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Review Article
A REVIEW ON FRETTING WEAR OF PARTICULATE-REINFORCED ALUMINIUM MATRIX COMPOSITE MATERIAL FOR TRIBO-ELEMENTS MANUFACTURING AND ITS MITIGATION THROUGH SURFACE ENGINEERING

Abstract
This article reviewed the fretting wear of particulate-reinforced aluminium matrix composite material for tribo-elements manufacturing and its mitigation through the application of surface engineering techniques. The concept of fretting damage, which could be in the form of fretting wear, fretting fatigue and fretting corrosion, was elucidated. This was followed by an expository study on the mechanisms of fretting wear, stages of fretting wear and the four basic operation modes of fretting wear. Experimental and numerical methods for the study of fretting wear were outlined. The numerical methods for the study of fretting wear reviewed in this article were the Archard model and the energy model. Since fretting wear is a complicated problem in modern industries, researchers all over the world have been working assiduously to proffer solutions to the problems of fretting wear. Consequently, a review of surface engineering techniques for the mitigation of fretting wear was carried out, and scholarly articles on the mitigation of fretting wear through surface coatings were presented. A recap of materials for tribological applications was also highlighted. This review article concluded by highlighting areas for future work on the mitigation of fretting wear.
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1. Introduction
Tribology is an important field of study in Mechanical Engineering Design. Ugural (2004) defined tribology as the study of lubrication, friction and wear. Lubrication reduces friction as well as carries away the heat generated by friction when surfaces of mechanical components move relative to each other. Since lubrication is intended to reduce friction, wear is ultimately mitigated as well since reduced friction implies a lower wear rate. Friction, on the other hand, opposes relative motion and could be desired and undesired in a given situation. It is not desired when machine elements move, as in the case of the wearing off of axles and bearings. But it is desired for the optimal functioning of machine elements like clutch plates, brake pads, and belt transmission. The direct consequence of friction in applications where it is not desired is wear, which results in the failure of the mechanical parts involved. The scope of this review is on the subject of wear, fretting wear to be more precise. It is well known that the two major ways of mitigating fretting wear are lubrication and surface engineering processes. This article is on the mitigation of fretting wear through surface engineering techniques.
Ugural (2004) views wear as a variety of types of failure which occur on the surface of a component. It begins with the wearing off of the surfaces of mechanical components that move relative to each other. But power transmission in mechanical engineering is impossible without such relative movement. Once this relative motion is initiated, friction comes into play and subsequently the wearing off of such components. Hence, the study of wear is very important in Mechanical Engineering Design so as to prolong the service life of components that move relative to each other. According to Sydow et al. (2021), the coefficient of friction and wear rate are the two important parameters that affect the suitability of tribological materials for some specific engineering applications. Materials exhibiting high wear rates and elevated coefficients of friction are unsuitable for tribological applications. Researches are geared towards the production of wear-resistant materials for better performance in tribological applications. We have different types of wear, but Kennedy et al. (2005) opined that adhesive wear and abrasive wear are the two most predominant types of wear which have regular occurrence in many engineering applications. Abrasive wear is observed where two surfaces in contact have varying hardness, and its occurrence is due to the scratching of the much harder particles on the surface of the less hard material during the relative sliding motion (Yue and Wahab, 2019). Adhesive wear happens at the interface of two contacting tribo-pairs. The stronger adhesive bonding formed at the interface of the contacting tribo-pair causes the material with the weaker cohesive bonding to wear off at the surface.
Fretting is a wear mechanism that occurs when two solid surfaces in contact undergo low-amplitude oscillatory tangential motion, usually less than 100 μm (Amanov et al., 2012). The amplitude of oscillation has to be very small, and the cycle of oscillation repeated over time. Consequently, we have the ‘adhesion-dominant’ and ‘abrasion-dominant’ fretting wear.  Specifically speaking, fretting as a type of wear is described by a small amplitude oscillating sliding motion between machine components that are at rest, nominally. This condition could be triggered by vibration or cyclic stress. It must be noted that fretting wear is a complex challenge in industries involving loss of materials of tribological elements and their attendant cost. 
Due to this problem, researchers all over the world have investigated the problem of fretting wear using both numerical and experimental approaches. Yue et al. (2025), for instance, carried out a study on the fretting and sliding composite wear behaviour of Ni-Al bronze under seawater lubrication. The study was, however, limited to the investigation of the effects of changing sliding/fretting ratios and loads on the wear process. Though the results of the investigation revealed that as the sliding/fretting ratio reduces, the wear rate increases and the coefficient of friction increases as well, the study failed to offer ways of mitigating the fretting wear or increasing the wear resistance of the material for the controllable pitch propeller blade bearing, through surface engineering techniques. Hu et al. (2025) studied the roll-slip fretting wear mechanism of ultra-thin-walled bearings (UTWB) raceway in multiple dimensions without any mention of surface engineering techniques on the material for the UTWB raceway to mitigate fretting wear. Similarly, Fantati et al. (2019) worked on the impact of fretting wear on structural dynamics without any mention of the mitigation of the fretting wear problem. Mi et al (2025) investigated how contact geometry and contact time can affect the impact-sliding fretting wear processes on 690TT alloy/405 stainless steel. The research affirmed that fretting wear is unavoidable between steam generator tubes and anti-vibration bars in steam generators due to flow-induced vibration. However, it was clearly observed that the researchers just stopped at the study of factors affecting fretting wear without making any contribution to the application of surface engineering on the materials for these steam generator tubes and anti-vibration bars as a way of mitigation against the fretting wear problem. Lal and Dey (2024) studied the fretting wear characteristics of pure Titanium and its alloy as possible materials that can be used for biomedical implants. The study used a composite design to achieve improved hardness and increased wear resistance for the possible application of the material in hip and knee implants. The research failed to explore coating techniques for the mitigation of fretting wear in materials for hip and knee implants. Akbar et al. (2021) fabricated an AA6061-sea sand composite and analysed its mechanical properties. The authors chose sea sand as an alternative reinforcement particle to the traditional reinforcement particles like Al2O3, SiC, ZrO2 and TiO2. This research is in line with other researches that seek alternative methods of particulate reinforcement like agro wastes. Nonetheless, the researchers never considered coating the material produced as a viable means for prolonging the service life of the material in mechanical applications. Zhang et al. (2023) investigated the low-temperature fretting wear behaviour of four commercial greases for use in wind turbine applications. Their work focused mainly on the use of lubrication for the mitigation of fretting wear in mechanical components; in this case, wind turbines, without considering surface engineering.
In summary, different authors like Sarkar et al. (2025), Zheng et al. (2025), Tiwari et al (2025), Wu et al. (2025), Bi et al. (2025), Magnus et al. (2025) and a host of others have done modest work on the subject of wear but no mention was made of surface engineering as a viable and comparatively more economical means of fretting wear mitigation to prolong the service life of mechanical components in machinery. This is the gap that this article intends to fill. Hence, this article reviewed several surface engineering technologies for the mitigation of fretting wear of particulate reinforced aluminium matrix composite material for tribo-elements manufacturing.
2. The Concept of Fretting Damage
From the definitions of Zhu et al. (2023), Zhu et al. (2021) and Zhou & Vincent (2002), one can deduce the following basic terms about the concept of fretting:
· There has to be relative oscillatory motion between the two contacting surfaces.
· The amplitude of displacement has to be very small, usually in microns.
· The relative oscillatory movements have to be repeated over time under the influence of alternating loads like mechanical vibration. 
The wear associated with this small amplitude relative oscillatory movement is known as fretting wear, which can involve both the abrasive and adhesive wear types. It characteristically has a very small amplitude of displacement with cyclic stresses repeated for a very long time under the action of a mechanical vibration.
Fantetti et al. (2019) outlined two types of fretting: fretting fatigue and fretting wear. The authors state that fretting fatigue typically arises when the relative sliding motion is minimal, causing portions of the contact interface to adhere while others undergo slipping. This type of fretting naturally generates cracks on the contact surface. In contrast, fretting wear requires a larger relative sliding motion, with the entire contact interface undergoing complete sliding. The review by Ma et al. (2019) also threw more light on the differences between fretting fatigue, fretting wear and fretting corrosion. According to the authors, if the relative oscillatory displacement is very low so that slip does not occur fully, cracking is mostly seen close to the edge of the contact. These cracks grow as the frequency (number of cycles) is increased, and the failure of the material eventually occurs. This process is called fretting fatigue (Hills and Nowel, 1994; Vingsbo and Soderberg, 1988). Similarly, if the extent of the relative displacement is large enough to introduce a gross slip between the solid surfaces in contact, what will naturally follow is material removal in the contact zone. Some of the particles removed are ejected out of the contact zone, while others are captured within the contact zone. Kim (2005) and Fouvry et al. (2001) referred to this phenomenon as fretting wear. Moreover, when relative motion occurs under a normal load and corrosion appears at the asperities of the contacting surfaces, the phenomenon is referred to as fretting corrosion (Geringer and Macdonald, 2014). Generally speaking, the damage caused by either fretting fatigue, fretting wear or fretting corrosion is known as fretting damage.
Fretting damage is observed in various industries (Korsunsky et al., 2008; Kim et al., 2013; Kim, 2018; Kim et al., 2016). In fact, the problem of fretting wear can occur in every area of Technology. Fretting wear can affect the elements of airplane (Sujata et al, 2013; Lee et al, 2011), combustion engines (Abramek et al, 2015), wind turbines (Rauert et al, 2016), orthopedic implants (Hallab, 2011; Royhman et al, 2016; Kumar et al, 2010), rail vehicle and railway infrastructure (Panda et al, 2009; Perier et al, 2011; Kubota and Hirakawac, 2009; Zheng et al, 2010). Components like bolts and nuts, pipes, bearings, keys and keyways, shafts, couplings, etc, are expected to be made of materials with high resistance to corrosion and fretting wear for optimal life expectancy of such components during their service life. 
2.1.  Influential Parameters in Fretting Wear
The extent of fretting wear is primarily influenced by contact pressure and displacement amplitude, which are widely regarded as key contributing factors (Vinfsbo, 1988). A rise in either factor, or both, tends to intensify the damage observed on the surface. It is widely recognised that wear tends to increase proportionally with load, meaning that fretting is likely to intensify as the load rises—provided the amplitude remains constant. The geometry of the contact is also believed to have a significant impact on the severity of wear (Warmuth, 2013). Surface hardness is another factor that greatly influences fretting wear. Studies have shown that contact between surfaces of differing hardness results in lower wear volume compared to contacts involving surfaces of equal hardness (Budinski, 2013; Lemm, 2015). The numbers of cycles also affects fretting wear. A period of initiation exists during which the damage remains minimal or insignificant. This phase is followed by a steady-state stage, marked by a uniform wear rate. Beyond this period, the fretting wear rate shows an increase. Other influencing factors are temperature, relative humidity, surface roughness, oxide wear debris and inertness of material.
2.2.  Mechanisms of Fretting Wear
Devaraju (2015) proposed varying mechanisms of fretting wear, which include adhesive wear, abrasive wear, wear due to oxidation, plastic deformation wear, fretting fatigue, delamination, and fretting corrosion wear. Figure 1 shows the schematic diagram of these various mechanisms of fretting wear. These mechanisms of fretting wear describe the basic material removal mechanism on a microscopic level occurring at the interface of contacting tribo-elements. Fretting wear is caused by a combination of two or more of these mechanisms, leading to materials damages.
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Fig 1: Mechanisms of Fretting Wear
2.2.1. Adhesive Wear Mechanism
Adhesive bonds are formed at the contact point or interface of a pair of tribo-elements when microscopic peaks on surfaces come into contact under load. The adhesive bond formed at this interface is normally stronger than the cohesive bond of the weaker material of the contacting pair. These localised bonds, otherwise known as cold welding, are shared off during oscillatory motion (fretting), producing wear debris.
2.2.2. Abrasive Wear Mechanism
Abrasive wear occurs mainly when a harder material surface rubs against a softer material and scratches or cuts occur. During the oscillatory motion of the interacting tribo-pair, the wear debris from the adhesive wear mechanism becomes trapped at the interface and causes grooves or cuts to be formed on the softer surface of the tribo-elements.
2.2.3. Oxidation or Tribochemical Mechanism
During fretting, the contacting surfaces of the tribo-pair also react with the environment and the products of this reaction are formed at the interface. Under high temperature and stresses, oxide films are formed, which eventually break down and reform repeatedly during fretting (small amplitude oscillations). When broken into hard particles, this oxide debris can form an abrasive medium which causes wear and the subsequent failure of the tribo-pairs.
2.2.4. Plastic Deformation Mechanism
As noted earlier, fretting is characterised by small-amplitude oscillations over time. As these high cyclic stresses at the interface of the tribo-pair are repeated and prolonged over time, they cause the plastic flow of the surface layers of the contacting tribo-elements.
2.2.5. Fretting Fatigue Mechanism
Fatigue relates to the weakening of material surfaces due to cyclic loading. Zhu et al. (2023) describe fretting fatigue as the relative displacement of the contact surface caused by the deformation of the tribo-pair under the influence of external alternating fatigue stress. As the concentration of these prolonged cyclic stresses increases at the interface of the contacting tribo-pair, cracks are initiated in the material. These cracks grow and cause the eventual failure of the tribo-elements under repeated loading conditions.
2.2.6. Delamination Mechanism
During the fretting of tribo-pairs, residual stresses are built up by subsurface plastic deformation of the material. As a result of this, microcracks nucleate under the surface and spread parallel to it, leading to the delamination of the material of the tribo-elements.  
2.2.7. Fretting Corrosion Wear Mechanism
When small-amplitude oscillatory motions happen in a corrosive environment, it leads to fretting corrosion wear. Zhu et al. (2023) also affirm that fretting corrosion wear occurs in electrolytic or other corrosive media such as seawater. Fretting corrosion wear mechanism is relevant in the fields of biomedical implants and marine/automotive joints, as the knowledge of it helps design engineers in research geared toward its mitigation.
2.3.  Stages of Fretting Wear
The occurrence of fretting wear can be categorised into three stages: incubation stage, transition stage, and steady state stage. The incubation stage is the first stage of fretting wear. It is characterised by surface polishing, minor adhesion/abrasion, and negligible material loss. The second stage, termed the transition stage, is between the fretting wear initiation (incubation stage) and the actual manifestation of any or more of the fretting wear mechanisms. It is characterised by debris accumulation, formation of oxide and crack nucleation. The final stage is the steady state stage. At this stage, one or more of the fretting wear mechanisms is well established. The wear debris so produced either stabilises as a protective layer or acts as abrasive particles, which cumulate in wear and the catastrophic failure of mechanical components.
2.4.  Operation Modes of Fretting Wear
Li et al (2025) reported four basic operation modes of fretting wear as shown, schematically, in Figure 2. These four basic modes of fretting wear are tangential fretting wear, radial fretting wear, twisting (torsional) fretting wear, and rolling (rotational) fretting wear. The four basic operation modes of fretting wear help to simplify the study of fretting wear because the actual relative motion of fretting wear in practical engineering problems is very complicated. Figure 2 indicates that the two most important factors in the fretting wear test are the normal force and the relative motion that causes wear. The type of motion that causes fretting wear in both tangential and radial fretting is reciprocating motion, while rotational motion causes fretting wear in both rolling and torsional fretting.
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Fig 2: Basic Operation Modes of Fretting Wear 
3. Experimental and Numerical Study of Fretting Wear
Fretting damage can be studied experimentally and with numerical models. Experimentally, fretting damage can be evaluated by two known methods: wear volume measurement on a worn surface conducted after a fretting test and measurement of the kinetic friction coefficient. For the first method, confocal microscope, optical profilometry, and a mechanical profilometer are used to measure the volume of wear (Bhushan, 2002). The wear rate can then be determined by conducting a series of fretting wear tests, and the tests are interrupted at various fretting cycles. Ikumapayi et al (2020) reported the relationship between wear volume and other tribological parameters as follows:
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The second method for the experimental evaluation of fretting wear is the measurement of the kinetic coefficient of friction. Ma et al. (2019) assert that the coefficient of friction method is often restricted to a coated system. When conducting the fretting wear test, relative displacement is measured, and the data is used to obtain a fretting loop (Fouvry et al., 1995; Varenberg et al., 2004). The fretting loop so produced during the experiment is dependent on the kinetic coefficient of friction of the coated system. And it is well known that the lower the coefficient of friction, the better the wear resistance of the material.
The numerical methods for the study of fretting wear are the Archard model and energy model, which are used for the prediction of the fretting wear process. The two models are dependent on contact mechanics (Meng and Ludema, 1995). Yue and Wahab (2019) quoted the Archard Model as  
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Where  (wear volume per unit sliding distance) is termed the wear rate for a given sliding system.
 is nearly equal to the hardness H of the soft material for this system, ie 
The physical meaning of  is the real area of contact for fully plastic asperities (Hutchings, 1992)
k is the coefficient of wear, calculated as 
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 is termed the Archard wear coefficient
Hence, the Archard equation can be rewritten as 
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Where  is the Archard wear coefficient 
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P is the normal load, and  is the flow pressure.
The energy model is a modification of the Archard model based on the friction dissipated energy (Fourvry et al., 1996; Shen et al., 2015). An energy wear model was developed (Fourvry et al., 1996) and given as
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Where  is the energy wear coefficient,  is the dissipated energy, and V is the fretting wear volume. The dissipated energy is given by
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Where  represents the shear force and  is the relative slip amplitude between contact surfaces in the ith fretting wear cycle.  represents the area of the fretting loop in the ith fretting wear cycle, and N is the total number of fretting wear cycles in an experiment. Equations (10) and (11) can then be written as
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Where  is the coefficient of friction and  is the normal load of the ith fretting cycle, respectively.
4. Fretting Wear Mitigation through Surface Engineering
Surface Engineering, in the view of Kennedy et al (2005), can be defined as a broad spectrum of technologies focused on designing and altering the surface characteristics of components for a specific engineering application. It is categorised into two main types: surface coatings and surface modifications. There are other methods which involve the redesign of the surface geometry. Surface coating technique entails applying a layer of semi-molten, molten, or chemically active material on a substrate (Kennedy et al., 2005). Zhu et al. (2023) defined surface engineering technology as a technique used to alter the surface composition, morphology, microstructure, and stress state of engineering materials to increase properties like fatigue and wear resistance. This is achieved through techniques like surface modification, surface coating, or the combined application of multiple surface treatment methods. Application of surface engineering to the development of materials for tribological applications has proved to be a viable means of mitigation against fretting wear. The following coating methods have been outlined by Fotovvati et al. (2019) and other reputable authors:
· Electroplating
· Thermal Spray
· Thermal Dipping
· Physical Vapour Deposition (PVD)
· Sol-gel
· Micro-Arc Oxidation (MAO) 
· Chemical Vapour Deposition (CVD)

4.1.  Electroplating
The electroplating technique is a method whereby, with the aid of electric current, a thin, uniform metal coating is made on an electrode (Sung et al., 2016; Noel et al., 2011). In this method, the metal to be coated is placed at the cathode, and both the anode (a metal source) and the cathode are immersed in an electrolyte solution which contains the metal ions. When an electric current is applied, metal ions from the electrolyte solution are reduced and the surface of the object at the cathode is plated uniformly with the metallic ions.
4.2.  Thermal Spray
Thermal spraying involves spraying molten metallic coating materials on the substrate’s surface. The method involves heating the material of the coating to its semi-molten or molten state and then dispersing it on the surface of the material to be coated in order to form a shielding or functional film on the material. Thermal spraying is among the most widely used and versatile methods for applying protective coatings. Ceramics, polymers, and metals are the most commonly applied coating materials (Kennedy et al., 2005). Different techniques for thermal spray coating include detonation spray, plasma spray, wire arc spray, high velocity oxy-fuel spray (HVOF), flame spray, cold spray, and warm spray. 
4.3.  Thermal Dipping
Thermal dipping involves melting the designed coating metals into their molten form in a crucible, thereafter dipping and withdrawing the composite material very fast. It is a high-temperature method of coating that forms a thick and durable protective layer on the substrate, whose main aim is to mitigate against corrosion and wear of the coated surface. This method is frequently used for large-scale metallic parts protection in industries like the automotive industry.


4.4.  Physical Vapour Deposition (PVD)
Physical vapour deposition (PVD) is a type of coating technique that is applied under ultra-high vacuum conditions. The solid and liquid phases of the materials meant for the coating are converted into a gaseous state. This is followed by the condensation of metal vapour onto the substrate. Sputtering and evaporation have been identified as the two most common types of PVD. Diamond-like carbon (DLC) coating is another potential PVD coating used for the mitigation of fretting wear (Schouterden et al., 1995), because it possesses good fretting wear resistance and self-lubricating properties. Prengel et al. (1998) assert that the PVD process is widely recognised for enhancing corrosion and wear resistance, while also producing thin protective coatings on materials subjected to harsh environments like a corrosive medium. Its applications span from decorative to industrial components. Studies have confirmed the fact that materials coated by the PVD method displayed better fretting wear resistance than those that were not coated. 
4.5. Sol-Gel
Sol-gel coating is the coating method that has proved to be successful in biomedical applications. It is a chemical process where the sol (ie the solution) turns into a gel, which is then heat-treated afterwards and used as a coating. It is a low-temperature coating process. The Sol-gel method of coating gives flexibility in the thickness and composition of the coating.
4.6.  Macro-Arc Oxidatio (MAO)
Micro-arc oxidation (MAO) is a surface modification technique applied to enhance the wear and corrosion resistance of metals like aluminium, magnesium, and titanium alloys (Zhu et al., 2023). Fotovvati et al. (2019) define Micro-Arc Oxidation (MAO) as a process of coating which uses a high voltage differential between cathode and anode to produce micro-arcs as plasma channels. When these arcs hit the substrate, depending on the intensity of the micro-arcs, they melt a part of the surface. Plasma channels release their pressure at the same time, which helps in the precipitation of coating elements in the working electrolyte on the substrate’s surface.
4.7.  Chemical Vapour Deposition (CVD)
Chemical vapour deposition is a coating process conducted under high vacuum conditions, commonly utilised in the semiconductor industry. It provides a solid, high-quality, and highly resistant coating film on various substrates (Fotovvati et al., 2019; Annavarapu et al., 2018; Sojoudi et al., 2017; Nemani and Sojoudi, 2018; Sojoudi et al., 2019). Mechanical elements in constant contact, which need fortification against corrosion and wear, can be coated with CVD. In a CVD process, the substrate, referred to as a wafer in this case, is subjected to a series of vapour-phase precursors, where a chemical reaction results in the formation of a deposition film on the surface of the substrate (Fotovvati et al., 2019). Mohrbacher et al. (1995) assert that chemical vapour deposited (CVD) coatings typically demonstrate strong adhesion; however, their use is limited to substrates that can withstand the elevated temperatures required for the process.

5. Scholarly Articles on the Mitigation of Fretting Wear through Surface Coatings 
Niemczewska-Wójcik et al. (2022) studied the surface topography and tribological properties of an aluminium matrix composite reinforced with secondary materials. The research was conducted with aluminium composites containing 10 wt.% of Al₂SiO₅ (aluminium sillimanite) as reinforcement particles produced by vacuum-assisted stir casting. Tribological tests and surface topography analyses were conducted on the samples, both in dry and lubricated conditions, using a block-on-ring testing apparatus. The authors analysed the surface topography - including surface roughness parameters, surface defects, and the Abbott-Firestone curve - along with tribological properties such as linear wear, coefficient of friction, and wear intensity. The findings of Niemczewska-Wójcik et al. (2022) confirmed that surface topography contributes significantly to influencing the tribological characteristics of sliding joints under both dry and lubricated testing conditions. Alam et al. (2020) conducted a study on the damping capacity and fretting wear characteristics of an AlTiN-coated friction damper through the technique of physical vapour deposition (PVD). The experiments were conducted at room temperature, as well as at 300 ℃ and 600 ℃. The results indicated that at room temperature, the AlTiN-coated friction damper had minimal effect on enhancing damping capacity and reducing fretting wear. However, at elevated temperatures, it demonstrated improved energy dissipation ability and reduced wear compared to the friction damper that was not coated. Alam et al. (2020) affirmed in Figure 3 that applying a coating to the material substrate lowers the coefficient of friction, thereby reducing fretting wear. The observed data of the coefficient of friction for the experiments performed at 300 and 600 were much lower for the coated samples when compared with the samples that were not coated, as can be observed in Figure 3. This validates the claim that surface coating is a viable means of reducing fretting wear.
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Fig 3: Changes in the friction coefficient over time for coated and uncoated samples at (a) room temperature, (b) 300°C, and (c) 600°C. Adapted from Alam et al. (2020)
Wang et al. (2023) investigated the mechanical behaviour, microstructure, and fretting corrosion and wear characteristics of the biomedical ZK60 magnesium alloy subjected to laser shock peening treatment. The surface engineering technique they employed is laser shock peening (LSP). After sample preparation, the authors conducted a fretting corrosion wear test on both treated and untreated samples. The findings showed that laser shock peening (LSP) treatment was capable of reducing fretting corrosion wear volume by 73.4%.
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(III)                                     					(IV) 
Fig 4: (I) Surface hardness of LSP-treated and untreated Mg alloys; (II) Fracture elongation and Tensile strength of LSP-treated and untreated samples; (III) Average corrosion rate of LSP-treated and untreated samples; (IV) Wear volume and friction coefficient of LSP-treated and untreated samples. Adapted from Wang et al (2023).
Figures 4 (I) and (II) showed enhanced mechanical properties of the LSP-treated samples over the untreated sample. Figure 4 (III) showed a reduced rate of corrosion for the LSP-treated samples, while Figure 2 (IV) revealed that the wear volume reduced significantly as the energy of the laser was increased. The LSP treatment led to a 73.4% decrease in the maximum wear volume. The study by Wang et al (2023) validates the assertion that surface engineering technologies reduce fretting corrosion wear.
Kowalski (2018) assessed the effectiveness of a CrN+OX multilayer coating in minimising the advancement of fretting wear in press-fit joints. He evaluated the potential of using physical vapour deposition (PVD) coatings to reduce the occurrence of fretting wear in press-fit joints. The study aimed to showcase the results of efforts to prevent or reduce the progression of fretting wear on shaft surfaces through the application of a CrN+OX coating manufactured from chromium nitrides. The author discovered that applying CrN + OX coatings to steel in press-fit joints reduced the magnitude and intensity of fretting wear and also extended its initiation. Similarly, Fridrici et al. (2003) worked on the fretting wear behaviour of Cu-Ni-In plasma coating, and observed that the existence of the Cu-Ni-In coating enhanced the base material’s ability to withstand fretting wear. Amanov et al. (2012) explored the decrease of fretting wear and friction in commercially pure titanium and Ti–6Al–4V alloy through ultrasonic nanocrystalline surface modification. The objective was to enhance the friction properties and decrease fretting wear of commercially pure titanium (CP Ti) and Ti–6Al–4V alloy by employing the ultrasonic nanocrystalline surface modification (UNSM) method. The author examined how ultrasonic nanocrystalline surface modification (UNSM) treatment influences the high-frequency fretting wear and friction behavior of commercially pure titanium and Ti–6Al–4V alloy. The experimental data showed that specimens treated with UNSM displayed improved resistance to fretting wear and a lower coefficient of friction compared to untreated samples, especially under increased loading conditions. Chandradass et al. (2021) investigated the impact of silicon carbide and silicon carbide/alumina reinforced aluminium alloy (AA6061) metal matrix composites. They observed that adding reinforcements enhanced both the wear resistance and mechanical characteristics of the composites when placed side by side with the cast aluminium alloy. Hong et al. (2023) carried out an investigation on how the surface physicochemical characteristics of aluminium alloys can influence their interfacial bonding strength with electrodeposited nickel, applying a 10 W nitrogen/air atmospheric pressure plasma to modify the substrate surface. They observed that air plasma was better than nitrogen plasma in modifying the aluminium alloy substrate, resulting in a super-hydrophilic state with a 4.06° contact angle. The authors concluded that air plasma treatment of the electroplated coating led to a notable 13.92% enhancement in interfacial adhesion strength, achieving a value of 14.16 N. They propose that their study offers a novel method for creating electroplated coatings with enhanced interfacial adhesion strength, showing strong potential for expanding their application in engineering fields.
Comparatively, the work of Alam et al. (2020) affirmed that applying a coating to a material substrate reduced fretting wear. Similarly, Wang et al. (2023) achieved a 73.4% reduction in fretting corrosion wear volume on the application of a surface engineering technique to the material substrate, in this case, laser shock peening (LSP). Kowalski (2018) achieved a reduction in fretting wear through the application of coating materials to steel used for the production of shafts, using the physical vapour deposition (PVD) technique. Ammanov et al. (2012) achieved a superlative decrease in fretting wear through the application of a surface engineering technique known as ultrasonic nanocrystalline surface modification (UNSM). Furthermore, Hong et al. (2023), using the electroplating method of surface engineering, achieved a 13.92% enhancement in interfacial adhesion strength, thereby reducing the fretting wear of the material substrate. 
In summary, the techniques of surface engineering are yielding good results in research geared towards fretting wear mitigation. However, no one can claim that we have arrived. More research is still needed to achieve greater innovative results. The field of research in this area will continue to get the attention of more scholars. And this is a welcome development, knowing that fretting wear problems are not only complicated but also hidden, since the area or zone of the initiation of fretting wear is hidden from human sight.
6. Particulate Reinforced Aluminium Matrix Composite Materials for Tribological Applications
Sydow et al (2021) grouped engineering materials for tribological applications into metals and their alloys, polymers, ceramics, etc. However, the search for materials with special properties to suit some specialised applications in many industries has given rise to innovations in composite materials. Sharma (1996) defined composite materials as structures made up of two or more distinct starting materials. The starting material can be organic, metals or ceramics. In the view of Kareem et al. (2021), Composites are multiphase materials consisting of a matrix and reinforcement, engineered to fulfil the increasing demand for advanced and reliable engineering materials. According to Mistry and Gohil (2017), composites are multiphase materials that attain their desired properties through effective interfacial bonding between the matrix and the reinforcement. Composite materials generally exhibit properties distinctly different from those of the individual constituent materials. When compared to their base materials, composite materials which were designed with improved properties have received good acceptance in many areas of industry, like aviation, automotive, manufacturing and military (Mavhunga et al., 2017). Sharma (1996) outlined some advantages of composite materials as
· High stiffness-to-weight and strength-to-weight ratios
· Elimination of corrosion and stress corrosion problems
· Reduction in structural mass
· Improved control of surface contour and smoothness
· Improved appearance
Recall that we noted earlier that composites consist of reinforcement and the base material, known as the matrix. Based on the type of matrix, Kareem et al. (2021) categorised composite materials as metal matrix composites (MMC), ceramic matrix composites (CMC), and polymer matrix composites (PMC). Aluminium metal composite (AMC) falls within the MMC categorization. In recent times, aluminum alloy has gradually replaced traditional raw materials like steel. This is due to the excellent properties of aluminium alloy, such as high strength to weight ratio, corrosion resistance and ease of fabrication. However, additional mechanical properties can be achieved when insoluble particles are added to the aluminium alloy, as reinforcement, to produce an aluminium matrix composite. Both monolithic composites (with one reinforcement) and hybrid composites (containing multiple reinforcements) can be engineered, and in both instances, excellent tribological performance can be obtained for the developed composite material (Sydow et al., 2021).
The most widely utilised reinforcements are Silicon Carbide (SiC) and Aluminium Oxide (Al2O3) (Ramnath et al., 2014). While Murty et al. (2003) reported that SiC reinforcement increases the hardness, density, tensile strength, and wear resistance of aluminium and its alloys, Ramnath et al. (2014) posited that Al2O3 reinforcement has good wear resistance and compressive strength. Boron Carbide (B4C) can also be used as reinforcement in AMC. Its addition increases hardness but does not significantly improve the resistance to wear. In most cases, engineering materials are reinforced with waste particles for better performance. This is in line with the ideology of converting waste to wealth. Different types of waste particles like rice husk, coconut husk, snail shell, chicken egg shell, oil palm fruits, palm kernel fibres, etc, have been utilised as particulate reinforcements in the development of aluminium matrix composite materials (AMC), and their results over the years have been quite impressive.
Aluminium matrix composites (AMC) have wide applications in the automobile and aerospace industries. In the automobile industry, it is used for the manufacture of parts such as brake drums, pistons and cylinder walls and other parts where wear and friction play critical roles. In the aerospace industry, AMC is used for the manufacture of aeroplane wings and other parts where lightweight and high strength are highly desirable and where friction also plays some key important roles. Aluminium matrix composite applications have also been reported in other sectors of human endeavours, such as the marine sector, construction sector, nuclear sector, etc. The excellent properties of AMC have gradually and speedily replaced steel as the dominant raw material in many industrial applications. For instance, incorporating aluminium in vehicles helps decrease dead weight and energy usage while enhancing load-carrying capacity (Rino et al., 2012).
7. Future Areas of Research
It is now abundantly clear that surface coating is an extremely important technique for fretting wear mitigation. Research on fretting wear mitigation through surface engineering techniques has been the focus for design engineers. The type of coating, materials for coating, substrate material types, process parameters for the manufacture of the substrate material, economic analysis, etc., are very important factors in the design of materials for tribo-elements manufacturing. It will be interesting to study how these factors can affect the design and selection of materials for coating tribo-elements used in the manufacturing industries, the aim of which is the enhancement of the service life of such tribo-elements. Additionally, with recent advances in nanotechnology, more areas of research have been opened up in the field of coating AMCs with nanoparticles. It will be interesting to discover how these new technique achieves better results in fretting wear mitigation.
8. Conclusion
Engineering materials design and development research will always take centre stage in efforts geared towards the manufacture of fretting wear-resistant tribo-elements for utmost performance in modern industries. Fretting wear was identified as a complicated problem in modern industries, and its effects could be very catastrophic and costly as well. Hence, research on fretting wear mitigation is on the front burner in the design and materials research community. Lubrication and surface engineering were identified as the solution to fretting wear damage. This review article focused on the mitigation of fretting wear through surface engineering by presenting the various types of surface coatings obtainable in industries and highlighting various scholarly articles on the results of surface coatings in materials for industrial applications. Finally, areas for future research were identified.
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