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Abstract

:

Tribocorrosion, a research field that has been evolving for decades, has gained renewed attention in recent years, driven by increased demand for wear- and corrosion-resistant materials from biomedical implants, nuclear power generation, advanced manufacturing, batteries, marine and offshore industries, etc. In the United States, wear and corrosion are estimated to cost nearly USD 300 billion per year. Among various important structural materials, passive metals such as aluminum alloys are most vulnerable to tribocorrosion due to the wear-accelerated corrosion as a result of passive film removal. Thus, designing aluminum alloys with better tribocorrosion performance is of both scientific and practical importance. This article reviews five decades of research on the tribocorrosion of aluminum alloys, from experimental to computational studies. Special focus is placed on two aspects: (1) The effects of alloying and grain size on the fundamental wear, corrosion, and tribocorrosion mechanisms; and (2) Alloy design strategies to improve the tribocorrosion resistance of aluminum alloys. Finally, the paper sheds light on the current challenges faced and outlines a few future research directions in the field of tribocorrosion of aluminum alloys.
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1. Introduction


Tribocorrosion is a material degradation process caused by the combined effect of wear and corrosion [1,2]. The complexity of tribocorrosion lies in the fact that the chemical and mechanical attacks are not independent of each other but often act synergistically to cause accelerated failure [3,4,5]. The synergetic effect is most prominent for passive metals. Passive metals, which include important engineering metals such as stainless steels, aluminum (Al), and titanium alloys, spontaneously form a thin oxide film (passive film) when in contact with oxygen or water [6]. This passive film, sometimes only a few atomic layers thick, acts as a critical protective barrier against corrosion [2,6]. When mechanical wear occurs during corrosion, the passive film can be locally destroyed at the contacting asperities, with the ensuing depassivation leading to rapid localized corrosion and early component failure [2,3,7,8,9]. A better understanding of the tribocorrosion response of passive metals is required to extend the durability of these technologically important metals in complex service conditions. The paper begins by briefly reviewing the history and research trends in this area, followed by a discussion of the fundamental mechanisms of alloying and grain size effects on the wear, corrosion, and tribocorrosion behavior, elucidating the interplay between mechanical contact and electrochemical processes in Al alloys. It then explores the various alloying design strategies that simultaneously improve wear and corrosion resistance, hence the tribocorrosion resistance. Finally, we conclude by addressing the need for the integration of multiscale modeling, machine learning, and experimental techniques as a promising future avenue for gaining insights into complex tribochemical interactions. This review primarily focuses on alloying design, while coatings and other surface modifications of metals and alloys are beyond the scope of this article. Readers interested in tribocorrosion of coatings may refer to several papers such as [10,11,12] for a focused review on the performance of coatings under combined wear and corrosion conditions.




2. Brief History and Literature Survey from the Past Five Decades


A literature survey on Scopus database, searching for “tribo-corrosion OR tribocorrosion” in the article title, abstract, and keywords from 1973–2023 results in 1722 papers. The keywords “tribocorrosion” and “tribo-corrosion” are often used interchangeably by various research groups. Other most commonly used keywords include “corrosion,” “wear of materials,” “friction,” “tribology,” etc.



Figure 1a shows the number of papers in this field as a function of year, where most papers have been published within the past two decades. Early pioneers on tribocorrosion include Neukirchner, J and Wunsch, F. et al. in the 1970–1980s. However, these works were written in German, hence they received relatively little citation internationally. One of the early papers that really sparked international interest is a 1993 Wear paper [13] by Mischler, S., Rosset, E., Stachowiak, G.W., and Landolt, D. In this study, wear and corrosion were not performed simultaneously. Instead, tribocorrosion tests were conducted by corroding a sample after a dry wear test. Specifically, the study involved monitoring the coefficient of friction, material loss rates, and surface morphology of iron when rubbed against alumina in sulphuric acid solutions ranging from 2 M to 18 M. The key results are interesting but not surprising to today’s readers: The research revealed that the combination of wear and corrosion can significantly impact the material removal mechanisms compared to static corrosion conditions.



Figure 1b shows the trending topics in the field of tribocorrosion within the last two decades, where steel, titanium, and aluminum alloys are among the most popular materials studied. Figure 1c shows the popular journals that have published tribocorrosion-related papers, with Wear, Tribology International, and Surface and Coatings Technology as the top three. Over the years, several papers summarize and review important experimental methods and fundamental mechanisms of tribocorrosion. For example, Landot et al. [4] provided an extensive overview on the electrochemical methods in tribocorrosion studies both theoretical and experimental. The authors expounded on the kinetics that occur during the tribocorrosion process, and they highlighted critical electrochemical conditions and parameters that should be considered when performing tribocorrosion experiments [14]. López–Ortega et al. [15] provide a detailed review of the literature relating to the test procedures and standards employed to assess tribocorrosion behavior of passive materials, such as ASTM G119 [16] and the UNE 112086 [17] standard. The specific mechanism for tribocorrosion and wear-corrosion synergy remains under active research because it depends on various materials and testing parameters [1,2,3]. It is often believed that the combination of wear and corrosion does not result in a mere additive effect of each process. Instead, a synergistic effect occurs, which may further increase or sometimes decrease the overall material loss. Maher et al. [18] provided a thorough review of the wear-corrosion interaction on stainless steels, which takes account of the effects of the stainless-steel type, temperature, pH, solid concentration, the eroded particle size and shape, etc. Apaza-Bedoya et al. [19] reviewed the tribocorrosion of titanium-based dental implant connections and discuss the degradation caused by the wear and corrosion processes in the oral cavity. Recently, a review paper by Abolusoro and Akinlabi [20] provides an overview of tribocorrosion behaviour of Al Alloys by categorizing the mechanism as a function of various parameters such as heat treatment, corrosion inhibitors, and the presence of coatings and surface treatment.



In addition to journal papers, the book titled Tribocorrosion of passive metals and coatings (2011) by Dieter Landolt and Stefano Mischler provides a comprehensive introduction and review of current research on the tribocorrosion of passive metals and coatings, from the design of tribocorrosion test equipment, data evaluation, to design optimization of materials’ properties for tribocorrosion systems. Another recent book titled Tribocorrosion: Fundamentals, Methods, and Materials (2021), edited by Arpith Siddaiah, Rahul Ramachandran, and Pradeep Menezes covers recent developments in both the experimental and computational aspects of tribocorrosion, encompassing fundamental principles in tribology and electrochemistry, as well as examination setups, procedures, electrochemical techniques, and additional topics. In addition, a book chapter on Tribocorrosion: Definitions and Relevance (2020) [21] by Anna Igual Munoz, Nuria Espallargas, and Stefano Mischler as part of the Springer Briefs in Applied Sciences and Technology book series provides readers with a concise introduction of tribocorrosion in simple words.



The family of materials whose tribocorrosion properties are important include various engineering metals such as steel, titanium, and aluminum alloys. Other commonly studied materials include nickel [22,23,24], magnesium [25,26,27], and high entropy alloys [28,29,30,31,32,33]. The most commonly studied electrolytes include NaCl solutions/seawater [34,35], acidic HCl and H2SO4 solution [36,37,38,39], alkaline NaOH solutions [37,40], and solutions utilized at human body temperature (37 °C), such as simulated body fluid (SBF) [41,42], phosphate-buffered saline (PBS) [33,43,44], Hank’s solution (HBSS) [45,46], and Ringer’s solution [47,48]. For brevity, this paper mainly focuses on the tribocorrosion behavior of Al alloys in NaCl solutions. Among those relevant studies, the tribocorrosion behavior of Al alloys are often studied due to three types of effects: (1) The material parameters, such as alloy composition [49], fraction of reinforcing particles [50,51,52,53,54,55], and heat treatment [56]; (2) The corrosion testing parameters, such as applied current/potential [56], corrosion inhibitor [57,58], and electrolyte composition [59,60]; and (3) The wear testing parameters, such as applied load [59,61] and speed [61,62]. For the material parameter effects, Ferreira et al. [50] investigated the effects of spatial distribution of reinforcing particles (e.g., Al3Ti and Al3Zr) on the tribocorrosion resistance of Al-5 wt.% Ti and Al-5 wt.% Zr in 0.6 M NaCl solution. They found that higher surface hardness results in a lower tribocorrosion rate. Similarly, Jamaati et al. [51] showed that in Al/Al2O3 composite material, a more uniform distribution and higher concentration of the reinforcing Al2O3 particles result in better corrosion resistance of Al in 0.1 wt.% NaCl solution. In addition to material modification via reinforcing particles, heat treatment was also found to greatly affect the tribocorrosion behavior of Al alloys. Xu et al. [56] investigated the effects of T4 and T5 heat treatment on the tribocorrosion behavior of 7B05 Al alloy (Al alloy with 5.00–6.50 wt.% Zn, 0.05–1.0 wt.% Mg, and trace Mn, Cr, Zr, Ti, Cu, Fe, Si) in artificial seawater. It was discovered that T5 treatment results in a more uniform grain size and banded precipitate as compared with the T4 sample, which leads to better corrosion resistance. However, T4 treatment produced more uniform distribution of precipitated phase and higher hardness than T5, eventually resulting in better tribocorrosion resistance than T5 treatment.



In terms of the effects of corrosion testing parameters, increasing the applied potential in the more anodic direction often results in significant increase in the tribocorrosion rate of Al alloys due to higher intensity of corrosion reaction and corrosion-induced wear [56,60]. For example, the corrosion of 7B05 Al alloy after T4 and T5 heat treatment was found to be more aggravated at the anode potential, resulting in higher surface roughness than that under cathodic or open circuit potentials (OCP) [56]. Similarly, Chen et al. [63] show that the total tribocorrosion material loss of LY12 Al alloy increased with applied potential. Specifically, as shown in Figure 2a, the pure wear loss (VM0 in Figure 2a) remained relatively constant, while VC, the total material loss caused by pure corrosion, and ΔVM, the corrosion-induced wear, became increasingly larger at the more anodic potentials. The presence of corrosion inhibitor [57,58] and electrolyte composition [59,60] also affects the overall tribocorrosion rate.



Corrosion inhibitors such as sodium octanoate [57] and zinc phosphate [58] were found to reduce tribocorrosion rate of Al alloys in NaCl solutions due to the formation of a surface barrier that not only limit mass and charge transfer to reduce corrosion, but also lowers surface friction to reduce wear. Liu et al. [60] showed that the tribocorrosion rate of 7075-T6 Al alloy is higher in seawater than deionized water and ethanal. For wear testing parameters, increasing the applied load and scratching speed were found to increase the total tribocorrosion material loss of Al alloys [61,62]. Li et al. [64] showed a similar trend for tribocorrosion of Al in deep ocean when the applied load is not uniaxial, but rather hydrostatic. Interestingly, they also found that as hydrostatic pressure rises, the passivation duration diminishes (Figure 2b), suggesting that the formation of the passive film on Al alloy is impeded when subjected to high hydrostatic pressure. When experiencing tribocorrosion, the passivation period within the Al alloy’s polarization curve vanishes (Figure 2b), leading to a faster anodic dissolution rate compared to static corrosion.




3. Effects of Alloying and Grain Size on Wear Resistance of Al Alloys


3.1. Alloying Effects


Alloying leads to increased hardness and improved wear resistance of metals in most cases per Archard’s law [65,66]. In addition to hardness increment, proper alloying additions can significantly lower the grain boundary energy and stabilize ultrafine microstructures in the tribolayer to suppress stress-assisted grain growth and improve the surface hardness and the overall wear resistance [67]. For example, Jiru and Sing [68] showed that surface alloying of Al with manganese (Mn) improved surface hardness, lowered the coefficient of friction, and reduced wear rate of aluminum by 30%. Dubourg et al. [69] found that the wear rate of Al–Cu alloys decreased with increasing Cu concentration from pin-on-disk wear tests under 2–4 N load and 0.05–0.2 m/s sliding speed (Figure 3a). Du et al. [70] demonstrated a similar behavior in additively manufactured Al-5 wt.%Cu alloys via laser powder bed fusion, as shown in Figure 3c,d, where the addition of ~1.5 wt.% Ti results in a reduction of wear rate from to 9.79 × 10−4 mm3/(N∙m) to 3.05 × 10−4 mm3/(N∙m) after ball-on-disk wear tests under 10 N load for a sliding time of 30 min. In emerging high-entropy alloys, the wear coefficient of AlxCoCrCuFeNi alloys with 9–28.6 at.% Al decreases as the aluminum content increases [71]. Specifically, the wear coefficient of high aluminum content alloy is about one seventh of that of low aluminum content counterpart due to a change of the wear mechanism from delamination wear to oxidative wear with increasing aluminum content. Yu et al. [72] found that AlCoCrFeNiTi0.5 shows better dry wear resistance than wear-resistant steel AISI 52100 due to nano-sized Fe–Cr solid solution and Al–Ni–Ti rich intermetallic phases. However, the opposite has also been reported in terms of both hardness and wear resistance. For example, the addition of Zr, Mn, V, Cr, and other micro-elements to 7xxx series aluminum alloy (Al–Zn–Mg) results in a decrease of hardness [73]. De Rosso et al. [74] showed that the wear rate of Al–Si alloys decreases at higher Cr content but lower Si contents due to the smaller secondary dendritic arm spacings and higher hardness.



From a more general point of view, it is interesting to note that subsurface microstructure tend to be driven into a non-equilibrium status under constant wear and friction, leading to dynamically self-organized microstructures similar to those in ball-milling [76] or under ion irradiation [77]. In non-equilibrium systems, when several competing processes are present (such as dislocation accumulation due to sustained plastic deformation vs. stress-assisted grain growth and dynamic recovery), a steady state and equilibrium microstructure is not always achieved [78]. For example, Kasai et al. [79] performed wear tests of pin sliding against a brass disc in air and found that the Kelvin probe signal on the surface is nearly periodic, indicating the periodic change of surface chemistry and structure and an absence of steady state. Another example of the lack of a steady state in wear is the well-known stick-slip frictional behavior observed in many elastomers when subjected to low sliding velocities and/or high normal pressures [80]. However, non-equilibrium surface microstructures, such as supersaturated solid solutions has also been reported in the tribolayer [81], where the level of supersaturation is far beyond the equilibrium solubility limit, similar to those observed during mechanically alloying and severe plastic deformation [82,83].



Alloying effects on wear of Al is complicated due to the various phase distribution and microstructure formation in different alloying systems. Generally speaking, higher alloy concentration leads to improved wear resistance but an optimum alloy concentration for the best wear resistance is not known a priori. For example, Jasim and Dwarakadasa [84] showed that the wear rate of Al–Si alloys decreases with Si content up to the eutectic composition and did not depend on the initial microstructure or the distribution of the silicon phase. Similar behavior is also observed in Al–Cu [69], Al–Cu–Fe [85], Al–Sn [86], etc. From a more general point of view, it is interesting to note that subsurface materials tend to be driven into a non-equilibrium status under constant wear and friction, leading to dynamically self-organized microstructures similar to those in ball-milling [76] or under ion irradiation [77]. In non-equilibrium systems, when several competing processes are present (such as dislocation accumulation due to sustained plastic deformation versus stress-assisted grain growth and dynamic recovery), a steady state is not always achieved [78]. As a result, a single optimum alloy concentration may not always exist.




3.2. Grain Size Effects


In addition to alloying, another important tunable microstructure feature is grain size [87]. Refined grain size often leads to increased hardness and improved wear resistance, per Archard’s law [65], especially when abrasive wear is the dominating mechanism. For example, nanocrystalline Al with ~16 nm grain size exhibits a reduction of friction coefficient by about 55% compared to microcrystalline Al [75]. Farhat et al. [75] investigated the friction and wear characteristics of nanocrystalline Al as a function of grain size. They found that both mild and severe wear increased linearly with the square root of grain size, following a modified Archard-type of relationship, as shown in Figure 3b. However, when high stress is applied during wear, the large amount of plastic deformation at the contact surface leads to stress-assisted grain growth due to the high mobility of nanocrystalline grain boundaries and results in wear resistance higher than what would be expected based on hardness alone [8,88].



It should be pointed out that since these wear tests were performed at room temperature and moderate sliding speed, frictional heating was ruled out as the driving force for the observed grain growth [8]. Another deviation from Archard’s law is that the optimum grain size for wear resistance does not coincide with the grain size for the highest hardness at the Hall–Petch crossover. The optimum grain size for wear is not known a priori. For example, Jeng et al. [88] showed that the hardness of nanocrystalline Ni reaches a maximum at grain size of 15 nm, while the optimum wear rate is reached at grain size of 30 nm. Further reducing the grain size does not alter the wear rate much. From a more general point of view, it is interesting to note that subsurface materials tend to be driven into a non-equilibrium status under constant wear and friction, leading to dynamically self-organized microstructures similar to those in ball-milling [76] or under ion irradiation [77]. In non-equilibrium systems, when several competing processes are present (such as dislocation accumulation due to sustained plastic deformation versus stress-assisted grain growth and dynamic recovery), a steady state is not always achieved [78]. As a result, a single optimum grain size may not always exist.





4. Effects of Alloying and Grain Size on Corrosion Resistance of Al Alloys


4.1. How Does Alloying Affect Corrosion of Al Alloys?


Al and Al alloys form an amorphous semiconducting passive film in neutral (pH 4–9) solutions [89]. This passive film is still vulnerable to the local attack of different halide ions. The adsorption of halide ions on the surface leads to localized breakdown of the passive film and eventually leads to pitting and crevice corrosion of Al. Unlike in wear-only conditions, alloying may affect corrosion resistance of Al in different ways depending on the specific alloying elements, as reviewed by Szklarska–Smialowska [90]. Small quantities of Sn, In, Hg, Ga, and Zn are detrimental to Al corrosion, as they reduce the passive potential region and shift the corrosion and pitting potentials in the negative direction [91]. Thus, these transition metals (TMs) lead to high anodic current density and uniform active surface corrosion. Other TMs, such as Cu, Mo, Mn, W, Nb, Cr, Ta, V, and Zr, improve corrosion resistance and decrease pitting susceptibility of Al by increasing the overpotential for anodic dissolution and decreasing metastable pit initiation and growth rates [92]. For example, Mraied et al. [93] showed that increasing the Mn concentration of Al–Mn alloys from 0–20.5 at.% resulted in higher corrosion resistance and the formation of much smaller pit sizes at higher Mn content, as shown in Figure 4a. Unlike pure Al (A0), which clearly showed through thickness circular “pits” of ~120 μm in diameter after 24 h of immersion in 0.01 M NaCl solution, Al–Mn alloys (A5–A20 in Figure 4a) did not reveal any marked localized attack after 108 h of immersion. Instead, a network of conspicuous grooves developed on alloy A20 with ~ 100 nm in depth. Corrosion mechanisms of Al has been reviewed from the perspectives of acid–base interactions [94], chloride ion interactions with surface oxide film [95], critical steps involved in localized corrosion and stressed corrosion [96], and the effects of corrosion inhibitors [97], etc. Specifically, the review by Olugbade [98] discusses the effects of plastic deformation, including ultrasonic shot peening, equal-channel angular processing, constrained groove pressing, etc., and addresses the impacts of deformation on corrosion, which shares some similarity with tribocorrosion for the wear-induced gradient subsurface microstructure [99].




4.2. Does Corrosion Resistance Depend on Grain Size?


Unlike in wear-only conditions, grain size may affect corrosion resistance in different ways depending on the specific corrosion mode. For the technologically important case of corrosion resistance of passive metals, it is thought that grain size influences corrosion resistance by affecting the rate of ion transport through the passive film, as well as the passive film dissolution rate [101]. The nanocrystalline materials involve a much higher linear boundary intersection density at the surface compared to their microcrystalline counterparts. This high density of grain boundaries leads to higher average surface reactivity through increased electron state density and diffusional defect transport. Those factors are believed to lead to higher stability and better adherence of the passive film on nanocrystalline materials [101]. For passive metals, including Al [100,102], Ti [103], Ti alloys [104], and steel [105,106], it has been shown that indeed reducing grain size leads to improved corrosion resistance. However, it should be pointed out that these results are drawn from a wide variety of test conditions that often do not isolate the effect of other microstructural changes imparted by the grain refining process from the effect of grain size decrease alone. These microstructural changes include, among others, a secondary phase refinement, texture evolution, and residual stress build-up. As experimental focus and conditions vary among various studies, reported findings on grain size effects to date often tend to be contradictory. Orłowska et al. [107] studied the effect of grain size on the corrosion behavior of commercially pure Al processed by multi-turn equal channel angular pressing and upsetting. Despite the significant change of grain size from ~11 µm to ~669 nm after severe plastic deformation, grain refinement was found to show negligible effects on the pitting behavior. Instead, Fe-containing particles, which are pit nucleation sites, are determined to be the crucial factor for the observed corrosion behavior. Since there is no difference in size and number of these particles after the severe plastic deformation, the electrochemical parameters showed very similar values for samples with different grain sizes. Olugbade reviewed the corrosion rate of Al alloys processed by equal channel angular pressing (ECAP) and summarized that the corrosion current density generally decreases at smaller grain size. Ralston et al. [100] studied corrosion resistance of high-purity Al with grain sizes from ~100 to 2000 µm processed using different plastic deformation methods. They found, albeit with considerable remaining uncertainty, that corrosion resistance increased with the reciprocal square root of grain size in a manner analogous to the Hall–Petch relationship, as shown in Figure 4b. Similar behavior was found for nanocrystalline Al and Al alloys [102,108,109]. However, the opposite behavior has been reported by others [110,111]. Eizadjou et al. [110] showed that Al with grain size of ~380 nm produced by accumulative roll bonding (ARB) was more susceptible to corrosion than coarse grained Al with ~ 33.8 µm grain size, a result that was interpreted as due to a high density of defects and inhomogeneities in the passive film. Similar contradictory results have also been reported in Ti alloys [104,112] and Mg alloys [113,114].





5. Tribocorrosion Behavior and Mechanisms of Al Alloys


The complexity of tribocorrosion lies in the fact that chemical and mechanical degradation mechanisms are not independent of each other. A combination of mechanical and chemical attack often (but not always) leads to accelerated failure due to synergetic effects. Thus, the total material loss T = W0 + C0 + S, where W0 is the material loss due to mechanical wear in the absence of corrosion, C0 is the material loss resulted from corrosion in the absence of wear, and S is the material loss due to wear–corrosion synergy [3,4]. The synergetic effect is most prominent for passive metals. Passive metals, which include important engineering metals such as aluminum, titanium, and stainless steels, spontaneously form a thin oxide film (passive film) when in contact with oxygen or water [6]. This passive film, sometimes only a few atomic layers thick, acts as a critical protective barrier against corrosion [2,6]. When mechanical wear takes place during corrosion, the passive film can be locally destroyed at the contacting asperities, with the ensuing depassivation leading to rapid localized corrosion and early component failure [2,3,7,8,9]. It should be noted that the interaction between corrosion and wear can also be antagonistic, where the synergy term is negative [10]. However, the occurrence of a corrosion film that is either soft or weakly attached can lead to reduced contact stress and wear [10,115]. On the other hand, the worn surface frequently displays swift development of a passive film, which further reduces corrosion [115].



In Figure 5, we present an original schematic diagram that visually represents the various relevant mechanical and electrochemical events that occur during tribocorrosion of passive metals. During sliding wear by an indenting agent, the native passive film on the alloy is disturbed and partially removed. The indenter material is often a harder material than the metal, such as diamond, alumina (Al2O3), and tungsten carbide (WC). Highly reactive base metal is exposed, leading to a high local anodic current density transient, supported by a matching increase in the surrounding cathodic current density but over a larger area (of size largely determined by the macrocell ohmic coupling and, thus, by the electrolyte resistivity [116]) and, hence, not strongly polarized. In an Al alloy, the re-grown film develops with kinetics that is accelerated by the high density of point defect sinks and sources at the intersection between grain boundaries and the film/metal interface [6]. That desirable effect may be counteracted, to some extent, by an increase in the overall passive dissolution anodic current and pitting tendency elsewhere in the passive film. There, grain boundary intersections and related film defect injection and sinks could enhance the rate of steady-state transport processes and possibly also adversely increase the electronic donor/acceptor density, thereby increasing the rate of the cathodic reaction. Opposing effects also exist when considering that the alloying elements in the substrate are expected to improve tribological resistance by increasing hardness. However, the enhanced grain boundary transport of alloying elements and additional mechanical deformation mechanisms such as grain boundary sliding and grain rotation may begin to become important at higher alloying concentrations and finer grain sizes. Wear debris, which may aggravate passive film removal when trapped by the indenter, can be another factor to improve or degrade tribocorrosion resistance with increasing alloy concentration.




6. Tribocorrosion Resistance of Al Alloys


Most commercial Al alloys are precipitation-hardened to impart good strength and wear resistance, but none of them have very good resistance against localized corrosion. The presence of precipitation and secondary particles strengthens the material, but, at the same time, enhances corrosion by catalyzing oxygen reduction, increasing the alloy corrosion potential and localizing the electrochemical activity due to chemical inhomogeneity from the Al matrix [89]. Recent studies show that alloying additions can increase the pitting potential of Al provided that the alloying element is retained in solid solution [92,117,118,119]. For example, age-hardened 2000 series Al alloys (with Cu as the major alloying element) exhibit poor corrosion resistance [89], but Kim et al. observed an ennoblement of pitting potential with increasing Cu content in Al–Cu solid solutions [92,117]. Thus, to simultaneously improve wear and corrosion resistance, the formation of chemically and physically homogeneous Al alloys is crucial.



Currently, there is no unified theory relating grain size to the tribocorrosion resistance of engineering alloys. Research effort in this area has been very limited so far. A quick search of Scopus using topic key words of “tribocorrosion + grain size” led to only 37 results from 1900 to July 2023, as compared to 6,522 results for “wear + grain size” and 8725 for “corrosion + grain size.” Nevertheless, some of these studies [112,120,121,122] indicate that smaller grain size increases tribocorrosion resistance, while one suggests the opposite trend [123].




7. How to Design Tribocorrosion-Resistant Al Alloys?


A comprehensive understanding of how alloying and grain size of Al alloys influences tribocorrosion response is largely lacking. Current research in this area is very limited in scope. Abundant literature exists pertaining to the possible alloying and grain size effects on wear and corrosion resistance, but fewer attempts have been made to combine knowledge based on these two separated field towards a better understanding of tribocorrosion. This has directly challenged the design of tribocorrosion-resistant Al alloys. In terms of alloying effects, higher alloying content tends to improve wear resistance, although the optimum alloy concentration is not known a priori due to complicated dynamic microstructure evolution in the tribolayer. For corrosion, several alloy elements increase the pitting potential of Al provided that the alloying elements are retained in solid solution. In terms of the grain size effects, smaller grain sizes tend to improve wear resistance, although the optimum grain size is not known a priori due to complicated dynamic microstructure evolution in the tribolayer. For corrosion, contradictory results have been reported due to the oversimplification of grain size effect in many published studies.



Figure 6 summarizes the wear rate versus corrosion rate of Al-based alloys, including 1000-, 5000-, and 6000-series Al alloys, Al-based bulk metallic glass (BMGs), and Al-based high-entropy alloys (HEAs). Comparing the behavior of 1000-series (commercial Al) versus 5000- and 6000-series alloyed Al, it can be seen that alloying indeed enhanced wear resistance, but compromised corrosion resistance. Al–HEA and Al–BMGs exhibit much better strength and wear resistance compared to commercial Al alloys. However, their corrosion behavior is quite widespread. As summarized above, most commonly used metal design strategies such as alloying and grain size control cannot be directly applied to design tribocorrosion resistance. Next, three alloy design strategies to effectively improve the tribocorrosion resistance of Al alloys are discussed based on our recent studies, namely, the formation of (1) Supersaturated solid solutions, (2) Nanostructured multilayers, and (3) Controlled crystallographic texture.



7.1. Strategy 1: Formation of Supersaturated Solid Solutions


Alloying is an effective way to improve materials wear resistance by increasing its strength, which is indeed what most commercial alloys are doing. Therefore, you are decreasing the wear rate. Unfortunately, the precipitates are strengthened material that also accelerate corrosion due to the galvanic coupling with the aluminum matrix. So, a decreased wear rate is at the expense of increased corrosion rate. For example, a survey of Al–X binary system shown in Figure 7 indicates that, in general, hardness (H) and pitting potential (Epit) increase with alloying concentration for a wide range of alloying elements. However, due to the galvanic coupling effects, the corrosion current (icorr) does not show a clear dependence on alloying concentrations (Figure 7c,d).



To simultaneously minimize both wear and corrosion, one effective microstructure design strategy includes forming a solid solution alloying to combat the trade-off between wear and corrosion. However, typically solid solution strengthening results in poorer mechanical properties than precipitation hardening [126]. In precipitation hardened alloys, the type, size, and distribution of intermetallic are vital for their tribocorrosion behavior [56]. To further enhance the mechanical properties, the formation of supersaturated solid solutions is desired, which can be achieved via nonequilibrium processes such as melt spinning [127,128] and physical vapor deposition [49,93]. Take aluminum–manganese alloys as an example, manganese (Mn) has very limited solubility in aluminum from the binary phase diagrams. Under low temperatures, the equilibrium solubility of magnets in aluminum is less than 0.1 percent. So, this first strategy forms a supersaturated solid solution, taking advantage of non-equilibrium processing methods such as physical vapor deposition so that the material can be strengthened to improve its wear resistance without the deformation of secondary phase.



[image: Cmd 04 00031 g007] 





Figure 7. Summary of (a) Hardness (H); (b) Pitting potential (Epit); and (c) Corrosion current density (icorr) as a function of alloying concentration in binary Al–X systems [93,118,129,130,131,132,133,134,135,136] (replotted from Ref. [49]). (d) Dependence of hardness (H), corrosion potential (Ecorr), pitting potential (Epitt), and corrosion current (icorr) as a function of Mo concentration in Al–Mo binary alloy (plotted using data from [134]). 
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7.1.1. Alloying Effects on Corrosion


Using such a strategy, Maried et al. [49,93] studied the effects of Mn concentration on the corrosion behavior of Al–Mn solid solutions prepared via physical vapor deposition (Figure 8a). The addition of Mn was found to significantly enhance the corrosion resistance of Al (Figure 8a). The pitting potential showed a consistent increase with increasing Mn concentration and remained unaffected by the microstructure, provided chemical homogeneity was achieved (Figure 8b).



Notably, the alloys with fully nanocrystalline (5.2 at.% Mn) and fully amorphous (20.5 at.% Mn) microstructures displayed superior corrosion resistance compared to those with a dual-phase microstructure (11.5 at.% Mn). Later on, Jia et al. [137] investigated the influence of Mn on the aqueous corrosion of Al–Mn alloys through experiments and atomistic simulations. Interestingly, electrochemical measurements, X-ray photoelectron spectroscopy, and atom probe tomography analysis revealed that the addition of Mn improved the corrosion resistance of Al without actively participating in surface oxidation (Figure 9a,b).



A mechanism explaining the roles of Mn on the protectiveness of the passive layer of Al is shown in Figure 9c. It was suggested that selective dissolution of Mn increased the available free volume at the metal/oxide interface, leading to the formation of a denser and thinner oxide layer with a composition closer to stoichiometry. Additional molecular dynamics simulations supported these findings, demonstrating that an increase in free volume content in Al resulted in a more compact oxide layer with reduced defect density, ultimately contributing to enhanced barrier characteristics. Quantitatively, this model takes into account an effective Pilling–Bedworth (PB) ratio, RPB, and of the binary alloy, which has significant implications for the structural compatibility between the metal and oxide. Optimizing the alloy composition to achieve an effective RPB close to one result in the formation of a highly protective naturally occurring oxide layer. For the three alloys: pure Al, Al-1.6 at.% Mn, and Al-20 at.% Mn, the effective RPB value is 1.33, 1.31, and 1.06, respectively, supporting such hypotheses. Interestingly, this simple model also provides an explanation for the observed decrease in the pitting potential of Al–Mn alloys when Mn% exceeds around 40 at.% [138], resulting in an RPB value of 0.8, significantly lower than 1. As a consequence, the formed oxide layer lacks sufficient volume to completely cover the metal substrate for effective passivation. Using such a model, Chen et al. [139] designed highly corrosion-resistant Al–Mn–Mo alloys with optimum alloying concentrations of Mn and Mo.




7.1.2. Alloying Effects on Tribocorrosion and Wear-Corrosion Synergy


In terms of tribocorrosion, Mraied and Cai [49] showed that alloying Al with Mn supersaturated solid solutions simultaneously enhanced the wear resistance and protective properties of the passive layer, resulting in improved overall tribocorrosion resistance. Higher Mn content increased the hardness-to-elastic modulus ratio (H/E) and promoted the formation of a denser and more compact passive film, thereby enhancing the tribocorrosion resistance of Al. Alloying with 20.5 at.% Mn, in particular, led to approximately 10 times higher corrosion resistance and 8 times greater hardness compared to pure Al. The total material loss during tribocorrosion was observed to increase with the anodic shift of the applied potential. It was found that alloying with 5.2 at.% Mn resulted in more than a 10-fold reduction in the current density required to re-passivate similar worn areas of pure Al.



In terms of wear-corrosion synergy (S), the behavior of both corrosion-accelerated wear and wear-accelerated corrosion were measured (Figure 10). For the former, the total material loss during tribocorrosion of Al–Mn was observed to rise with the applied potential (Figure 10c). At cathodic potentials, tribocorrosion is dominated by mechanical wear, and the overall material loss is primarily influenced by the mechanical properties of the material. However, under open circuit and anodic potentials, mechanical wear causes local depassivation of the wear track, leading to active corrosion and accelerated material loss. For wear-accelerated corrosion, the rise of corrosion current during scratching is a clear indication (Figure 10d).



Such a current rise was found to be reduced at higher Mn concentrations. It should also be pointed out that the relative fraction of pure wear, pure corrosion, and wear-corrosion synergy in the total material loss (Figure 10b) depends not only on the material property (e.g., alloying concentration and grain size), but also on the testing condition, such as the sliding frequency. For example, Chen and Cai [62] showed that as the frequency increased, both chemical and mechanical wear increased (Figure 11a). The rise in mechanical wear with frequency was attributed to a faster depassivation rate and an increase in the real contact area. The schematic summary of how Mn addition influences the passive layer protectiveness is shown in Figure 11b.



However, the increase in chemical wear with frequency was linked to higher repassivation kinetics. Similar to the pure corrosion condition, the outermost surface layer was found to be rich in aluminum and oxygen but lacking in manganese. In conclusion, the addition of supersaturated solution solid offers great opportunity to simultaneously enhance wear and corrosion resistance, ultimately achieving our design goal, as shown in Figure 12. The effective Pilling–Bedworth ratio can be used as a guideline to tailor the optimum alloying concentration of complex systems.





7.2. Strategy 2: Formation of Nanostructured Multilayers


Motivated by the grain size effect, the second strategy involves creating a nanostructured layered structure for enhancing tribocorrosion resistance. Such nanolayering can be synthesized via physical or chemical vapor deposition [140], or form as a result of severe plastic deformation [81]. Nanostructured metallic multilayers (NMMs) have garnered significant attention due to their potential to enhance both mechanical and electrochemical properties when compared to monolithic materials [141]. Our recent study [142] demonstrated that NMMs exhibit remarkably high tribocorrosion resistance due to their abundant interfaces and nanoscale chemical modulation, which effectively limits plastic deformation and reduces micro-galvanic corrosion and surface reactivity. Specifically, the tribocorrosion behavior of NMMs composed of equal-spaced Al/X (X = Ti, Mg, and Cu) layers, each with a thickness of approximately 3 nm was investigated in a 0.6 M NaCl aqueous solution at room temperature (Figure 13).



It was found that corrosion dominated in the tribocorrosion behavior of Al/Mg and Al/Cu NMMs, while severe plastic deformation prevailed in Al/Ti NMMs due to sustained surface passivity. In addition to experimental measurements, a finite element (FE) based computational model was developed and validated to understand the tribocorrosion mechanisms of NMMs. This model showed accelerated material loss at layer interfaces and wear track edges, resulting from the synergistic effects of wear and corrosion (Figure 14).



To understand the structural origin of the enhanced tribocorrosion resistance, density functional theory (DFT) calculations were conducted to uncover the surface property of NMMs [142]. It was observed that nanolayering with Ti increased the surface work function of Al while reducing the adsorption strength of Cl adatoms compared to pure Al, thereby lowering the surface reactivity and susceptibility to pitting. Later on, using multiphysics finite element modeling, Wang and Cai [143] showed that in Al–Cu NMMs, thinner individual layers in the corrosion process result in a more concentrated current exchange between these layers. As a result, this enhances the cathodic protection of copper (Cu) layers and promotes the formation of a passive layer on exposed aluminum (Al) layers, ultimately enhancing the tribocorrosion resistance. This model also reveals that the layer orientation significantly influences the overall tribocorrosion behavior of NMMs. In NMMs with vertical layers, deeper material loss was observed in the softer Al layers, resulting in higher volume loss from both wear and corrosion processes. On the contrary, in NMMs with parallel layers, the Cu layers act as a barrier, impeding material removal and helping to maintain the integrity of the layers below. This also reduces the exposure of depassivated Al surface area, leading to less severe anodic corrosion of the Al layers and a faster repassivation process. Consequently, the vertically aligned multilayers are more susceptible to the threats of tribocorrosion compared to the horizontally aligned multilayers. In conclusion, the second strategy of nano layering offers great opportunity to simultaneously enhance wear and corrosion resistance. As shown in Figure 15, the hardness, corrosion rate (Figure 15a), and tribocorrosion performance (Figure 15b) of NMMs are all enhanced compared to their monolithic counterparts and commercial Al alloys.




7.3. Strategy 3: Formation of Preferred Crystallographic Textures


The last alloy design strategy involves optimizing the preferred crystallographic orientations, i.e., texture of alloys to simultaneously minimize wear and corrosion. Texture has been known to affect the tribological response of metals [67]. Similar strategies have been applied in tailoring the mechanical [144] and corrosion properties of fcc and hcp metals such as Ti6Al4V [123,145] alloys and additively manufactured parts [146]. In terms of Al, recently, Wang et al. [147] performed a combined experimental and computational investigation using Al (100), (110), and (111) single crystals to establish a crystal-based tribocorrosion modeling framework that considers the influence of lattice reorientation and dislocations on surface corrosion (see model schematic in Figure 16).



Specifically, the mechanical, corrosion, and tribocorrosion properties of Al single crystals were measured to be highly anisotropic, depending on the crystal orientation (Figure 17). Among all three orientations, the wear resistance and corrosion resistance of the (100) Al sample is the worst and (111) is the best. With the experimental results as inputs and validation, a multiphysics finite element model was developed. This model successfully predicted the depassivation and repassivation currents during the tribocorrosion of Al single crystals by mapping the local corrosion kinetics based on the passivation state, crystallographic orientation, and dislocation density (Figure 17c,d). The study revealed that lattice rotation, rather than dislocations, played a dominant role in the overall tribocorrosion behavior. This work uses single crystals as model materials, which paves the way for future modeling of the tribocorrosion behavior polycrystalline materials with random or preferred texture.





8. Current Challenges and Outlook


While this field has made significant advancements in understanding the interactions between tribology and corrosion, it still faces several challenges that researchers are actively working to overcome. Here are some of the current challenges and opportunities in tribocorrosion study:



Material Characterization: Accurate characterization of material properties, especially at the surface, is crucial in tribocorrosion studies. The complex coupling between wear-induced dislocation activities and corrosion-induced surface oxidation or dissolution makes the surface and subsurface structure and composition of the tribocorroded surfaces far away from those of the bulk. Obtaining reliable data on surface composition, defect structure, oxide/metal interface properties can be challenging, limiting the accuracy of predictive models. Great opportunities exist in utilizing and developing advanced microscopy and spectroscopy to characterize the surface materials as a result of interactions with corrosive environments [148]. A better understanding of such far-from-equilibrium surfaces should be very helpful for designing future tribocorrosion-resistant metals.



Multi-Scale and Multi-Physics Nature: The mechanisms governing tribocorrosion processes are still not fully understood due to their complexity. There is a need to delve deeper into the fundamental interactions between wear, corrosion, and the synergistic effects that occur at the material interfaces. On one hand, the tribocorrosion behavior of materials is highly influenced by environmental factors such as temperature, humidity, and pH. Understanding how these variables affect the tribocorrosion processes is essential for practical applications. However, tribocorrosion phenomena occur at multiple length and time scales, ranging from atomic interactions at the material/environment interface to macroscopic wear and corrosion kinetics. Bridging these scales to develop comprehensive models that accurately predict material behavior remains a challenge. Thirdly, wear and corrosion are not independent from each other. The wear-corrosion synergy can significantly affect material degradation. However, the precise conditions and factors that govern this synergy are not fully understood, making it difficult to predict material behavior accurately.



Material Selection and Design: Designing materials with enhanced resistance to tribocorrosion is a challenge due to the trade-off between wear and corrosion resistance in most metallic materials. Besides the three alloy design strategies discussed earlier, there is a need to explore electrochemically benign strengthening mechanisms. That is, one that would strengthen the material without compromising (and if possible, even improving) the corrosion resistance [149,150]. One such opportunity lies in grain boundary engineering, which has been found to improve both wear and intergranular stress corrosion cracking resistance [151,152]. Advanced surface manufacturing such as laser shock peening also offer great promise to optimize surface properties including corrosion and tribocorrosion resistance [153]. Finally, material selection is challenging due to the difference in the target environment [154]. For example, a tribocorrosion-resistant metal for seawater might not be the best choice for an acidic solution or body fluids. A holistic view is required when considering material selection for specific practical applications. Some of the new emerging technologies might require new alloy development to meet the structural integrity requirements in some very unusual environments, such as deep sea, outer space, and molten salt.



Looking into the future, the synergistic use of experimental, computational, and modeling techniques, along with the incorporation of advanced tools like machine learning and multiphysics simulations, holds the potential to unravel complex interactions and pave the way for innovative solutions in materials engineering and tribocorrosion mitigation [155,156]. Towards this end, one promising avenue for future research lies in the development of multiphysics modeling approaches, particularly the creation of tribocorrosion rate maps. An example is shown in Figure 18, based on recent work by Wang et al. [157]. These maps combine information from multiple physical processes, such as mechanical wear, corrosion kinetics, and electrochemical interactions to provide a comprehensive understanding of tribocorrosion behavior as a function of both mechanical and electrochemical parameters. Such maps can be invaluable in guiding material selection, engineering designs, and maintenance planning for systems prone to tribocorrosion, leading to more durable and reliable performance in corrosive environments.



Another future direction involves the incorporation of data science and machine-learning techniques [158]. Machine learning has shown tremendous potential in various fields, including wear and corrosion studies. By harnessing the power of machine-learning algorithms, researchers can analyze vast amounts of data from experimental and computational sources to identify patterns, correlations, and hidden insights. This can aid in predicting wear and corrosion behavior, optimizing material design, and developing proactive strategies for mitigating tribocorrosion effects [144]. For example, recently, Lee et al. [159] developed an active learning model to enhance the efficiency of data collection in tribocorrosion systems that are expensive to evaluate. By employing active learning in conjunction with surrogate modeling, it becomes feasible to analyze demanding tribocorrosion systems in a cost-effective manner by partitioning the material property design space (which include both mechanical and electrochemical properties) based on heterogeneous features such as volume loss due to wear and corrosion. The informativeness of new design points is quantified while mitigating the system heterogeneity. This partitioning enables two systematic steps in the search for the next design point (i.e., optimum material properties). A global searching scheme expedites exploration by identifying the most uncertain subregion. Subsequently, a local searching approach leverages the localized Gaussian process (GP) information to make more informed decisions. The efficacy of this integrated data science and machine-learning method is found to outperform existing active learning methods and traditional finite element modeling, showcasing superior predictive accuracy and reduced computation time.



In the future, new alloy systems and unique microstructure engineering offer great promise to further enhance tribocorrosion resistance. Towards this end, the development of both dilute and concentrated Al-based alloys (e.g., high entropy alloy and metallic glasses) are worth further studies. For dilute Al-based alloys, several alloy systems have been reported with good mechanical and corrosion properties, such as Al–Mg–Bi [160], Al–Ce–X (X = Sc, Y, etc.) [161,162,163], and Al–Mg–Sc-based alloys such as Scalmalloy [164,165]. For Al-based concentrated alloys, Al0.7FeCoCrNiCux HEAs [166] and AlNiZr amorphous alloys [167] are found to be outstanding corrosion- and wear-resistant structural materials in salty environments.



In terms of microstructure engineering, those that favor electrochemically benign strengthening mechanisms are also worth exploring, which will likely strengthen the material and increase the hardness without compromising the corrosion resistance. For example, recently, Jia et al. [168] showed that deep cryogenic treatment (DCT) provides a driving force for nucleation and growth during the re-aging treatment of the AA2024 alloy. The combined aging and DCT treatment significantly improve the wear resistance of AA2024 without affecting the corrosion resistance, which is likely to enhance the overall tribocorrosion resistance. Compositionally and/or microstructurally gradient surfaces is another promising route of microstructure engineering that is worth looking into towards enhanced tribocorrosion resistance. Such gradient structured materials can be synthesized via additive manufacturing [169] or surface treatment such as ultrasonic impact treatment (UIT) [170], laser-shock peening (LSP) [153], and surface-mechanical attrition (SMAT) [170,171]. For example, Dai et al. [169] showed that the grain size gradient from ~5 µm equiaxed grains to 38 µm columnar grains can be obtained at the surface of 2319 aluminum alloy via a hybrid wire-arc additive manufacturing (WAAM) and friction stir processing (FSP) additive manufacturing technology. Beura et al. [172] investigated the corrosion behavior of SMAT-processed aluminum 7075 alloy and found reduced anodic dissolution rate due to the surface microstructural changes such as the formation of precipitates and dissolution of inherent phases imposed by SMAT. In addition, a reduced anodic was observed with the SMAT processed samples.



Finally, the tribocorrosion behavior of Al alloys in other extreme environment remains largely unexplored, such as deep ocean [64], hydrogen-containing environments, hydrostatic pressure [173], high-temperature oxidatives [174], and mining environments [175]. The exploration of stressed corrosion and tribocorrosion of Al alloys under such environments opens new possibilities for the development of a variety of future technologies. For example, David et al. [173] found that lightweight and corrosion-resistant aluminum nanocomposites are promising candidates for in-pipe robots for sewage cleaning purposes, which also allows for detection of pipeline leakage, crack, gas, and corrosion detection.




9. Summary


In summary, tribocorrosion represents an emerging field with significant implications both in fundamental research and practical applications. This paper reviews the current understanding on the alloying and grain size effects on tribocorrosion and summarizes three alloy design strategies to combat the wear-corrosion resistance tradeoff, as shown in Figure 19.



Strategy 1 involves forming supersaturated solid solutions to simultaneously strength the material and enhance the corrosion resistance and repassivation kinetics. Strategy 2 tailors tribocorrosion behavior by optimizing a structural length scale of chemical modulation, i.e., the individual layer thickness of nanostructured metallic multilayers and superlattices. When such length scale is controlled at a few nanometers, simultaneous high wear and corrosion resistance can be obtained, especially if all alternative layers are composed of passive metals such as Al and Ti. Strategy 3 is more applicable to general polycrystalline materials, where preferred crystallographic orientation, i.e., texture, can be controlled by manufacturing to optimize tribocorrosion behavior. For Al, among various low index (i.e., high symmetry) planes, the wear resistance and corrosion resistance of the (100) orientation is the worst and (111) is the best.



We conclude by addressing several current challenges and suggesting a few promising future research directions in the field of tribocorrosion. In the future, the integration of experimental, computational, and modeling techniques, coupled with advanced tools like machine learning and multiphysics simulations, offers the potential for innovative solutions in materials engineering and tribocorrosion mitigation. The potential for improved tribocorrosion resistance also lies in the development of new alloy systems and microstructure engineering techniques. This includes the exploration of both dilute and concentrated Al-based alloys. Novel microstructure designs that enhance the material’s strength and hardness through electrochemically benign mechanisms while preserving corrosion resistance is valuable. Finally, the tribocorrosion behavior of Al alloys in extreme environments like the deep ocean, hydrogen-containing atmospheres, hydrostatic pressure, high-temperature oxidative conditions, and mining environments remains largely uncharted territory. Exploring the corrosion and tribocorrosion of Al alloys in such contexts has the potential to drive innovations in various future technologies.
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Figure 1. Summary of literature review of tribocorrosion papers published from 1973–2023. (a) Annual production, (b) Trending topics, and (c) Most relevant journals. 






Figure 1. Summary of literature review of tribocorrosion papers published from 1973–2023. (a) Annual production, (b) Trending topics, and (c) Most relevant journals.



[image: Cmd 04 00031 g001]







[image: Cmd 04 00031 g002] 





Figure 2. (a) Material loss from pure wear (VM0), pure corrosion (VC), and corrosion-induced wear (ΔVM) of Al Alloy in artificial seawater at different applied potentials (Replotted from Ref. [63]). (b) Potentiodynamic polarization curves of 7075-T6 alloy under various hydrostatic pressure levels in a 3.5 wt.% NaCl solution (Replotted from Ref. [64]). 
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Figure 3. (a) Mass loss evolution of Al–Cu alloy with various Cu concentrations from pin-on-disk wear tests over 500 m sliding distance (Replotted from Ref. [69]). (b) Wear rate versus square root of grain size (d0.5) of nanocrystalline Al under severe and mild wear (Replotted from Ref. [75]). (c) EBSD maps and (d) 3D profiles of wear track of additively manufactured Al-5 wt.%Cu-1.5 wt.%Ti and Al-5 wt.%Cu samples after ball-on-disk wear tests under 10 N load for a sliding time of 30 min. (Replotted from Ref. [70]). 
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Figure 4. (a) SEM micrographs of corroded surfaces of Al alloys after immersion in 0.01 M NaCl solution for 24 h for pure Al and 108 h for all Al–Mn alloys (Replotted from Ref. [93]). (b) Corrosion current and grain size of Al follows a Hall–Petch type relationship (Replotted from Ref. [100]). 
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Figure 5. Schematic summary of relevant mechanisms influencing the tribocorrosion performance of passive metals in corrosive environment. This original schematic was created by the authors for this study. 
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Figure 6. Summary of wear rate versus corrosion of Al-based alloys from literature review. Plotted using data obtained from Refs. [124,125]. Al–HEA represents AlxCo1.5CrFeNi1.5Tiy high-entropy alloys, Al–BMG represents Al90.05Y4.4Ni4.3Co0.9Sc0.35 bulk metallic glasses, and 1xxx, 5xxx, and 6xxx represents different series of Al alloys. 
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Figure 8. Summary of microstructure corrosion behavior of Al–Mn supersaturated solid solutions in 0.6 M NaCl electrolyte. (a) Potentiodynamic polarization curves and their corresponding transmission electron microscopy images of pure Al, Al-5.2 at.% Mn, Al-11.5 at.% Mn, and Al-20.5 at.% Mn. (b) Relationship between pitting potential and manganese concentration with different phases. Replotted from Refs. [49,93]. 
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Figure 9. (a) Corrosion current and (b) Corrosion potential of Al–Mn solid solutions with 0–40 at.% Mn. (c) Schematic summary of how Mn addition influences the passive layer protectiveness. Replotted from Ref. [137]. 
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Figure 10. (a) Evolution of open circuit potential; (b) Summary of material loss from wear, corrosion, and synergy; (c) Material loss as a function of applied potential; and (d) Temporal evolution of tribocorrosion current at 200 mV anodic potential of Al and Al–Mn alloys after tribocorrosion tests in 3.5 wt.% NaCl solutions. Replotted from Refs. [49,93]. 
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Figure 11. (a) Corrosion current of Al–Mn solid solutions with 0–40 at.% Mn. (b) Schematic summary of how Mn addition influences the passive layer protectiveness. Replotted from Ref. [62]. 
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Figure 12. Summary of wear rate versus corrosion of Al-based alloys from literature review. Strategy 1 indicates the formation of supersaturated solid solution. Plotted using data obtained from Refs. [49,93,124,125]. Al–HEA represents AlxCo1.5CrFeNi1.5Tiy high-entropy alloys, Al–BMG represents Al90.05Y4.4Ni4.3Co0.9Sc0.35 bulk metallic glasses, and 1xxx, 5xxx, and 6xxx represents different-series of Al alloys. 
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Figure 13. (a) Schematic of Al/X NMM structure; (b) Evolution of open circuit potential (OCP) during tribocorrosion; and (c) Potentiodynamic polarization curves of Al/X (X = Ti, Mg, and Cu) in 3.5 wt.% NaCl. Replotted from Ref. [142]. 
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Figure 14. Finite element (FE) simulation results of (a–c) von Mises stress distribution after wear; and (d–f) von Mises strain and current density distribution after tribocorrosion in 0.6 M NaCl aqueous solution of Al/Ti, Al/Mg, and Al-Cu NMMs. Replotted from Ref. [142]. 
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Figure 15. Summary of (a) 1/H vs. icorr of all monolithic and NMM samples; and (b) wear versus corrosion rate of all samples in the present work, as well as 1xxx, 5xxx, and 6xxx Al alloys, Al-based high entropy alloys (HEA), and Al-based bulk metallic glasses (BMG) tested under similar conditions. 
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Figure 16. Summary of the FE tribocorrosion model setup and geometry (a) Before; (b) During; and (c) After the tribocorrosion test. (d) Schematic of the local electrochemical parameter mapping as a function of the lattice reorientation and dislocation density. Replotted from Ref. [147]. 
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Figure 17. (a) Nanoindentation results and (b) Potentiodynamic polarization curves of Al (100), (110), and (111) single crystals in 3.5 wt.% NaCl solution. Tribocorrosion current evolution of experimentally measured profiles v.s. finite element analysis simulated profiles (c) Without and (d) With consideration of subsurface dislocation effects. Replotted from Ref. [147]. 
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Figure 18. Summary of tribocorrosion rate maps predicted via multiphysics modeling. Material volume loss (a) from mechanical wear and (b–d) chemical wear as a function of (a,b) yield strength and Young’s modulus, and (c,d) electrochemical properties of Al-based alloys. Replotted from Ref. [157]. 
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Figure 19. Summary of (a) Three alloy design strategies and (b) Relevant tribocorrosion mechanism of metals due to the alloy design. 
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