









	[image: images]
	Fluid Dynamics & Materials Processing
	[image: images]






DOI: 10.32604/fdmp.2023.025416

REVIEW

A Review of Research on Galvanic Corrosion of Aluminum Alloys

Huixin Zhu, Mingzhe Leng*, Guofeng Jin* and Heyang Miao

Xi’an Institute of High Technology, Xi’an, 710038, China
*Corresponding Authors: Mingzhe Leng. Email: lmz_198810@163.com; Guofeng Jin. Email: douhao616@126.com
Received: 11 July 2022; Accepted: 27 September 2022


Abstract: When aluminum alloys are coupled with dissimilar materials, they often act as corrosion anodes and are suscepted to accelerated corrosion. Therefore, deepening our knowledge of such corrosion phenomena, related mechanisms, and elaborating new prediction model is of great theoretical and practical significance. In this paper, such mechanisms are explained from both macroscopic and microscopic points of view by considering several aspects such as the second phase particle type, grain size, and environmental ions. More specifically, different perspectives on such a problem are elaborated, which take into account: the properties of the coupling pair materials, geometrical characteristics, environmental media characteristics, the corrosion regularity of different types of aluminum alloys, the influence of area ratio on anode corrosion current density, the interference of the solution primary ions represented by Cl- and the accompanying ions represented by Al3+. A review is also conducted of the standard test methods used in the study of aluminum alloys galvanic corrosion and of research methods such as the Wire Beam Electrodes Technology (WBE), the Scanning Kelvin Probe Force Microscopy (SKPFM) technology. Finally, three kinds of inhibition technologies are discussed, including the anodic oxidation treatment, the corrosion inhibitor treatment and the coating protection method.
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1  Introduction

Galvanic corrosion refers to a phenomenon in which two different metals in the same corrosive medium come into contacting with each other, resulting in the formation of galvanic cells driven by corrosion potential difference, thus intensifying the corrosion tendency of relatively inert low metals [1]. In production and life, galvanic corrosion is very common. For example, the famous corrosion history of ‘Statue of Liberty’ reported by Jonathan [2] showed that the copper outer layer of the Statue with high corrosion potential was in close contact with the inner steel bracket with low corrosion potential, and the electrolyte environment provided by water. The coupling of the two caused a serious galvanic corrosion, which led to the corrosion of nearly half of the steel supports. Compared with steel and other materials, aluminum alloy has been widely used in various fields in recent decades due to its advantages of high strength, low density, and excellent machining performance. Although an aluminum alloy surface is easy to develop passivation film, due to the multifarious upgrading steps of the industrial chain and long replacement cycle of large equipment, it is often easy to form galvanic corrosion with dissimilar metals [3]. Aluminum alloy has a low electrical coupling sequence (approximately −0.78 to −1.02 V in seawater flowing at 25°C [4,5]), and is more inclined to be subjected to accelerated corrosion as an anode when coupled with most dissimilar metals like stainless steel [6]. When the galvanic corrosion progresses to a certain extent, it can lead to aluminum alloy storage tanks developing invisible or even overt corrosion holes and cracks, running, bubble, drip, leakage, and other accidents; At the same time, corrosion products will also pollute propellant, oil and other fuels, affecting the safety and reliability of fuel combustion [7]. In the actual processing and application of aluminum alloys, the material modification problem caused by micro-galvanic corrosion of aluminum alloy also needs to be solved urgently. For example, the friction stir welding (FSW) process of aluminum alloy can greatly avoid the hot crack sensitivity caused by traditional welding, and effectively promote the manufacturing of complex aluminum alloy components [8]. However, in practice, FSW will produce strongly modified structures that are completely different from the base metal, resulting in the friction stir welded joint and its adjacent areas showing stronger galvanic corrosion sensitivity under stress conditions [9–13]. Therefore, the study of galvanic corrosion of aluminum alloy has very importantly theoretical and practical significance.

It is worth noting that the macroscopic galvanic corrosion emphasizes the accelerated corrosion of anode materials formed after the coupling of materials with different properties, while the microscopic galvanic corrosion emphasizes the galvanic corrosion between different microscopic particles after the three conditions of galvanic corrosion (potential difference, electronic conductive branch, and ion conductive branch) are met on the surface of the same material. However, whether macroscopically or microscopically, it is the main direction in the study of galvanic corrosion of aluminum alloy to explore the role of microstructure in galvanic corrosion. Studies have shown that the second phase particles represented by Al7Cu2Fe and Al2Cu have a positive volt potential relative to the aluminum matrix. On the contrary, Al2CuMg and Mg2Si have negative potentials [14], and these primary particles are often important areas for the initiation and derivation of galvanic corrosion after coupling with aluminum matrix. Campestrini et al. [15] and Andreatta et al. [16] revealed that heat treatment can change the electrochemical reactivity of particles, thus affecting the corrosion sensitivity of aluminum alloy, leading to changes in galvanic corrosion details and corrosion rate at the interface between aluminum matrix and second phase particles.

How to further reveal the corrosion process, product status, and impact assessment in the process of galvanic corrosion through reliable research methods have always been an important aspect of galvanic corrosion research. Aluminum alloys have high corrosion sensitivity due to their low corrosion potential in a wide range of applications. Although significant progress and breakthroughs have been made in the corrosion resistance of aluminum alloys [17–19], the corrosion mechanism of most aluminum alloys is still not completely understood. As early as 2001, Akid et al. [20] pointed out that the macroscopic methods used to measure galvanic corrosion (ZRA method and polarization curve method) obviously underestimated the sustainable current density of aluminum alloy/aluminum/steel coupling and designed the local scanning reference electrode technique (SRET) method to provide more detailed information of local corrosion current density through the corrosion current calibration program. With the development of scanning Kelvin probe force microscopy (SKPFM) and wire beam electrode (WBE), a powerful means of physical and chemical analysis has been provided for the study of the galvanic corrosion mechanism of aluminum alloys. At the same time, due to the complex interaction of many chemical processes, a complete understanding of local corrosion, such as the transport of corrosive substances, hydrolysis, precipitation, and accumulation of corrosion products, and the accompanying micro-galvanic pitting, is very difficult. Digital simulation can effectively simulate the corrosion process to study the influencing factors through theoretical derivation and numerical calculation in the corrosion process with high inhomogeneity and strong coupling characteristics, thereby providing an effective reference for mechanism exploration.

In this paper, firstly, the important role of micro-galvanic corrosion in the study of galvanic corrosion of aluminum alloy is introduced. Secondly, the influences of the material, geometric, and environmental medium properties of the galvanic pair, on the galvanic corrosion of aluminum alloy are introduced. Then the application of new experimental methods such as WBE, SKPFM, and first-principles calculation are discussed. Finally, the corrosion inhibition methods, such as anodic oxidation treatment, corrosion inhibitor treatment and coating protection, are introduced.

2  The Phenomenon of Description

The discovery of galvanic corrosion was first made by accident when Galvani was conducting frog dissection experiments. Galvani studied this thoroughly and published the experimental results in 1791 [21]. With the development of the times and the deepening of the research, the galvanic corrosion is generally studied as a condition of local corrosion according to the corrosion failure mode in modern times. Taking the liquid storage tank as an example, the tank holding the acidic liquid propellant (low corrosion potential aluminum alloy) is in close contact with the stainless steel pipe (high corrosion potential), coupled with the acidic electrolyte environment provided by the standing water. Under the existence of these three conditions, serious galvanic corrosion will occur between the two. The schematic diagram of the galvanic corrosion principle is shown in Fig. 1.
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Figure 1: Brief schematic diagram of galvanic corrosion principle (a) Simulation diagram (b) Physical schematic diagram [21]

3  Corrosion Mechanism

3.1 Macroscopic Corrosion Mechanism

The macroscopic principle of galvanic corrosion can be explained by the corrosion galvanic principle and corrosion polarization diagram.

For example, in an acidic environment, the galvanic corrosion of aluminum alloy as anode and stainless steel as a cathode is taken as an example. The magnitude of its corrosion current is related to the electrode potential difference, polarizability, and circuit resistance of the two. If the corrosion current of the anodic aluminum alloy is written as 
iAl′
, then the galvanic corrosion effect 
γ
is the ratio of 
iAl′
to 
iAl
(the corrosion current of the aluminum alloy when it is not coupled), as shown below:


γ=iAl′/iAl=(ig+|iC,Al|)/iAl≈ig/iAl
(1)

where 
ig
is the galvanic current density of aluminum alloy; 
iC,Al
is the cathode reduction current density on aluminum alloy; The latter is usually small and negligible compared to the former. The larger the value of 
γ
is, the more serious the galvanic corrosion is.

Based on the principle of galvanic corrosion, the principle of macroscopic galvanic corrosion can be further analyzed by a polarization diagram. It is assumed that the areas of the two metals are equal and that the cathodic process is only ion reduction. The respective conjugate electrode bodies on the two metal surfaces react as follows in Table 1:
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Fig. 2 shows the polarization diagram of aluminum alloy with high potential and stainless steel with low potential before and after forming the galvanic pair.
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Figure 2: Corrosion polarization diagram

According to the polarization diagram, before the two metals are coupled, the intersection of the theoretical polar polarization curves of the metal 
Fe
(line 1) and (line 2) determines its self-corrosion rate 
iFe
and self-corrosion potential 
EFe
. Similarly, the intersection of the theoretical anode 
Al
(line 3) and anode (line 4) polar curves of a metal determines its self-corrosion rate 
iAl
and self-corrosion potential 
EAl
. When the two metals are coupled, according to the mixed potential theory, the intersection point of the total cathode polarization curve (5) and the total anode polarization curve (6) of the galvanic corrosion battery is the point where the total oxidation rate is equal to the total reduction rate. And it represents the total corrosion rate 
it
and total mixed potential Eg (galvanic potential) of the coupling system, which is between 
EFe
and 
EAl
. Due to the coupling effect, the corrosion current of metal 
Al
increases from 
iAl
to 
iAl′
. That is, the anode polarization accelerates the corrosion. And the corrosion current of the metal 
Fe
decreases from 
iFe
to 
iFe′
. That is, cathode polarization slows corrosion.

3.2 Micro Corrosion Mechanism

What needs to be distinguished is that the macroscopic galvanic corrosion mechanism focuses on the accelerated corrosion formed by the coupling of aluminum alloy and materials with different properties. The mechanism of microgalvanic corrosion emphasizes the galvanic corrosion between different microscopic particles on the surface of the same material. In the galvanic corrosion of aluminum alloy, it is reflected as the comprehensive effect of macroscopic dissimilar material driving force and microparticle driving force. However, regardless of macro and micro, it is the main direction in the field of galvanic corrosion of aluminum alloy to explore the specific role of microstructure and how to produce the effect. However, the technology of electrochemical testing of microzone can detect its electrochemical parameters and even in situ characterize its change process after the selected microzone is tested, and which better reflects the corrosion phenomenon and details of the microzone, has attracted increasing attention. The investigation of microcosmic corrosion mechanism is an important part of the establishment of a complete corrosion mechanism and has decisive significance for guiding the tracing of corrosion problems and the development of countermeasures for corrosion protection, is a hot field of aluminum alloy galvanic corrosion research.

From the aluminum alloy material itself, in the first aspect, modern aluminum alloys produce a large number of non-ideal products such as dendritic structures, intermediate phases and impurities during the production forging and hot working treatment. And these products will have a significant negative impact on the overall performance of aluminum alloys and limit their application scope to some extent [22]. It is difficult to predict the irregularity of impurities effectively, so it can be reasonably controlled by improving the processing technology and establishing the usage threshold in the production of aluminum alloy. In the second aspect, as an important part of aluminum alloy, the second phase particles of aluminum alloy can not only effectively affect the mechanical properties and strength properties of aluminum alloy, but also produce a non-negligible effect of microgalvanic corrosion in the process of coupling. The study on the microgalvanic corrosion of the second phase particles of aluminum alloy can effectively evaluate the effects of related particles, establish the corrosion process model, and predict the corrosion of materials.

According to the size, the particle composition of the second phase in the aluminum alloy is generally divided into three types, mainly precipitated phase, intermetallic compound particles (crystalline phase) and dispersion [23]. Take Al-Mg-Si alloy (corresponding to 6XXX series alloy [24]) as an example. Al-Mg-Si alloy not only has good formability, but also has high strength and corrosion resistance, and is widely used in equipment parts and parts processing fields [25]. According to relevant data [26–28], the precipitation sequence of Al-Mg-Si alloy treated effectively in industrial production is usually supersaturated solid solution (SSSS)→atomic cluster→GP region →β" →β′, U1, U2, B′→β, Si. Studies have shown that the aging, hardening kinetics, and strength of Al-Mg-Si alloy can be effectively improved by increasing the density and Si content of Mg-Si clusters, GP region, and metastable Mg2Si precipitated phase in the second phase particles [29,30]. The existence of these second phase particles not only changes the strength heterogeneity of Al-Mg-Si alloy microstructure, but also affects the heterogeneity of electrochemical properties, thus affecting the corrosion resistance of aluminum alloy [31]. As mentioned above, in the coarse second phase particles, the negative polar particles represented by Al7Cu2Fe and Al2Cu have a positive volt potential relative to the aluminum matrix. In contrast, Mg2Si, Al2CuMg and other anodic particles have negative potentials. Driven by the corrosion potential difference, the microgalvanic corrosion caused by the coupling of these primary particles with the aluminum matrix is an important field to explore the mechanism of microgalvanic corrosion [32,33]. It has been pointed out in many publicly reported literature [34–37] that Mg2Si particles in Al-Mg-Si alloy always undergo accelerated corrosion as local anodes in acidic pH solutions. Gharbi et al. [36] further pointed out when explaining the dissolution mechanism of Mg2Si at different solution pH: When pH is 6, Mg dissolves from Mg2Si; When Si contacts with water, insoluble SiO2 is formed, and a small part of it forms H4SiO4. Selective dissolution of Mg leads to enrichment of SiO2 on the surface of Mg2Si, and the schematic diagram of this mechanism is shown in Fig. 3.
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Figure 3: Schematic diagram of dissolution/precipitation mechanism of Mg2Si [36]

Some studies have discussed the relationship between grain size and corrosion resistance after grain refinement, and the results show that reducing grain size can affect the corrosion resistance of materials, but the degree of influence is controversial [38]. Ralston et al. [39,40] believed that when the grain was refined, the material with oxide would slow down the corrosion rate. In aluminum alloy, the decomposition of the second phase particles will aggravate the corrosion degree.

In addition, the type and concentration of ions in corrosive media also play a crucial role in the study of the galvanic corrosion mechanism of aluminum alloy, among which the primary ions represented by Cl− have the most important influence [41–43]. As shown in Fig. 4, Xue et al. [41] coupled LC4 alloy with different MAO film thickness with copper substrate for experiments and found that Cl− in the solution would gradually penetrate into the membrane along the membrane defects, diffuse into the alloy matrix to form a dark corrosion zone, and gradually peel and peel off the film layer with the extension of test time, expanding and deepening the corrosion holes on the film surface. Sekularac et al. [43] pointed out that Cl− would adsorb on the surface of aluminum alloy prior to O2, leading to the unrepairable passivation film of aluminum alloy, thus increasing the pitting sensitivity of aluminum alloy.
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Figure 4: Schematic diagram of Cl− intrusion corrosion [41]

4  Influencing Factor

There are many factors affecting the degree of corrosion. To facilitate the experimental study, the influencing factors of galvanic corrosion of aluminum alloy are mainly divided into three categories: the properties of galvanic material, the geometric properties of the galvanic pair, and the properties of the environmental medium. The schematic diagram is shown in Fig. 5.
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Figure 5: Schematic diagram of influencing factors of galvanic corrosion of aluminum alloy

4.1 Even Pair Material Properties

To retain the inherent characteristics of aluminum to significantly improve other properties, the industrial manufacturing process for aluminum alloy often resorts to pure aluminum organic doping copper, manganese, silicon, magnesium and other metals, and adopt a variety of processing technologies to forge aluminum alloys to meet varying demands. According to the main alloy elements, China mainly uses the four-character system brand representation method to distinguish different types of aluminum alloy [44]. Mansfeld [45] conducted galvanic corrosion tests on five aluminum alloys (3.5% NaCl solution, 22 ± 1°C), and the results showed that the range was from −756 ± 39 mV vs. SCE to −814 ± 18 mV vs. SCE, and ranges from 0.24 to 0.95 mdd. Although the characteristics of different models of the same brand are slightly different, but there is a certain regularity. Therefore, the corrosion resistance of aluminum alloy is improved by adjusting the metal composition in the actual production process [46]. Hihara [47] showed that high resistivity reinforcement materials in aluminum matrix composites can significantly limit galvanic corrosion by increasing ohmic loss and formulated the selection of materials accordingly.

4.2 Geometric Characteristics of Galvanic Pair

The coupling of aluminum alloy with stainless steel under acidic condition is taken as an example. When the anode reaction is controlled by active polarization and the cathode reaction by concentration polarization, the anode reaction in the cathode phase decreases to negligible, and the cathode reaction only occurs by default. The cathode reaction is not affected by the positive potential shift in the anode phase, that is, the cathode reaction velocity is still equal to the cathode diffusion current density.

The current relationship of the multiphase electrode is shown as follows [48]:


Ig=I+(M2)=S2[ia(M2)−id]=|I−(M1)|=S1id
(2)

where 
Ig
is the corrosion current, and 
I−(M1)
and 
I+(M2)
are the cathode current of stainless steel and anode current of aluminum alloy respectively, S1 and S2 are the effective area of stainless steel and aluminum alloy. 
ia(M2)
is the anodic corrosion current density of aluminum alloy, and 
id
is the limit diffusion current density of depolarizing agent hydrogen ion.

After finishing, the anodic corrosion current density can be deduced as follows:


ia(M2)=id(1+S1S2)=icor(M2)(1+S1S2)
(3)

where 
icor(M2)
is the corrosion current density of aluminum alloy before coupling. The anodic corrosion current density is proportional to the area ratio of negative and positive electrodes. When the situation of “large cathode, small anode” occurs, the corrosion of anode is often more serious [49].

4.3 Environmental Medium Characteristics

The influence of the environmental medium on galvanic corrosion is most obviously reflected in the non-uniformity of anodic corrosion current. The closer it is to the junction of the galvanic pair, the smaller the resistance of the current path, and the larger the corrosion current density detected. Also, when the composition, temperature, pH, and other influencing factors of the environmental medium change, the change in corrosion behavior of the same galvanic pair will be affected [50] and a polarity reversal could occur. For example, aluminum metal and magnesium metal are coupled in a dilute neutral or acidic solution. At the beginning of corrosion, the magnesium metal electrode has a low potential and acts as a corrosion anode. When magnesium is dissolved, the solution turns alkaline, thus amphoteric aluminum metal turns into a corrosion anode [51]. The influence of primary ions in solution represented by Cl− has been introduced previously, while the influence of associated ions represented by Al3+ also cannot be ignored. Some studies have shown that the dissolution of Al3+ from the electrode surface and the steric hindrance effect of material transport between the body solution and the anodic solution adjacent to the corrosion surface both affect the local pH and thus affect the local corrosion of aluminum alloy [52].

5  Test Standards and Research Methods

In practical research, because galvanic corrosion involves different materials and fields, its testing items and testing standards are also different. To save time and hasten the detection of the maximum degree of corrosion, a series of acceleration experiments are usually carried out within the error range allowed by the theory during the actual operation. These methods provide a strong basis for the investigation of the galvanic corrosion mechanism and protection detection of aluminum alloy.

5.1 Standard Test Method

Standard test methods commonly used in the study of galvanic corrosion of aluminum alloys mainly include HB 5374-1987, GB/T 19747-2005, ISO 7441:2015, ASTM G71-81(2019), and other general standards. Some industry rules are also widely used because of their universality. For example, GB/T 15748-2013 of the shipping industry defines galvanic corrosion test methods for marine metals.

When the three preconditions are met/satisfied, the aluminum alloy will undergo galvanic corrosion with other materials. This creates an opportunity to maximize the use of actual environment as the test environment and has also attracted the attention of researchers. For example, ISO 2326:2020 can evaluate galvanic corrosion tests of aluminum alloys exposed in deep-sea environments; ISO 21746:2019 evaluates galvanic corrosion behavior of aluminum alloys and carbon fiber reinforced plastics (CFRPs) in a salt spray environment. With the development of technology, the corresponding test standards for new detection technology are also followed up. Taking the multi-electrode array technique for local area measurement as an example, ISO 23449:2020 specifies the inhibitors used after screening, the galvanic current and potential distribution of different metal pairs for evaluating metals of different compositions and properties in different environments.

5.2 The Research Methods

5.2.1 Traditional Electrochemical Technology

Electrochemical measurement can give real-time information on corrosion and continuously track the corrosion of the electrode surface [53]. In the traditional electrochemical measurement of galvanic corrosion of aluminum alloys, three electrodes are often used to test the target material. Traditional electrochemical measurement methods include the open circuit potential (OCP) method, the potentiodynamic polarization (PDP) method, and the AC impedance (EIS) method.

The open circuit potential (OCP) method mainly measures the electrode potential of materials with no current. In this type of experiment, the counter pair electrode is usually regarded as the working electrode and the counter electrode respectively and the corrosion potential difference between aluminum alloy and dissimilar metal is measured to judge the tendency of the couple corrosion between the pair [54]. In the process of polarization, the surface state of the pair is difficult to stabilize, so the potentiodynamic polarization (PDP) method adopting the potential ladder method or potential scanning method is often used to measure the relationship between self-corrosion potential and corrosion current density. The steady-state polarization curve of aluminum alloy is commonly measured by the potentiostatic method, and the ICORR is obtained by Tafel extrapolation in the strong polarization region [55]. The equilibrium potential and corrosion current of the polarization curve can be obtained by the B-V equation and Tafel formula. At the same time, the corrosion rate of aluminum alloy can be calculated according to the polarization curve. Compared with the previous two methods, the unstable method is gradually becoming popular because it effectively considers several parameters, including time dependence. The main trend in testing and analysis in the frequency domain is the AC impedance (EIS) method, which is often combined with the equivalent circuit to obtain the dynamic information and the information on the electrode interface structure. Steven et al. [56] studied the galvanic corrosion current analysis between aluminum alloy and stainless steel exposed to balanced electrolytic droplets and obtained the baseline corrosion kinetic information of the two alloys through EIS measurement. The Kramers-Kronig residuals of UNS S13800 and UNS A97075 samples show that the response of aluminum alloy to potential perturbation is linear.

Due to the properties of aluminum alloy and the influence of temperature, pH, electrolyte solution impedance, and other conditions, material passivation and galvanic polarity reversal often occur in practical applications. This is not accurately reflected by the average electrochemical parameters obtained from traditional electrochemical measurements. Therefore, the following will introduce micro-electrochemical measurement, digital simulation, and other new research techniques.

5.2.2 Wire Beam Electrodes (WBE) Technology

The multi-electrode array technology mentioned above, often called the Wire Beam electrode (WBE) technology, was based on the principle of forming a complete electrode by combining a certain number of individual electrodes insulated from each other in a specific arrangement [57]. Because it uses calculus to transform macroscopic electrochemical parameters into the organic coupling of electrochemical parameters in small areas, it can reflect the differences of electrochemical properties in different areas on the surface of aluminum alloy coupling and can effectively extract the corrosion characteristics and preferred corrosion areas of aluminum alloy galvanic corrosion through analysis. It is of great significance to explore the mechanism and process of complex galvanic corrosion of aluminum alloy [58]. Shi et al. [49] used array electrode technology to explore the galvanic corrosion behavior of trimetals and found that the dielectric environment in 3.5 wt.% NaCl solution had a high conductivity, and the spatial arrangement of electrodes had little impact on the galvanic corrosion of trimetals. Therefore, a new splice array electrode was needed to be designed for measurement. Meanwhile, as the size of a single electrode is in the order of millimeters, other measurement methods such as optical microscopy and Raman spectroscopy can be coupled to improve the measurement accuracy of WBE [59,60].

5.2.3 Scanning Kelvin Probe Force Microscopy (SKPFM) Technology

Scanning Kelvin Probe Force Microscopy (SKPFM) technology, as a derivative of atomic Force Microscopy (AFM), has the advantages of nanometer resolution and high energy sensitivity compared with WBE technology. It is widely used to characterize regional electrochemical inhomogeneity and to evaluate the electrochemical behavior of various second phase particles. Schmutz et al. [61] pointed out that the potential value of pure metal measured by SKPFM had a linear relationship with the open circuit potential in solution, and the intermetallic compound particles showed a clear volt potential contrast with the matrix. It should be noted that the potential function or work function mapping obtained by SKPFM is often affected by important topographic artifacts, and the measured values are greatly influenced by the cantilever position. As shown in Fig. 6, on the same rough surface of the specimen, when the cantilever beam detection position A and B are slightly different, the data measured by the probe tip is not uniform, and inversion may even be observed [62,63]. With the development of digital simulation technology, SKPFM measurement results are often verified with simulation model results such as first-principles calculation to obtain a more accurate and reliable reaction path analysis [64].

[image: images]

Figure 6: Schematic diagram of influence of cantilever beam position on detection (where A and B are different test locations)

5.2.4 First Principles Calculations

The galvanic corrosion of aluminum alloy is often crosslinked with stress corrosion and other corrosion conditions [65,66], and the influencing factors include environment, material, and other aspects. It is very difficult to fully understand the corrosion process through technical detection. The first principle obtains the physical and chemical properties of microscopic particles by solving the Schrodinger equation [67], which has been widely used in reaction construction, mechanism research, and corrosion prediction of aluminum alloy galvanic corrosion. Density Functional Theory (DFT) in first-principles calculation is commonly used to calculate lattice constants and crystal plane parameters of microscopic particles in the corrosion process [68]. Fall et al. [69] showed here that a technique based on macroscopic averages can be used to reduce such effects and determine more precisely the work functions of metals from ab initio thin-film calculations. And the method is applied to Al(100) slabs containing 1–14 atomic layers. It is worth noting that most of the surface simulated by the current DFT calculation is not adsorbed or oxidized, while in practical application, real aluminum alloy often has oxide film or coating, which leads to some deviation in the coincidence degree between the theoretical calculation results and the actual measurement results. In order to improve the practical applicability and prediction accuracy of the model, other methods can be tried to combine DFT for corrosion prediction [67].

6  Research in the Field of Corrosion Inhibition

As one of the most valuable derivative fields, aluminum alloy corrosion inhibition has a certain foundation after many years of research. To effectively alleviate the galvanic corrosion of aluminum alloy, the commonly used corrosion inhibition methods at present mainly include optimized material selection and structural design, anodic oxidation treatment, corrosion inhibitor treatment, coating protection and so on.

Under natural conditions, the surface of aluminum and its alloy will spontaneously form a natural alumina protective film about 2∼3 nm thick [70]. However, due to the instability and relative vulnerability of natural oxide film, anodic oxidation technology is often used in practice to obtain the ideal structure and thickness of oxide film structure. According to the different preparation methods, the anodic alumina (AAO) membrane can be divided into two types: barrier type and multi-pass type [71]. It should be noted that the temperature and pH of the electrolyte should be kept within a small range during the anodic oxidation process; otherwise, the pore shape, geometric size and stack thickness on the surface will be distributed unevenly [72]. On the original basis, micro-arc oxidation (MAO) technology can generate ceramic oxide film on aluminum alloy through arc light discharge, which has better wear resistance and corrosion resistance [73]. Hua et al. [74] studied the corrosion behavior of 7050 aluminum alloy after micro-arc oxidation under constant load and different pH environments and found that its oxidation film showed different corrosion laws under different conditions.

The corrosion inhibitor can form adsorption film or product film through reaction to prevent further contact between aluminum alloy and corrosive medium, which is a simple, effective, and feasible means of protection. Commonly used corrosion inhibitors for aluminum alloys mainly include organic, inorganic, and rare earth corrosion inhibitors [75]. Organic corrosion inhibitors represented by alkyl amines, thioureas and aldehydes can provide multiple attachment sites to form insoluble blocking reactions on metal surfaces. Chromate, vanadate, permanganate and so on are representative inorganic corrosion inhibitors, and their specific mechanisms differ according to different ion types. Taking chromate as an example, CrO42− can be reduced to produce Cr(OH)3 to repair aluminum alloy passivation film [76]. Commonly used rare earth corrosion inhibitors are mainly lanthanum and cerium salts, and their mechanism is mainly through the formation of oxides and hydroxides to isolate the corrosive surface. However, improvement of the inhibition efficiency is an important problem with rare earth corrosion inhibitors. Tan et al. [77] pointed out that when the concentration is 1000 ppm, LaCl3 can significantly inhibit the local corrosion of AA2024-T3, resulting in a decrease of its local current, as shown in Fig. 7. But at the same time, the inhibition behavior cannot suppress the overall corrosion. Moreover, when the concentration drops to 500 ppm, its efficiency decreases sharply, and the inhibitory effect of this process cannot be improved by adding LaCl3.
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Figure 7: Diagram of maximum anode current density changing after adding 1000 ppm LaCl3 [67]

Chromate, a commonly used corrosion inhibitor for aluminum alloy, is carcinogenic [78]. So, finding a new non-toxic, harmless, green, and healthy corrosion inhibition method has become a hot research field. Coating technology doped with specific inhibitors combines the advantages of both and has broad application prospects. Tsai et al. [78], and Shruthi et al. [79], respectively, conducted experiments on the anticorrosion coating technology of aviation aluminum alloy. Marshall et al. [80], through finite element simulation, calculated relevant parameters after the coupling of coated aluminum alloy and stainless steel. It should be noted that most studies have pointed out the average response of coatings, but the influence of pinhole paint heterogeneity and damage of tiny scratches on the difference of coating reactivity needs further research [81]. New materials such as nanomaterials and graphene materials also provide new research ideas for the preparation of coatings. Zhu et al. [82] summarized the research progress of graphene anticorrosive coating and pointed out its corrosion promotion behavior and corresponding countermeasures.

7  Conclusion

With the development of construction infrastructure, fuel storage, deep-sea exploration and other activities, galvanic corrosion of aluminum alloy has attracted extensive attention as a common problem. In this review, we find that the current research on galvanic corrosion of aluminum alloy has the following characteristics:

(1)   The investigation on the principle of galvanic corrosion of aluminum alloy has been deepened from macro to micro. The galvanic corrosion mechanism of aluminum alloy, which focuses on whether and how particles in the micro region participate in the reaction, has become the mainstream. At the same time, due to the difference of materials and working environment, the study of galvanic corrosion of aluminum alloy is mainly carried out on the properties of pair materials, the geometric properties of galvanic pair and the characteristics of environmental media.

(2)   At present, a relatively perfect standard system for galvanic corrosion testing of aluminum alloy has been established, and relevant requirements have been made for the standardization of some special environments and new research methods. The new research methods represented by WBE technology, SKPFM technology, and first-principles calculation provide a good method to obtain information on micro-area corrosion parameters, establish a corrosion process model, and predict the corrosion degree of aluminum alloy.

(3)   Aluminum alloy corrosion inhibition technology represented by anodic oxidation treatment, corrosion inhibitor treatment, and coating protection has undergone considerable development and progress, making an important contribution to saving resources and reducing costs. The combination of new technologies such as arc light discharge, and new materials such as nanomaterials, to develop new non-toxic, harmless, efficient, and energy-saving corrosion inhibition has become the main goal of aluminum alloy corrosion inhibition research.
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