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Abstract

:

The need for metallic biomaterials will always remain high with their growing demand in joint replacement in the aging population. This creates need for the market and researchers to focus on the development and advancement of the biometals. Desirable characteristics such as excellent biocompatibility, high strength, comparable elastic modulus with bones, good corrosion resistance, and high wear resistance are the significant issues to address for medical implants, particularly load-bearing orthopedic implants. The widespread use of titanium alloys in biomedical implants create a big demand to identify and assess the behavior and performance of these alloys when used in the human body. Being the most commonly used metal alloy in the fabrication of medical implants, mainly because of its good biocompatibility and corrosion resistance together with its high strength to weight ratio, the tribological behavior of these alloys have always been an important subject for study. Titanium alloys with improved wear resistance will of course enhance the longevity of implants in the body. In this paper, tribological performance of titanium alloys (medical grades) is reviewed. Various methods of surface modifications employed for titanium alloys are also discussed in the context of wear behavior.
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1. Introduction


The growth of aging population has caused an increasing demand for using metallic biomaterials in the manufacturing process of medical implants (e.g., hip [1,2] and knee [2,3] implants). Metals (and metal alloys) including stainless steels, Co-Cr-Mo, and titanium alloys are most commonly used in load-bearing implants because of their favorable features such as high strength, stiffness, and toughness. Specifically, titanium alloys are more commonly used owing to their better biocompatibility and mechanical strength characteristics [4]. For instance, the lower wear rate was reported as a reason for the popularity of Ti-6Al-4V alloy although its high Young’s modulus may lead to stress shielding, incompatibility with the host bone, and bone resorption [5,6,7]. Increasing the risk of loosening at the implant-bone interference contributes to the growth of revision surgeries [8].



Presence of vanadium as a toxic threat for human tissues influences the activity of inflammatory response cells. In addition, the risk of developing Alzheimer’s disease may enhance with aluminum [9,10,11]. Replacing vanadium (V) by non-toxic elements such as niobium (Nb) and iron (Fe) in Ti-6Al-4Fe and Ti-6Al-4Nb resulted in improved corrosion resistance [12]. Some features of newly developed β-type titanium alloys have been reported in several studies including better mechanical strength, greater biocompatibility, low stiffness, and non-allergic characteristic in comparison with conventional Ti alloys [13]. However, low wear resistance and high friction coefficients were noted as the major issues of these alloys in implants’ design and manufacture [14,15,16]. To overcome these shortcomings some surface engineering techniques have been performed, such as nano-grained surface, laser surface texturing, coatings, and oxidation, as solutions [17]. This paper aims to review the literature on the tribological behavior of Ti alloys including new generation ones, and the effect of surface modification methods on the friction and wear resistance of these alloys.




2. Wear Behavior of Ti Alloys (Without Surface Modifications)


Generally, a poor tribological performance with low surface hardness has been reported for titanium alloys that are used in biomedical implants [18,19,20]. High coefficients of friction (COF), intense adhesive wear, and low abrasion resistance are regarded as the adverse effects of their tribological behavior [21]. Mechanical sliding between titanium alloys (or a titanium alloy and another material) may lead to wear damage over the surface by disrupting the protective oxide layer, mainly in the presence of a third body at the interface [22].



High reactivity of titanium alloys causes a rapid change of the oxide surface layer to oxidative environment; consequently, it may lead to a removal during the sliding of the two contacting surfaces [22]. After investigation of wear behavior by ball-on-disc and pin-on-disc tribometers, it was reported that the volume loss of titanium alloys increases with rising sliding speed. Higher wear resistance of Ti-6Al-4V alloy was also compared with Ti-6Al-7Nb alloy. This study listed Ti-6Al-7Nb and Ti-6Al-4V in a decreasing order based on their estimated wear values at any specific sliding speed [22].



The results of a study performed by De Viteri and Fuentes [23] showed that the protective oxide layer can be removed from the surface of metals. This phenomenon occurs by applying contact loads which allows metals to have interaction with the surrounding environment (or the adjacent material). It can cause adverse effects including high friction and corrosion, and also premature failure of implants [23]. Narayanana and Rajamanickamb [24] reviewed the mechanical and tribological behavior of titanium alloys. Poor tribological properties of titanium alloys were concluded in this study due to low plastic strain and unsuited surface reaction of titanium alloys to form oxides. Geetha et al. [25] found that the wear resistance of Ti-6Al-4V is lower than that of Co-Cr-Mo alloy and 316L stainless steel. In addition, higher metal concentrations were reported in the tissue that was removed from the area around the Ti-alloy prosthesis when compared with the Co-Cr alloy and stainless-steel prostheses.



Long et al. [26] described the process of wear by performing wear and fretting wear investigations on Ti-35Nb-6Zr-5Ta alloy. A correlation was found between the wear mechanism and both the plastic deformation and tribological transformation of surface (TTS) layers which included α-Ti grains (free from β phases). The fretting studies on two α+β alloys (Ti-6Al-4V and Ti-5V-3Al-3Cr-3Sn), and β alloy (Ti-15V-3Al-3Cr) in air showed the formation of TTS layers. The resulting wear particles caused third body abrasive wear. The lowest COF was reported for Ti-5Al-2.5Fe and the highest for commercially pure (CP) titanium, according to the investigations on the fretting wear rate of CP titanium, Ti-6Al-4V, Ti-5Al-2.5Fe, Ti-13Nb-13Zr, and Co-28Cr-6Mo alloys against a steel ball in Hank’s solution [27].



Yoneyama et al. [28] demonstrated a correlation between wear rate and hardness; when the hardness increases, the wear rate decreases. It was also pointed out that the wear rate of Ti-6Al-4V alloy was significantly less than that of Ti-6Al-7Nb alloy because of the higher hardness of Ti-6Al-4V. Higher hardness and the friction coefficient of Ti-6Al-4V caused reduced material removal specifically in higher sliding speeds. However, no significant change of material removal was identified for Ti-6Al-7Nb [28].



Titanium alloys have an adhesion ability because they are chemically active and ductile [29]. The large wear loss or removal of material is contributed by adhesion; therefore, the wear rate is found out by adding the adhesive wear to the total wear. The differences between the wear rates that were investigated in the body fluid environment and under normal atmosphere were reported by Ganesh et al. and Ren et al. [30,31]. Higher wear rates and material losses were shown in the body fluid environment compared to the normal atmospheric condition which may be due to the corrosive nature of the body fluid environment [30,31].



Dursun et al. [32] pointed out some information about the plastic deformation occurring during the initial phases of wear; and found that there is a positive correlation between this level of wear and the sliding distance. In another study, Choubey et al. [27] performed the tribological testing in Hank’s solution and reported that the cracks were created on all Ti alloy samples (e.g., Ti-6Al-4V and Ti-5Al-2.5Fe) because of abrasive wear. A liquid environment was also considered in this wear test to investigate the lubricant effect in reducing the friction; and the temperature remained the same at the contact area of the samples.



A comparative study between untreated and β-annealed Ti-10V-2Fe-3Al alloy by Mehdi et al. [33] showed that the β-annealed alloy has a higher wear resistance at loads ≤2 N because of the super-elasticity effect. Besides, a significant transition of the wear rates was seen in the loads over 2 N. Adhesion phenomenon and material transferring from Ti-alloy to steel were listed as the important reasons of these changes. The super-elasticity effect did not make any increase in the wear resistance level because of the changes in the adhesion behavior of the Ti-alloy.



Some other studies reported that there are several wear mechanisms while only a few of them can occur simultaneously. The basic wear mechanism in Ti alloys is abrasion followed by adhesion and transfer layer. The transfer of material is found important in case of tribology [34,35,36,37]. Alam and Haseeb [36] simulated the Ti-alloy pin-on-disc (steel) wear test and acknowledged that the adhesion occurs based on the transferred layer effect. But if no transfer layer exists, it means abrasive wear is dominant. Likewise, Majumdar et al. [38] found that the dominant wear is abrasive in Ti-13Zr-13Nb alloy by performing the wear test in Hank’s solution and Bovine serum. Cvijović-Alagić et al. [39] found that Ti-6Al-4V has a higher wear resistance than Ti-Nb-Zr alloy in Ringer’s solution, independent of the microstructure [39]. It was concluded that the wear decreases when the hardness increases. More wear loss also occurred in Ti-13Nb-13Zr. The amount of wear was lower in case of Ti-6Al-4V.




3. Surface Modification Methods


Surface modification is a solution to improve the properties of materials (and biomaterials that are relevant to this paper) such as tribological and mechanical properties. It can also improve the biocompatibility of medical devices. These methods can modify the surface properties (e.g., surface charge, surface composition, and surface energy). There is an increasing trend of using surface modifications in the manufacturing process of implants. However, more advancement is still needed in this specific field to minimize the wear rate of biomedical implants [40]. The surface modification methods can be mainly divided into three main categories, which are described below.



3.1. Surface Texturing


This method of surface modification can provide a lubricating effect to reduce the wear of implant surfaces [37]. This method is used to enhance the frictional and tribological performance of materials by producing micro-textures as lubricant storage on the material surface [41]. Besides, the hydrodynamic pressure increases during sliding [42] which can trap the wear debris in dimples [43], and reduce the contact area [44], the friction coefficient, and then the wear rate [45].



Improved lubricating effect of the small size dimple was explained by Huang and Wang [46] and an equal distribution of lubricant was reported because of high pore density. The dimples can store and release the lubricant under the loading conditions which lead to a decrease in the sliding contact and wear rate. By contrast, Ghosh et al. [47] found that textured surfaces cannot create a suitable wear resistance under high loads. An improved tribological behavior was seen in a simulated body fluid than in water even at higher loads. Totally, wear mechanism was explained as a cause of creating textured surface (a third body) and generating wear particles. A study by Pratap and Patra [48] showed that the mechanical surface modification enhanced the surface wettability and tribological properties of Ti-6Al-4V alloy. This comparative study of three different micro-tools (micro ball-end mill, micro flat-end mill, and micro drill) targeted to produce circular micro dimples on the surface with semi-hemispherical, flat, and conical end geometries, respectively. It was concluded that micro ball-end textured semi-hemispherical end micro-dimpled surface has a lower COF because of the highest aspect ratio (0.159) which improved the surface wettability. It caused a reduction in the wear rate by trapping the wear debris into the micro dimples. The enhancement of wettability by surface texturing may depend on some other factors such as primary surface conditions and textured geometry. Texturing with micro-dimples can also be a suitable option to improve the hydrophilicity [48].




3.2. Surface Grafting


Grafting is a way to improve surface hydrophilicity by increasing the wettability. The grafted surfaces possess a brush-like hydrophilic structure which seems similar to articular cartilage. This method protects the surface from biofouling by resisting the biofilm formation. The presence of water-soluble macromolecules is responsible for the hydrophilic nature of the cartilage. The fluid film formation, generated by the hydrophilic macromolecules, decrease the friction in the joints [45,46,47,48,49]. There are two general grafting methods: “grafting to” and “grafting from”. “Grafting to” is used in some polymer coatings such as spin and dip coatings. It provides low adhesion by using biological fluid as a suitable solvent for coated polymers. Thus, the coated material can be removed in a biological environment. “Grafting from” produces polymer brushes with high density that conform to solvents by changing the graft density [50].



Takatori et al. [51] focused on the development of poly (2-methacryloyloxyethyl phosphorylcholine) (PMPC) grafting onto cross-linked polyethylene (CLPE) in order to create more surface biocompatibility and hydrophilic in nanometer range. It showed a significant decrease in the magnitude of friction (μ = 0.0004) by using the hydration lubrication mechanism which was provided by trapping water molecules in PMPC-grafted surface [52]. With this study, the preventative role of bone-resorption in producing wear particles was identified by considering the point that the PMPC-grafted surface is biologically inert in nature. Qin et al. [53] reported grafting chitosan on Co-Cr-Mo alloy by applying the layer-by-layer deposition technique. As a result, a significant increase (about seven times) in the wear resistance level was found after investigating its tribological behavior under simulated conditions.




3.3. Surface Coatings


Surface coatings are applied to provide a layer onto the material surface with the purpose of improving the surface properties, and reducing the friction and wear rates [40]. Surface coatings can prevent the production of wear particles and improve the lifetime of medical implants [40]. There are various coating methods as wear resistant coatings such as metal nitriding, plasma nitriding, laser gas alloying, laser treatments, laser cladding, and sputtering. These coating methods are introduced to improve the physical and mechanical properties of the surface (e.g., hardness and hydrophilicity) and reduce the friction and wear rate of the material. Coatings can also prevent the tribo-corrosion of the bulk material [54,55]. Choosing a suitable coating deposition method plays a significant role in achieving a better performance of the coated surface. A high-quality surface such as dense, homogeneous with excellent adhesion to the substrate can only be obtained by using a suitable deposition method.



TiN coatings were reported to increase the wear rate at high surface roughness of 169 nm. It means that better surface wettability acts as a lubricant which can only be obtained by reducing the surface roughness; hence, lower surface roughness is required in order to reduce the friction and improve the wear resistance [56]. In some recent studies, magnetron sputtering method was used to improve the tribological behavior of Ti-6Al-4V alloy by creating multilayer films [57,58].



Hsu and Li [59] reported that the hydrothermally treated Ti-6Al-4V surfaces improved the tribological performance. The surface was treated in urea solution with or without the subsequent heat treatment. In another study, the cathodic arc deposition method was considered by Datta et al. [60] to deposit TiN coatings onto Ti-6Al-4V alloy. Better biocompatibility and non-toxicity were reported in the conclusions of this study which resulted in a significant reduction in wear rate. Danisman et al. [61] used magnetron sputtering to form three different coatings of TiN, TiAlN, and TiCN on Ti-6Al-4V. The results showed that TiN is more effective than the other two coating materials in reducing rate of wear.



Another method, tungsten inert gas cladding, was used to coat Ti-6Al-4V alloy with thick layers of NiTi and NiTi2. The thick layers were prepared using ball-mill route from the mixture of Ni and Ti powder [62]. The pin-on-disc wear test showed a significant reduction of wear in sliding abrasive wear of the coated sample [62]. Plasma nitriding of Ti-6Al-4V alloy as the other coating method was carried out in a plasma reactor with a hot wall vacuum chamber. The results showed that the wear rate of plasma nitrided Ti alloy was about 99% lower than that of the untreated Ti alloy [63].



Ng, Chan, and Man [64] worked on the surface of nickel-titanium (NiTi) and fabricated a grid network of titanium nitride using laser gas nitriding (LGN). Both hard-TiN grid and soft-NiTi substrate contributed to reducing the wear rate of the surface. Laser gas alloying treatment causes a substantial improvement in the surface properties of TNZT (Ti-Nb-Zr-Ta) alloy. The results of this method showed an improved sliding wear resistance against ultra-high-molecular-weight polyethylene (UHMWPE) in Hanks’ solution [65]. Direct laser nitriding technique associated with continuous-wave fiber also showed a suitable performance to modify the surfaces of commercially pure titanium and Ti-6Al-4V alloy. The increased wear resistance of Ti surfaces was proved using pin-on-disk wear tests and friction tests [66].



In summary, surface modification techniques are used for modifying the material surface to offer specific characteristics in different applications such as biomedical devices and implants. This paper reviews some relevant research papers, although there are many others which were excluded because their scope was not in tribology. Some derivations in parameters selection and experimental set-ups were seen in the studies. Furthermore, wide-ranging comparisons among the three surface modification techniques were not simple. Friction coefficient and wear rate are the evaluation criteria (two major factors) in most studies for assessing the tribological performance.



Overall, surface texturing techniques show an important decrease in friction coefficient for biomedical implants such as implant surfaces, although the wear rate of textured surface is still meaningfully high. Coatings and surface texturing techniques are investigated to enhance the wear performance of biomedical implant materials. The PMPC-grafted layer has accomplished an important goal simulating articular cartilage, which is very effective in lubrication and has resulted highly desirable tribological results and wear resistant properties. Its high oxidation stability causes excellent mechanical properties for long-term hip bearings. As a result, PMPC-grafted liner/head is ongoing in the long-term clinical usages. Recently, a successful clinical performance of PMPC grafter liner was reported by Moro et al. [67] after seven years’ post-surgery. No adverse effects and no revision surgery and no osteolysis were informed and observed. However, cobalt-chromium-molybdenum (Co-Cr-Mo) and cobalt-chromium (Co-Cr) alloys were used in recent studies as the head material against PMPC-grafted CLPE liner [67,68,69,70,71].





4. Wear Behavior of Modified Ti Alloys


Metal alloys including titanium alloys can be modified by surface modification techniques to improve the material properties and tribological performance [72,73]. In a study [57], amorphous carbon (a-C) gradient composite film with a 1.5 μm thickness was deposited on Ti-6Al-4V alloy using a bias-graded magnetron sputtering method. This method resulted in an increase in the adhesion strength, and a decrease in both friction coefficient (0.08) and wear rate (4.63 × 10−17 m3/Nm) in Hank’s solution. Bai et al. [58] modified Ti-6Al-4V using magnetron sputtering and created a-C/a-C:Ti multilayer film with a 3 μm thickness. It resulted in the lowest average COF of 0.09 and low wear rate of 8.06 × 10−17 m3/Nm. They also found the cracks-free wear track and no breakage of the film.



Titanium contained carbon-based nano-multilayer film was also developed on Ti-6Al-4V alloy with 2.1 μm thickness using closed field magnetron sputtering [74]. Lower wear rate (1.95 × 10−16 m3/Nm) in Hank’s solution was concluded in comparison with the normal atmospheric condition (4.25 × 10−17 m3/Nm). The energy-dispersive X-ray spectroscopy (EDX) outcomes showed a narrow track without wear debris with no breakage of film proved by the peaks of Ti and C.



Based on a study on hydrothermal treatments [59], the polished Ti-6Al-4V surfaces were treated in urea solution with or without subsequent heating at 400 °C for 1 h. It reduced the surface roughness because of the formation of anatase TiO2 and increased the Vickers hardness with the increase in urea concentration from 0.5 M to 3 M as shown in Figure 1. Also, the contact angle increased, and hydrophilicity decreased with the increase in urea concentration and heat treatment.



Datta et al. [60] studied cathodic arc deposit TiN coatings on Ti-6Al-4V alloy. The wear rate against the Al2O3 ball in Hank’s balanced salt solution (HBSS) was only one-fourth (6.8 ± 1.7 × 10−7 mm3/Nm) of the uncoated alloy. The hardness also increased seven times after TiN coatings. The biocompatibility and non-toxicity of TiN coatings were proved by in vitro cell viability assays in this paper. A thick layer of NiTi and NiTi2 was deposited on Ti-6Al-4V alloy using a tungsten inert gas cladding technique [62]. A pin-on-disc wear test showed a significant reduction in the wear rate of the coated sample which was 9.5 times less than the uncoated one as measured by the pin height loss.



Plasma nitriding is another modification method that is used to reduce the wear rate in Ti alloys. This is performed in plasma reactor in a hot wall vacuum chamber. A study showed that the wear rate of plasma nitrided Ti alloy samples was 99% less than that of the uncoated ones. The COF of the plasma treated samples reduced 52%, and the wear track was much thinner compared with the untreated alloy, as shown in Figure 2. The average COF for plasma nitrided Ti alloy was reduced to 0.23 which was 0.35 before treatment. The wear rate at 15 N load was 7.66 × 10−12 m3/Nm of plasma treated alloy and 1.27 × 10−11 m3/Nm of the untreated one [63].



Ghosh et al. [47] grafted poly (2-methacryloyloxyethyl phosphorylcholine) (PMPC) on Ti-6Al-4V alloy by selective laser melting. Three different techniques (ultraviolet (UV) irradiation, thermal heating, and UV irradiation by N2 gas) were applied during the tests and the results showed a great performance for N2 gas because of existing oxygen in the atmosphere which prevented the polymerization. Improvements in the wear resistance of the treated surface were obtained (by scratch test). The improved wear resistance of the treated surface was proved by scratch test; the scratch depth was of ~50 nm on the untreated sample while there was almost no scratch (~5 nm) on the grafted sample under 0.5 mN load.



Danisman et al. [61] deposited three different coatings of TiN, TiAlN, and TiCN with an average thickness of 2 μm on Ti-6Al-4V using the magnetron sputtering method. The results demonstrated lower wear rates for TiN coated alloy. The average weight loss of 0.38 mg, wear track width of 0.87 mm, and average COF value of 0.45 were also found. The nickel titanium (NiTi) was modified by fabricating the titanium nitride (TiN) grid network which was performed using laser gas nitriding [64]. The wear rate of the treated sample reduced because of the lubrication effect supported by the hydrophilic (nitrided NiTi)/hydrophobic (UHMWPE) friction coupling. The reduction in wear rate was contributed by both a hard-TiN grid and a soft-NiTi substrate. Also, the hardness of the sample improved about four times and Young’s Modulus reduced about two times after the treatment. The HN/Er ratio of NiTi substrate (0.066) was about half of the nitride layer (0.136). This method resulted in a lower COF in the range of 0.04–0.07 as compared to the untreated surface of 0.14. It was also found that the wear factor decreases with an increase in the nitride coverage area.



Chan et al. [65] treated the TNZT alloy to improve its surface properties by laser gas alloying treatment. The performance was investigated in Hank’s solution when TNZT was sliding against UHMWPE. The pin-on-plate sliding test showed that the wear resistance was improved only because of small amounts of material loss. The wear factor (1.7 × 10−6 mm3/Nm) was reduced 26% after the treatment [65]. Figure 3 shows the wear factor of treated and untreated alloys from the sliding test.



In another study [63], the direct laser nitriding was applied on commercially pure titanium and also Ti-6Al-4V alloy in an open atmosphere using continuous-wave (CW) fiber laser. Investigation of friction and wear rate in fetal bovine serum (FBS) associated with pin-on-disk test results showed that the mass loss in the treated pure titanium pair (0.02 mg) and Ti alloy pair (0.06 mg) was lower than that of in the untreated pure titanium (34.14 mg) and Ti alloy pairs (9.23 mg) [66]. Many researchers have investigated the tribological behavior of titanium alloys that are used in many applications in various fields. Several papers have been published on the dry sliding wear behavior of titanium alloys under various conditions.



Miller et al. [75] reported that galling occurs on the bare titanium and it stops working when it is in sliding contact with itself and most other metals. Rigney et al. [76] reported that the abrasive wear condition may arise when system shifts toward transition as sliding wear proceeds. In case of ductile materials, sliding wear processes are accompanied by severe plastic deformation. In 1999, Molinari et al. [77] assessed the wear mechanisms of titanium alloys under various loads and sliding speeds. In 2002, the response of different titanium alloys to dry sliding wear against hardened steel was studied by Alam and Haseeb [36]. In 2003, Young et al. [78] studied the dry sliding wear behavior of titanium alloys both in atmospheric and vacuum conditions. Guleryuz and Cimenoglu [79] studied the wear behavior of titanium alloys by adopting surface modification techniques. In 2007, Ming et al. [80] studied the dry friction characteristics of titanium alloy under high sliding velocity. Majumdar et al. [38] studied the wear response of heat-treated titanium alloys under dry and simulated body fluid conditions. In 2009, Cvijovic-alagic et al. [81] studied the effect of heat treatment and the tribological properties of titanium alloys. In 2010, El-tyeb et al. [82] reported the sliding wear characteristics of titanium alloys with the purpose of using in cryogenic sliding applications. The high-temperature galling characteristics of titanium alloys were studied by Blau et al. [83] in two separate conditions (with and without surface treatments). Cui et al. [84] studied the wear characteristics of titanium alloys at various temperatures. In 2012, Sharma et al. [85] studied the dry sliding wear behavior of titanium alloy (Ti-6Al-4V). Chen et al. [86] studied the wear behavior of selected titanium alloys and compared with AISI H13 steel as a function of load and temperature. In 2013, Chauhan et al. [87] used the response surface methodology to study the dry sliding wear behavior of titanium alloys. Sahoo et al. [88] studied the effect of microstructure on the dry sliding wear behavior of titanium alloys. In 2015, Sharma et al. [89] studied the tribological behavior of Ti-3Al-2.5V alloy sliding against EN32 steel disc of hardness 62HRC, in the dry sliding condition. Sharma et al. [90] studied the optimization of wear and friction characteristics of Ti-3Al-2.5 V alloy sliding against EN32 steel disc of hardness 62HRC in the dry sliding condition. Generally, the mechanical and tribological properties of titanium alloys can be greatly controlled by the resistance to plastic shearing, micro cracking tendency, and thermal stability of the material.




5. Summary


There is a never-ending demand for Ti-based alloys in biomedical applications owing to their good physical, mechanical, and biological performance. Presently, significant improvements on the low modulus β-type Ti-based alloys are being achieved as these alloys appear to be a promising replacement for the conventional Ti alloys. This paper presented an overview on the recent developments of biomedical Ti-based alloys and specifically their wear resistance behavior. Various surface modification methods are discussed and their effect on the wear resistance of the alloys are presented in Table 1. This paper also shows the importance of investigating surface modification methods to support further improvements in titanium alloys in medical implant applications.



It is obvious that surface modifications have important positive effects on the tribological performance. In recent decades, considerable progress has been made in the basic understanding of better surface designing for both in vitro and in vivo applications. The study summarizes the following points:




	
Surface coatings have resolved the issues related to the negative effects of metal bearings. They can improve wear resistance, wettability, and the mechanical properties of the modified surface.



	
Surface texturing techniques decrease the friction coefficient between the contacting surfaces substantially by generating hydrodynamic pressure.



	
Both coating techniques and surface texturing can decrease wear and friction initially.



	
Remarkably, it is concluded that the PMPC-grafted surface layer can act as a suitable lubricant to mimic the articular cartilage physiologically. It shows an important decrease in friction coefficient than that of the coated and textured surfaces. Clinical success of PMPC grafted surface has been also proved in some recent studies.








In addition, this review extracts the following points about the mechanical and tribological behavior of titanium alloys:




	
Titanium alloys show unsuitable wear resistance and tribological properties because of their low surface oxides and plastic shearing.



	
The porosity of the material should be considered for the selection of a proper processing technique.



	
Surface modification methods can be used to make an improvement in the tribological properties of titanium alloys.
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Figure 1. Variation in hardness with increase in urea concentration (H = heat treated, PT = polished/untreated) [59]. 
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Figure 2. The coefficients of friction (COF) as a function of scratch length for: (a) Ti-6Al-4V alloy (TA), and (b) plasma nitrided Ti-6Al-4V alloy (TAPN); under different loads [63]. 
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Figure 3. Wear factor of Ti-Nb-Zr-Ta (TNZT) with and without laser treatment from ultra-high-molecular-weight polyethylene (UHMWPE) pin/TNZT plate sliding test [65]. 
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Table 1. Summary of surface modification methods.
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	Method
	Coating
	Thickness
	Substrate
	Results
	Reference





	Hydrothermal treatment in urea solution
	Ti-oxide formation
	0.87–1.52 μm
	Ti-6Al-4V
	
	
Enhanced hydrophilicity and hardness





	[59]



	Magnetron sputtering
	a-C/a-C-Ti multilayer film
	3 μm
	Ti-6Al-4V
	
	
Lowest average coefficient of friction (0.09)



	
Wear rate of 8.06 × 10−17 m3/Nm





	[58]



	Bias—graded magnetron sputtering
	Ti contained a-C gradient composite film
	1.5 μm
	Ti-6Al-4V
	
	
High adhesion strength



	
μ = 0.08



	
Wear rate = 4.63 × 10−17 m3/Nm in Hank’s solution





	[57]



	Covalently graft or layer by layer deposition
	chitosan
	4–8 nm (dried)

0–0.38 nm (wet condition)
	Co-Cr-Mo
	
	
Decreased wear rate and friction coefficient after surface modification



	
Wear rate = 1.1 × 10−7 mm3/Nm



	
One seventh of the uncoated





	[53]



	Cathodic arc deposition
	TiN
	3.0 ± 0.1 μm
	Ti-6Al-4V
	
	
Hardness increased seven times than the uncoated



	
In vitro wear rate of 6.8 ± 1.7 × 10−7 mm3/N·m in Hank’s balanced salt solution (HBSS) supplemented with calf serum. This is four times lesser than uncoated



	
Biocompatible



	
Non-toxic





	[60]



	Micro-texturing
	Micro-dimple
	
	Ti-6Al-4V
	
	
Surfaces with micro-dimpled cavities resupply the retained lubricant inside the texture during the loading condition. The resupply of lubricant from the micro-dimpled cavities creates a thin film between the sliding surfaces



	
Good surface wettability



	
Lower COF



	
High hardness



	
Hence enhanced wear resistance





	[48]



	Tungsten inert gas cladding
	NiTi Coating
	
	Ti-6Al-4V
	
	
Wear resistance increased 9.5 times than uncoated



	
Sliding abrasive wear test (pin on disk). Pin height loss 0.04–0.14 mm of the coated and 0.38 mm of the uncoated





	[62]



	Plasma nitriding
	
	
	Ti-6Al-4V
	
	
99% reduction in sliding wear rate



	
52% in COF



	
Width of the wear track in TAPN (plasma nitrided) was much narrower than TA sample



	
Wear rate at 15 N load is 7.66 × 10−12 m3/Nm of TAPN and 1.27 × 10−11 m3/Nm of TA (untreated)





	[63]



	Grafting of selective laser melted alloy in N2 gas
	poly (2-methacryloyloxyethyl phosphorylcholine) (PMPC)
	221 ± 80 nm
	Ti-6Al-4V
	
	
Enhanced wear resistance



	
Scratch test: scratch depth ~50 nm on the untreated surface for 0.5 mN load while almost no scratch (scratch depth ~5 nm) on the grafted surface





	[91]



	Magnetron sputtering
	TiN, TiAlN, TiCN
	Average 2 μm
	Ti-6Al-4V
	
	
TiN has lower wear rate



	
Average weight loss = 0.38 mg



	
Average wear track= 0.87 mm



	
Average COF = 0.45





	[61]



	Laser gas nitriding
	TiN grid
	1.76 μm
	NiTi alloy
	
	
Hardness increased four times



	
Young’s modulus (E) reduced two times than untreated



	
More hydrophilic



	
Wear tests between UHMWPE and NiTi in Hank’s solution



	
Higher HN/Er ratio of the nitride layer



	
Wear rate decreased



	
Wear resistance increased with increasing area of nitriding coverage





	[64]



	Laser treatment (laser gas alloying with nitrogen)
	
	500 nm to 1 μm
	Ti-35.3Nb-7.3Zr-5.7Ta
	
	
Wear test of UHMWPE pin against the laser-treated or untreated



	
TNZT surfaces.



	
Wear factor = 1.7 × 10−6 mm3N−1m−1



	
Wear factor decreased by 26% after treatment



	
High hardness





	[65]



	Fiber laser nitriding in open atmosphere
	
	
	Pure Ti & Ti-6Al-4V
	
	
Friction and wear test (pin on disk) in fetal bovine serum (FBS)



	
Mass loss: treated pure Ti = 0.02 mg, untreated= 34.14 mg, treated Ti-6Al-4V = 0.06 mg, untreated = 9.23 mg





	[66]
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