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Abstract—

To enhance the corrosion resistance of 6005A aluminum alloy in chloride-containing
environments, chemical passivation was conducted in a 1 mol/L sulfuric acid solution for
varying durations. The influence of passivation time on the corrosion behavior was
systematically investigated using potentiodynamic polarization and electrochemical
impedance spectroscopy (EIS). Experimental results revealed that passivation time
significantly affects the compactness and stability of the passive film, exhibiting a trend of initial
improvement followed by deterioration in corrosion resistance. When the passivation time was
70 min, the alloy exhibited the most positive corrosion potential and pitting potential, the lowest
corrosion current density, and the highest impedance modulus and phase angle peak,
indicating the formation of an optimally structured passive film with superior protective
performance. These findings provide both theoretical and experimental guidance for

optimizing the passivation process parameters of 6005A aluminum alloy.

Index Terms— 6005A aluminum alloy; chemical passivation; passivation time; corrosion

resistance; electrochemical testing

I. INTRODUCTION

A. Research Background and Significance

As a medium-strength, heat-treatable Al-Mg-Si alloy, 6005A aluminum alloy exhibits
comprehensive properties that lie between those of the commonly used 6061 and 6063 alloys.
After T5 or T6 heat treatment, its tensile strength typically exceeds 270 MPa, achieving a
favorable balance between strength and ductility. In addition to its excellent mechanical
performance, the alloy has a relatively low density of approximately 2.70 g/cm?, making it an
ideal material for lightweight structural applications in fields such as rail transportation and

bridge engineering.

Owing to its superior extrusion processability, good weldability, and formability, 6005A
aluminum alloy is widely used in the fabrication of complex structural components, including
rail vehicle frames, architectural curtain walls, bridge structures, and electronic device
housings. In these applications, long-term durability and corrosion resistance are critical

factors that determine the service life and reliability of the material. Although 6005A aluminum



alloy can naturally form a thin passive oxide film in atmospheric environments, providing
limited protection against corrosion, this naturally formed film is highly susceptible to localized
breakdown by chloride ions (CI- ) in marine atmospheres, industrially polluted regions, or
environments exposed to de-icing salts. Such breakdowns often lead to severe localized
corrosion forms such as pitting and crevice corrosion, which not only degrade surface

aesthetics and reduce service life but also pose potential risks to structural integrity.

Therefore, improving the corrosion resistance of 6005A aluminum alloy through surface
treatment techniques is of great importance. Acid passivation is a simple and cost-effective
chemical surface modification method. By immersing the alloy in specific acidic media (such
as sulfuric acid), the unstable natural oxide film on the surface can be removed, and a more
stable, uniform, and compact chemical conversion film can be formed in situ, thereby
significantly enhancing resistance to subsequent corrosive attacks. Among various passivation
parameters, treatment time plays a critical role in determining the thickness, compactness, and
chemical stability of the passive film. Insufficient passivation time may result in an incomplete
film, whereas excessive time can lead to over-dissolution or structural degradation of the

film—both of which compromise protective performance.

Hence, systematically investigating the influence of passivation time on the corrosion
resistance of 6005A aluminum alloy and determining the optimal processing parameters are of
significant theoretical and practical importance for improving the alloy’s service performance

and expanding its engineering applications.
B. Research Status at Home and Abroad

At present, extensive and in-depth studies on surface protection technologies for aluminum
alloys have been conducted by scholars worldwide. Among them, electrochemical methods
represented by anodic oxidation are the most mature. Studies have shown that anodic
oxidation in electrolytes such as sulfuric acid, oxalic acid, and phosphoric acid can generate a
porous or barrier-type alumina (Al.Os) film on the surface of aluminum alloys, which exhibits far
superior corrosion resistance compared with the naturally formed oxide film. Numerous
investigations have focused on optimizing anodizing process parameters—such as electrolyte
composition, temperature, current density, and voltage—to control the microstructure (e.g.,
pore size, wall thickness, and barrier layer thickness) and properties of the oxide film. For
instance, Wang et al. studied the influence of current density on film properties during sulfuric
acid anodizing and reported that appropriate anodizing parameters can significantly improve

the corrosion resistance of aluminum alloys.

Meanwhile, chemical passivation—an electrochemically independent surface treatment
technique—has also attracted continuous attention. For example, chromate-based passivation

processes were once widely applied due to their excellent corrosion resistance; however, their



use has been strictly restricted because of the high toxicity and environmental hazards
associated with hexavalent chromium. Consequently, the development of environmentally
friendly chemical conversion coating technologies has become a research hotspot, including
passivation processes based on titanium/zirconium salts, rare-earth elements, and
permanganates. Moutarlier et al. investigated the formation mechanism of cerium-based
conversion films on aluminum surfaces and confirmed that cerium ions can effectively
enhance resistance to chloride-induced pitting corrosion. Similarly, Peng et al. employed
permanganate-based passivation on aluminum alloys and found that the resulting films were

uniform and compact, with significantly reduced corrosion current density.

In evaluating the protective performance of passive films, electrochemical testing techniques
such as potentiodynamic polarization and electrochemical impedance spectroscopy (EIS) are
widely adopted. Freire et al. analyzed the passivation behavior of AISI 316 stainless steel in
alkaline media using combined polarization and EIS tests, providing a useful reference for
similar analyses in aluminum alloys. Zhao et al. employed EIS and Tafel analysis to study the
corrosion behavior of chemically passivated aluminum alloys in 3.5% NaCl solution and found
that the low-frequency impedance modulus was strongly correlated with the integrity of the

passive film.

Although existing studies have provided a solid theoretical foundation for understanding the
corrosion and protection mechanisms of aluminum alloys, several aspects remain insufficiently
explored. Compared with complex anodizing or novel eco-friendly passivation technologies,
the relatively simple sulfuric acid chemical passivation process has not been systematically
studied for specific alloy grades such as 6005A, particularly regarding the quantitative
relationship between passivation time—a critical process parameter—and the resulting
corrosion resistance. Yang et al. pointed out that the formation time of the passive film directly
affects both corrosion and pitting potentials, but their research mainly focused on
general-purpose aluminum alloys rather than 6005A . Moreover, most studies emphasize
film-formation mechanisms or comparisons with other complex processes, lacking a clear and

practical “time—performance” correlation curve that could directly guide industrial production.

In this context, this study focuses on 6005A aluminum alloy and employs a 1 mol/L sulfuric
acid solution for chemical passivation. By systematically varying the passivation time and
applying potentiodynamic polarization and EIS techniques, the effects of passivation duration
on the corrosion resistance of 6005A aluminum alloy in chloride-containing environments are
comprehensively investigated. The aim is to provide reliable experimental evidence and

theoretical support for optimizing the passivation parameters of this alloy.

Il. EXPERIMENTAL MATERIALS AND METHODS



A. Sample Preparation

The material used in this study was commercially available 6005A aluminum alloy plate. Its

main chemical composition (mass fraction, %) is as follows:

chemical component mass fraction

Si 0.75%
Fe 0.25%
Cu 0.08%
Mn 0.45%
Mg 0.55%
Cr 0.05%
Zn 0.15%
Ti 0.08%
Al RE

The 6005A aluminum alloy plate was cut into samples with dimensions of 10 mm x 10 mm x
10 mm using wire electrical discharge machining (EDM). A copper wire was welded to the back
of each sample for electrical connection, and the specimen was then embedded in epoxy resin,

leaving only one exposed surface (10 mm x 10 mm) as the working area.

To remove surface defects and the deformation layer produced during machining, the exposed
surface was sequentially ground with water-abrasive silicon carbide papers of 240#, 400#,
800#, 1200#, and 1500# grit until a uniform metallic luster was obtained. The polished surface
was then subjected to fine polishing using alumina suspension as the polishing agent.
Subsequently, the samples were ultrasonically cleaned in deionized water and ethanol
successively to obtain a clean mirror-like surface. Finally, the specimens were dried with hot air,

sealed, and stored in a desiccator for subsequent experiments.

B. Solution Preparation

All chemical reagents used in this study were of analytical grade (AR), and all water used was

twice-deionized water. Two types of solutions were prepared for the experiments.

The first was the chemical passivation solution, prepared by diluting concentrated sulfuric acid
(H2S0O4, 98%) with deionized water to obtain a 1 mol/L sulfuric acid solution, which was then

diluted to a total volume of 2 L for standby use.

The second was the corrosion test solution, prepared by accurately weighing analytical-grade
sodium chloride (NaCl) and dissolving it in deionized water to obtain a 3.5% NaCl solution,
also diluted to a total volume of 2 L. This solution was used in subsequent electrochemical

measurements.

C. Metallographic Observation and Analysis



The material used in this study was 6005A aluminum alloy. After standard metallographic
preparation procedures—including grinding and polishing—the three-dimensional

microstructure of the alloy was observed, as shown in Fig. 1.

From the figure, it can be clearly seen that the alloy exhibits distinct deformation
characteristics typical of a processed state. The grains are markedly elongated along a single
direction, forming a fibrous and laminar structure. Numerous fine black particles are dispersed
within the grains and along grain boundaries, which are generally identified as second-phase
particles within the alloy. Overall, the metallographic morphology presents the typical features
of a deformed aluminum alloy, and this anisotropic structure is expected to influence the alloy’s

mechanical properties and subsequent surface treatment behavior.
D. Electrochemical Testing
1) Passivation Treatment

The prepared 6005A aluminum alloy specimens were immersed in a 1 mol/L sulfuric acid
solution for chemical passivation. The treatment was conducted at room temperature (25 +
2 °C), and the passivation durations were set to 10 min, 30 min, 50 min, 70 min, and 90 min,
respectively. After each passivation process, the specimens were immediately removed,
thoroughly rinsed with deionized water, and then immersed in a 3.5% NaCl solution to allow

the electrochemical system to stabilize prior to testing.
2) Electrochemical Measurement

All electrochemical tests were conducted using a Corrtest CS-series electrochemical
workstation. The corrosion medium was a 3.5 wt.% NaCl solution, and all measurements were
performed at room temperature (25 + 2 °C). A standard three-electrode configuration was

employed, in which the passivated 6005A aluminum alloy specimen served as the working



electrode (WE), a saturated calomel electrode (SCE) was used as the reference electrode

(RE), and a large-area platinum sheet acted as the counter electrode (CE).

First, the open-circuit potential (OCP) of the passivated sample was monitored in the 3.5 wt.%
NaCl solution until the potential fluctuation was less than 5 mV within 1800 s, ensuring that the
electrochemical system had reached a steady state. Subsequently, electrochemical
impedance spectroscopy (EIS) measurements were performed at the stabilized OCP with an

AC perturbation amplitude of 10 mV. The frequency range was set from 10° Hz to 10- 2 Hz.

After completing the EIS test, potentiodynamic polarization (PDP) measurements were
immediately carried out. The polarization curves were scanned from —300 mV to +1000 mV
relative to the OCP, with a scan rate of 1 mV/s. To ensure accuracy and reproducibility, each
group of samples with different passivation durations was tested in triplicate under identical

conditions.

III Results and Discussion

A. Potentiodynamic Polarization Curves

Figure 1 presents the potentiodynamic polarization curves of 6005A aluminum alloy after
passivation for different durations. As shown in the figure, the passivation time exerts a
significant influence on the corrosion resistance of the alloy, exhibiting a clear trend of “initial

improvement followed by degradation.”

As the passivation time increased from 10 min to 70 min, the corrosion resistance of the
specimens gradually improved. At 70 min, the alloy exhibited the best corrosion protection
performance, characterized by the lowest corrosion current density and the most positive
pitting potential. However, when the passivation time was further extended to 90 min, a

noticeable deterioration in corrosion resistance occurred.

These results indicate that, under the experimental conditions of this study, a passivation
duration of 70 minutes provides the optimal process time for forming a highly protective
passive film on the 6005A aluminum alloy surface. A detailed analysis of the corresponding

electrochemical parameters is discussed below.
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By fitting the polarization curves using the Tafel extrapolation method, the corresponding

electrochemical parameters — including the corrosion potential (E_corr), corrosion current

density (I_corr), and pitting potential (E_b) — were obtained. The detailed results are

summarized in Table 1.

T/min

10

30

50

70

90

2
1 corrj(A/CT)
—6
3.96004x 10

-6
4.93628x 10

—6
2.68732x10

-8
9.17001x 10

—7
2.85102x 10

ECOT‘T/V

-0.84330

-0.81170

-0.76240

-0.69299

-0.69896

-0.58262

-0.63853

-0.48318

-0.38147

-0.48772

AE/V

0.26068

0.17317

0.27922

0.31152

0.21124

Bajvidec)

13.70812
17.34323
18.04629
20.08064

41.34962

Beividec)

-2.09381
-2.03100
-2.37284
-7.02770

-4.71025

From a thermodynamic perspective, a more positive corrosion potential (E_corr) indicates a

lower tendency for the material to corrode. From a kinetic viewpoint, a smaller corrosion

current density (I_corr) corresponds to a slower corrosion rate, reflecting better corrosion

resistance.

As shown in Table 1, for all passivation durations, the absolute value of the anodic Tafel slope

(B_a) is greater than that of the cathodic Tafel slope (B_c), indicating that the corrosion rate of

the 6005A aluminum alloy is primarily controlled by the anodic dissolution process.



With increasing passivation time, the overall E_corr values gradually shift in the positive
direction and reach the most positive value of —0.69299 V at 70 min, suggesting a reduced
corrosion tendency. Meanwhile, the |_corr values decrease significantly with longer
passivation time, reaching a minimum of 9.17 x 10~ ¢ A/cm? at 70 min — one to two orders of
magnitude lower than that of other samples. This clearly demonstrates that the passivation film
formed after 70 min is the most compact and uniform, providing optimal protection for the alloy

substrate.

However, when the passivation time is further extended to 90 min, E_corr slightly shifts in the

negative direction, and |_corr increases to 2.85 x 10- ° A/cm?, indicating a decline in corrosion
resistance. This degradation may result from the excessive passivation time, during which the
acidic solution partially dissolves or damages the previously formed film, reducing its

protective effectiveness.

The pitting potential (E_b) serves as a key indicator of a material’s resistance to localized
corrosion — the more positive the value, the stronger the pitting resistance. The passivation
range (AE = E_b — E_corr) reflects the stability of the passive film; a wider AE implies a more
stable film. According to the data in Table 1, the specimen passivated for 70 min exhibits the

most positive E_b (-0.38147 V) and the widest passivation range (0.31152 V).

In summary, the corrosion resistance of the 6005A aluminum alloy does not improve
indefinitely with prolonged passivation time. There exists an optimal passivation duration —
under the present experimental conditions, 70 minutes yields the best overall corrosion

performance.

B. Electrochemical Impedance Spectroscopy (EIS)

Figure 2 presents the electrochemical impedance spectroscopy (EIS) results of the 6005A
aluminum alloy after passivation for different durations, measured in a 3.5% NaCl solution.

Figure 2(a) shows the corresponding Nyquist plots, while Figure 2(b) illustrates the Bode plots.
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1) Analysis of Nyquist Plots

As shown in Figure 2(a), all specimens subjected to different passivation times exhibit
impedance spectra characterized by a single capacitive arc, which appears as a slightly
depressed semicircle. This indicates that the electrochemical behavior at the
electrode/solution interface during corrosion is governed by a single time constant, typically

associated with the charge transfer process and the electric double layer.

The radius of the capacitive arc directly reflects the resistance to charge transfer across the
metal—solution interface, serving as a key indicator of the corrosion resistance of the material.
A larger arc radius corresponds to a higher charge transfer resistance and, consequently,

better corrosion resistance.

By comparing the radii of the capacitive arcs for different passivation durations, the following
order can be observed: 70 min > 50 min > 30 min > 90 min > 10 min. Within the range of 10 to
70 minutes, the arc radius increases significantly with passivation time, indicating that the
quality and protective performance of the passive film continuously improve during this period.
At 70 minutes, the arc radius reaches its maximum value, suggesting the formation of the most
protective and compact passive film. However, when the passivation time is further extended
to 90 minutes, the arc radius decreases sharply — even smaller than that at 30 minutes —
implying deterioration of the passive film due to over-passivation. This trend is consistent with

the results obtained from the potentiodynamic polarization analysis.
2) Analysis of Bode Plots

The Bode plots shown in Figure 2(b) provide more detailed information regarding the
frequency response characteristics of the system. In the Bode magnitude plots (log|Z| vs.
log(f)), the impedance modulus |Z| at low frequencies generally corresponds to the total
polarization resistance, which can be used to evaluate the corrosion resistance of the material.
As observed from the figure, at the low-frequency region around 10~ 2 Hz, the order of |Z|
values is entirely consistent with that of the capacitive arc radii in the Nyquist plots. The

specimen passivated for 70 minutes exhibits the highest low-frequency impedance modulus,



further confirming its superior corrosion resistance.

In the Bode phase angle plots (Phase vs. log(f)), all curves display a single distinct peak, which
supports the conclusion that the corrosion process is governed by a single time constant. The
closer the peak phase angle approaches —90°, the more ideally capacitive the electrode
surface becomes, indicating a more uniform and compact passive film. The 70-minute
specimen shows the largest phase angle peak with the broadest peak width, signifying the

formation of the most homogeneous and defect-free passive film among all tested samples.

IV. Conclusion

The chemical passivation time is a critical process parameter affecting the corrosion
resistance of 6005A aluminum alloy. When passivated in 1 mol/L H.SO. solution at room
temperature (25 £ 2°C), the corrosion resistance of the alloy exhibits a trend of initial
enhancement followed by deterioration with increasing passivation time. The specimen
passivated for 70 minutes forms the most effective chemical conversion film, providing the
strongest corrosion protection. However, when the passivation time is extended to 90 minutes,
the protective performance of the film degrades significantly, leading to a noticeable decline in

corrosion resistance.

Electrochemical measurements confirm that 70 minutes is the optimal passivation duration.
The potentiodynamic polarization (PDP) analysis indicates that the corrosion process of 6005A
aluminum alloy is mainly controlled by the anodic dissolution reaction. After 70 minutes of
passivation, the specimen exhibits the most positive corrosion potential (E_corr = —-0.69299 V)
and pitting potential (E_b = -0.38147 V), together with the lowest corrosion current density
(I_corr=9.17001 x 10~ ® A/lcm?) and the widest passivation interval (AE = 0.31152 V).

The electrochemical impedance spectroscopy (EIS) results are highly consistent with the
polarization data. All Nyquist plots exhibit a single capacitive arc, indicating that the corrosion
process is dominated by charge transfer control. The sample passivated for 70 minutes shows
the largest capacitive arc radius, the highest low-frequency impedance modulus, and the
widest and most intense phase angle peak in the Bode plots. These features collectively
demonstrate that the passive film formed after 70 minutes of passivation is the most compact,
uniform, and stable, providing the most effective corrosion protection for the 6005A aluminum

alloy substrate.
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