH3COO),-4H,0 at 80 °C for 5 min.

Table 1. Composition of sample compared with composition of AA6061 specification, wt.%

Si Fe Cu Mn Mg Cr Zn Ti Al
Sample
L 0.73 0.48 0.21 0.07 0.81 0.17 0.09 0.07 Balance
composition
AA6061 Max. Max. Max. Max.
Specification 0.4~0.8 0.7 0.15~0.4 0.15 0.8~1.2 0.04~0.35 0.95 0.15 Balance

The surface and cross-sectional morphologies of the formed coating were measured using a
scanning electron microscope (SEM) and an optical microscope (OM). The elemental concentration of
the coatings was analyzed using an electron probe X-ray microanalyzer (EPMA).

2.2. Potentiodynamic polarization test

The corrosion behaviors of the samples were evaluated using potentiodynamic polarization
(Solartron SI 1287 Electronchemical interface) in 3.5 wt.% NaCl solution (pH = 7) or 1.0 wt.% NaClO
solution (pH = 10) with a silver/silver chloride electrode (SSE) and platinum serving as reference and
counter electrodes, respectively. The samples were mechanically polished using 800-grit waterproof
abrasive paper and then ultrasonically degreased in acetone and distilled water. The sample potential
was swept at a rate of 1 mV/s from the initial potential of —0.3 V to the final potential of +0.8 V versus
an open-circuit potential (OCP). Before testing, the specimen was soaked in an electrolyte solution for
some time until the OCP value stabilized. The corrosion potential and corrosion density were analyzed
using Tafel extrapolation.

2.3. Galvanic corrosion test

According to the ASTM G71-81 specification [21], the galvanic current of an anodized 6061
aluminum plate coupled with C1100 copper alloy was measured using a zero-resistance ammeter. The
specimens were mechanically polished using 800-grit waterproof abrasive paper, ultrasonically
degreased in acetone, and dried. The galvanic corrosion tests for the couple were conducted using the
two electrolytes from the polarization test at 25, 40, and 60 °C. The galvanic corrosion test was
conducted continuously during an 8-h period.

3. RESULTS AND DISCUSSION

3.1. Microstructure analysis

Second-phase particles were observed in the 6061 specimens after a solution treatment at 530
°C for 1 h, followed by furnace cooling or water quenching. Figure 1 shows the microstructures of
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furnace-cooled and water-quenched specimens. As shown in Figure 1a, many black particles of size
approximately 3—5 um and white particles of size approximately 3—8 um were observed in the
furnace-cooled specimen. Black particles were almost absent in the water-quenched specimen, whereas

the white particles were present in it (Figure 1b).

Figure 1. Microstructures of AA6061 treated using (a) furnace cooling and (b) water quenching.

The black particles in the water-quenched specimen were considerably less and smaller than
those in the furnace-cooled specimen. The results of the EPMA analysis indicated the existence of two

particle phases in the specimens.
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Figure 2. BEI and element maps of (a) furnace-cooled and (b) water-quenched AA6061.

Figure 2 shows a backscattered electron image (BEI) and element maps of furnace-cooled and
water-quenched AA6061 specimens. A black particle measuring approximately 3-5 um and white
particle measuring approximately 3-8 um coexisted in the furnace-cooled specimen (Figure 2a).
According to the element mappings, the black particles primarily comprised Mg and Si elements,
implying that black particles, namely Mg,Si, precipitated during the furnace cooling process.
Conversely, Fe, Cu, Al, and Si were the dominant elements in the white particles, indicating that the
white particles were Al-Fe-Si-Cu-containing precipitates. The quantity and size of black particles
clearly decreased in the water-quenched specimen, whereas the constituent white particles were easily
observed (Figure 2b). A previous study [22] indicated that in 6xxx series alloys, the major intermetallic
phase particles are primarily Fe-rich intermetallic particles and Mg,Si precipitates.

Figure 3 depicts anodic coatings of thicknesses 3—5 um (Figure 3a) and 15—-18 um (Figure 3b)
on AA6061-T6, which included precipitate particles. Perforation-like areas were observed in the hard
anodic coating with a thickness of 3—5 um. The areas comprised extremely few O and Al elements,
which were confirmed using energy-dispersive X-ray spectroscopy (EDS), indicating that the areas
were perforations in the coating. Moreover, Fe, Si, and Cu elements were observed near the perforation,
implying that the perforation nucleated at the AIlFeSiCu particle/Al-substrate interface during
anodizing. Because the Fe-rich intermetallic particles have a high electrochemical potential compared
with the aluminum matrix [23, 24], which are more difficult to be oxidized than an Al-substrate during
anodizing, it resulted in the perforation of the hard anodic coating near the precipitates. The EDS
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analysis results confirmed that the white precipitate particles in the coatings represented an Al-Fe-Si
compound comprising 92.2% Al, 4.5% Fe, and 2.5% Si (Figure 3a). In addition, the hard anodic
coating was perforated when Fe-rich intermetallic particles precipitated in the substrate, resulting in a
rougher surface.

White Al-Fe-Si particles measuring approximately 3 um were embedded in a hard anodic
coating of thickness 15-18 um (Figure 3b). In addition, black particles measuring approximately 3 um
consisted of 72.7% Al, 20.2% Si, and 7% Mg, confirmed by the EDS analysis, implying that they may
be Mg,Si precipitates. The EDS analysis shows that the primary composition of the aluminum
substrate is 99.2% Al and small amounts of Mg and Si (Figure 3b). The size of the precipitate particles
remained unchanged (Figure 3) compared with those of the specimens before aging or anodizing
(Figures 1 and 2). White precipitate particles existed in the inner 50% of the anodic coating thickness
and substrate; however, the particles were almost absent in the outer 50% of the anodic coating
thickness (Figure 3b), suggesting that the anodic coating is a product of the chemical conversion of the
substrate metal into its oxide and grows both inward and outward from the original metal surface [25,
26]. During the anodizing process in electrolytes, the anodic coating grows at the alloy/coating
interface through inward migration of O* /OH ™ ions; outwardly mobile AI** ions are ejected at the
pore/base coating interface [27-29]. Therefore, no perforation exists in the hard anodic coating
because it is sufficiently thick (i.e., 15-18 um), as shown in Figure 3b.
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Figure 3. SEM and EDS analysis of anodic coatings of thicknesses (a) 3-5 um and (b) 18 um on
AAG061.

3.2. Polarization test

Figure. 4 depicts the polarization curves of the AA6061 samples at given conditions in 3.5
wt.% NaCl (pH = 7) and 1.0 wt.% NaClO (pH = 10) aqueous solutions. Figures 5 and 6 show a
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summary of the corrosion potentials and corrosion current densities of the polarization tests. The
corrosion potentials of AA6061-T6 in the NaCl and NaClO solutions were —0.68 and —1.19 V,
respectively, suggesting that this alloy was more active in corroding AA6061 alloy in the NaClO
solution than it was in the NaCl solution. The corrosion current densities of AA6061-T6 in the NaCl
and NaClO solutions were 1.09 x 10° and 5.13 x 10°° A/cm?, respectively. These values are higher
than that of pure Al (i.e., 7.12x10~" A/cm?) because the corrosion rate of AA6061 increased with the
concentration of alloying elements in the alloy [16]. The corrosion current densities of the anodized
specimens with the oxide film of thickness 1 pm were 1.69 x 10 ®and 8.66 x 10" A/lcm? in the NaCl
and NaClO solutions, respectively. In other words, the approximately 1-um-thick anodic coating on
AA6061 was not sufficient to improve its corrosion resistance because of some perforations in the
coatings. For the anodized specimens with oxide coating having a thickness of approximately 5 um,
the corrosion current densities in the NaCl and NaCIlO solutions were 5.67 x 10 and 1.48 x 10°®

Alcm?, respectively.
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Figure 4. Polarization curves of as-T6-treated AA6061, followed by anodizing specimens in (a) 3.5
wt.% NaCl and (b) 1.0 wt.% NaClO aqueous solutions, respectively.
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The corrosion resistance of the AA6061 plate can be improved using a thicker oxide coating.
When the anodic coating thickness was increased to 12 pum, the corrosion current densities in the NaCl
and NaClO solutions were 2.17x10"° and 1.90x10"° A/lcm?, respectively. The corrosion current density
considerably decreased when the anodic coating thickness increased. An anodic oxide film with a
thickness of approximately 12 um can adequately protect AA6061 from corrosion. The corrosion
resistance of AAG6061-T6 was improved because it was coated with a uniform and dense anodic
coating of thickness greater than 12 pum.
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Figure 5. Corrosion potential and corrosion current density of anodized AA6061-T6 in a 3.5 wt.%
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NaClO solution.
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Figure 7. Polarization curves of the C1100 Cu plate specimen in 3.5 wt.% NaCl and 1.0 wt.% NaClO
aqueous solutions, respectively.

Table 2 indicates that the corrosion potentials and corrosion current densities of the C1100 Cu
plate in the NaCl and NaClO solutions are —0.41 and —0.15 V and 6.33 x 10" and 8.17 x 10° A/em?,
respectively. Polarization corrosion can be used to predict the galvanic corrosion of an AA6061 plate
coupled with C1100 copper. According to the corrosion potentials of AA6061-T6 and C1100 copper,
the difference in the corrosion potential between the aluminum alloy and copper in the 3.5 wt.% NaCl
solution is lower than that in the 1.0 wt.% NaClO solution (Figures 4—7 and Table 2), suggesting that
the galvanic corrosion current density of 6061 coupled with C1100 copper in the 3.5 wt.% NaCl
solution should be lower than that in the 1.0 wt.% NaClO solution. Zaid [30] indicated that the
corrosion rate of AA6061 in neutral solutions (pH = 6) is lower than that in alkaline chloride (pH = 12)
or in acidic (pH = 2) solutions. The corrosion of the Al matrix in neutral and alkaline media is closely
dependent on the formation of aluminum hydroxide (Al (OH)3) as a protective layer [30]. The oxide
film is dissolved by a chemical reaction, which is catalyzed by the presence of a high OH"
concentration in alkaline solutions [31-33]. Therefore, the higher galvanic corrosion current density of
AA6061 coupled with C1100 copper was possibly attributed to a higher OH ™ concentration in the 1.0
wt.% NaClO solution than in the 3.5 wt.% NaCl solution, suggesting that the galvanic corrosion of
AA6061 coupled with C1100 copper is more active in biocide water than in seawater.

Table 2. Corrosion potentials and corrosion current densities of the C1100 Cu plate specimens in 3.5
wt.% NaCl and 1.0 wt.% NaClO aqueous solutions, respectively.

corrosion potential
V)

3.5 wt. % NaCl -0.41 6.33x107"

1.0 wt. % NaClO -0.15 8.17x10°®

solution corrosion current density (A/cm?)




Int. J. Electrochem. Sci., Vol. 10, 2015 6581

3.3. Galvanic corrosion test.
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Figure 8. Variation of galvanic current densities with time for AA6061 coupled with C1100 Cu at
various temperatures in (a) static and (b) flowing 3.5 wt.% NaCl aqueous solutions and in (c)
static and (d) flowing 1.0 wt.% NaClO aqueous solutions.

Figure 8 shows the galvanic current densities of AA6061-T6 coupled with C1100 copper in 3.5
wt.% NaCl and 1.0 wt.% NaClO static and flowing aqueous solutions, respectively. The galvanic
corrosion current density of AA6061 coupled with C1100 cooper in the 1.0 wt.% NaClO solution was
higher than that in the 3.5 wt.% NaCl solution, which was confirmed by a higher corrosion potential
difference between the aluminum alloy and copper in the 1.0 wt.% NaClO solution than that in the 3.5
wt.% NaCl solution (Table 2). In a 3.5 wt.% NaCl solution, the corrosion rate decreases with
increasing exposure time, irrespective of a static or flowing solution. The galvanic current density of
the AA6061 plate coupled with a C1100 plate in a flowing state is greater than that in a static state in
both aqueous solutions. In a static solution, the corrosion rate is a function of exposure time. For an
extended period, the corrosion can stop when the corrosion product reaches its equilibrium
concentration. This is not true for a flowing solution. The flowing liquid can transport the corrosion
products away from the metal surface and bring the reactants to the metal surface, thus accelerating the
dissolution process [34]. As indicated by Balbaud-Celerier [35], the corrosion rates increase with the
flow velocity in mass transfer controlled regimes. Figure 8d shows that the galvanic corrosion current
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density of AA6061-T6 coupled with C1100 copper under a flowing NaClO electrolyte at 60 °C
exhibits the highest value (1312 uA/cm?) among the various temperatures.
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Figure 9. Variation of galvanic current density with time for a 12-um-thick hard coating on an
AAG061 plate coupled with C1100 Cu alloy at different temperatures in (a) 3.5 wt.% NaCl and
(b) 1.0 wt.% NaClO flowing aqueous solutions.

Figure 9 indicates that the galvanic corrosion current density of an anodized AA6061 plate
coupled with C1100 copper in a flowing NaClO electrolyte at 60 °C has the highest value (970
uwA/cm?) among the various temperatures, which is considerably lower than that of the as-T6-treated
AAB061 coupled with C1100 copper (312 pA/cm?). No galvanic current densities of the anodized
alloy coupled with copper were observed for up to 30 or 60 min, indicating that the anodic coatings
adequately protected the aluminum substrate against corrosive agents.
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Figure 10. Effect of electrolyte temperature and anodic coating thickness on galvanic corrosion
current density of anodized AA6061 coupled with C1100 Cu in (a) 3.5 wt.% NaCl and (b) 1.0
wt.% NaClO static and flowing aqueous solutions.
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Moreover, the highest galvanic corrosion current density (100 pA/cm?) of the anodized alloy
coupled with copper in the flowing NaCl solution was considerably lower than that of the as-T6-
treated AA6061 coupled with C1100 copper (300 pA/cm?).

Fig. 10 illustrates the effect of electrolyte temperature and anodic coating thickness on the
galvanic corrosion current density of anodized AA6061 coupled with C1100 Cu. The 12-pum-thick
anodic coating on AA6061-T6 coupled with C1100 copper demonstrated the lowest galvanic corrosion
current (15 pA/em?) in the static 3.5 wt.% NaCl electrolyte at 25 °C. A severe corrosion attack
occurred in the 1- and 5-um-thick anodic coatings on the AA6061-T6 specimens after the galvanic
corrosion tests because of some perforations in the anodic coatings. The galvanic corrosion current
density increased with the temperature of the electrolyte solution. The galvanic current densities
decreased as the anodic coating thickness increased. In other words, the sufficiently thick anodic
coating acts as a protector for this alloy against corrosive agents.

4. CONCLUSIONS

This study investigated the effects of second-phase particles, electrolyte temperature, and
anodic coating thickness on the galvanic corrosion behaviors of anodized AA6061 coupled with C1100
copper in static and flowing NaCl and NaClO solutions.

1. Numerous black Mg,Si particles measuring 3-5 um, and white Al-Fe-Si-Cu constituent
phase particles measuring 3—8 pum were observed in the furnace-cooled AA6061 specimens. The black
particles were not retained in the water-quenched specimen, whereas the white particles were retained.
The corrosion current density of AA6061-T6 in a 3.5 wt.% NaCl solution was less than that in a 1.0
wt.% NaClO solution.

2. The corrosion current density decreased considerably because of the existence of a thick
anodic layer on this alloy, indicating that a dense and uniform 12-um-thick anodic coating can
adequately protect the aluminum substrate against corrosive agents.

3. The type of corrosive solution, state (static or flowing), and electrolyte temperature are
the factors of the galvanic corrosion current density of this alloy. During prolonged erosion, a flowing
state and higher electrolyte temperature caused more galvanic corrosion on the anodized aluminum
alloy coupled with copper.

4. A severe corrosion attack was observed in the 1- and 5-um-thick anodic coatings on the
AAB061-T6 specimens after the galvanic corrosion tests; this attack was caused by the existence of
perforations in the anodic coatings. However, the thick anodic coating on AA6061 can effectively
reduce the galvanic corrosion of AA6061-T6 coupled with C1100 copper in static or flowing
electrolyte solutions.
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