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Abstract:



Current trends in total hip arthroplasty (THA) are to develop novel artificial hip joints with high wear resistance and mechanical reliability with a potential to last for at least 25–30 years for both young and old active patients. Currently used artificial hip joints are mainly composed of femoral head of monolithic alumina or alumina-zirconia composites articulating against cross-linked polyethylene liner of acetabular cup or Co-Cr alloy in a self-mated configuration. However, the possibility of fracture of ceramics or its composites, PE wear debris-induced osteolysis, and hypersensitivity issue due to metal ion release cannot be eliminated. In some cases, thin ultra-hard diamond-based, TiN coatings on Ti-6A-4V or thin zirconia layer on the Zr-Nb alloy have been fabricated to develop high wear resistant bearing surfaces. However, these coatings showed poor adhesion in tribological testing. To provide high wear resistance and mechanical reliability to femoral head, a new kind of ceramic/metal artificial hip joint hybrid was recently proposed in which 10–15 μm thick dense layer of pure α-alumina was formed onto Ti-6Al-4V alloy by deposition of Al metal layer by cold spraying or cold metal transfer methods with 1–2 μm thick Al3Ti reaction layer formed at their interface to improve adhesion. An optimal micro-arc oxidation treatment transformed Al to dense α-alumina layer, which showed high Vickers hardness 1900 HV and good adhesion to the substrate. Further tribological and cytotoxicity analyses of these hybrids will determine their efficacy for potential use in THA.
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1. Introduction


Every year more than one million hip and knee replacements are performed worldwide, which provide relief from pain, improved mobility, and better quality of life for patients. There will be an estimated 3.48 million knee replacements needed by 2030, an increase of approximately 673% as compared to the current number of procedures [1]. Artificial hip replacements are estimated to increase by 174% up from its current total procedures performed to 572,000 procedures per year in 2030. Current developments in the field of artificial hip joints are focused on the use of (a) short stems for minimal invasive surgery [2,3]; (b) new Ti alloys with better mechanical strength and biocompatibility than conventional Ti alloys [4,5,6,7]; (c) calcium phosphate coatings [8,9,10,11,12] or simple alkali and heat treatments on the stem to provide bioactivity [13,14,15,16,17]; and (d) materials that impart better wear resistance and mechanical reliability on the articulating surfaces to minimize polyethylene wear debris-induced osteolysis [18,19,20,21,22,23,24,25,26,27]. Periprosthetic osteolysis is the primary cause of hip implant failure, which is the result of activation of an innate immune response caused by wear of bearing materials in total hip prostheses. Taken up by macrophages and multi-nucleated giant cells, the presence of wear debris particles may cause the release of cytokines, thereby resulting in inflammation that further activates osteoclasts at the interface between bone and implant and eventually leading to implant loosening and failure. One of the primary strategies to avoid implant revision is to eliminate the release of wear debris by improving the wear resistance and mechanical reliability of bearing couples that would ultimately enhance the longevity of the implant. Despite progressive attempts over last few decades, currently available hip replacement joints last only about 10–15 years. This relatively short implant life span is problematic for patients under 60 years; about 44% of this population demands a joint implant life expectancy of up to 20–25 years [28]. The demand for reliable hip joints is relatively high for young and active patients to maintain their work and life style comfortably. In this regard, this review is mainly focused on describing the evolution of materials and technologies developed to impart high wear resistance and reliability to bearing surfaces of artificial hip joints.




2. History of Development of Artificial Hip Joints


During 1955–1965, metal-on-metal (MoM) bearings were fabricated using large ball diameters (32 mm, 35 mm, and 41.5 mm). However, the use of MoM bearings declined in the 1970s for some years after Sir John Charnley introduced a total hip replacement (THR) device based on metal-on-polymer (MoP) composed of a small metal ball and a cemented polyethylene (PE) cup in 1963 [29]. Although this new tribocouple device received widespread acceptance, it was revealed over 6–8 years of clinical studies that implants with PE cups failed mainly due to osteolysis, a result of a destructive reaction by the body in the presence of PE wear debris [30]. Anticipating the issue of “polyethylene disease” or “cement disease”, Pierre Boutin, a French surgeon, began implementing the use of alumina ceramic-on-ceramic (CoC) hip implants in clinical trials in the 1970s [31]. Since then, CoC devices have continuously been used in THA. These developments also made ceramic-on-polyethylene (CoP) combinations as competitive bearing alternative along with MoM and CoC over 1963–1973 period. Currently, the most frequently used artificial hip joints are composed of an acetabular cup, femoral head and stem, all of which are typically made of cast Cobalt-Chromium (Co-Cr) alloy. The lining of the acetabular cup is made of ultra-high molecular weight polyethylene (UHMWPE). Alternative materials are dense alumina ceramic and titanium−6% aluminum−4% vanadium (Ti-6Al-4V) alloys for the femoral head and the stem, respectively.




3. Ultra-High Molecular Weight Polyethylene


UHMWPE wear debris-mediated osteolysis is widely known as one of the most formidable challenges in hip arthroplasty [32,33]. To improve its wear resistance, UHMWPE is commonly exposed to irradiation at doses higher than that required for sterilization (40–100 kGy) to form cross-linked PE (XLPE) [34]. However, improvement of UHMWPE’s wear resistance comes at the cost of reducing its ultimate tensile strength as a result of reduced ductility [35]. In addition, many of its mechanical properties are sensitive to oxidation [36,37], which is mainly due to the reactions of residual free radicals caused by irradiation and trapped in the material for prolonged periods of time [38,39]. Oxidative changes gradually decrease the polymer’s molecular weight and affect its clinical performance through structural changes [40]. To overcome these problems, XLPE is stabilized by post re-melting or annealing and by the addition of antioxidants such as vitamin E to eliminate, reduce, or stabilize free radicals, with the intention of increased wear resistance as well as reduced potential for oxidation as compared to conventional XLPEs [18,19,41]. While some highly cross-linked UHMWPEs show higher oxidation in vivo than others [42], radiation cross-linking of UHMWPE has tremendously decreased (87%) the incidence of wear particle-induced osteolysis in the first ten years of clinical use [43], especially in hips where wear damage is prominent.



In addition to state-of the art technology incorporating antioxidants for long-term stability [44,45,46], a recent application of a surface treatment on the XLPE articulating surface has improved the wear resistance by covering its surface with a thin layer (100–200 nm) of chemically-bonded Poly(2-methacryloyloxyethyl phosphorylcholine) (PMPC), which is formed by photo-induced graft polymerization; this material creates a super-lubricious layer that mimics articular cartilage [20]. A recent hip simulator study reported that MPC polymer grafted on the XLPE surface dramatically reduced the wear up to 70 million cycles [47]. Wear debris induced osteolysis and inflammatory responses may be suppressed by this new design of PMPC-grafted XLPE, which is attributed to the bio-inertness of bio-inspired MPC polymers [47]. Although this kind of artificial hip joint has been implanted in more than 20,000 patients since 2011 in Japan [47], it is a new technology whose success and impact will be determined in the longer term. Analysis of retrieved components and radiographic follow-up of patients [48] will continue to inform us on the effects of wear on future clinical performance.




4. Metallic Materials


Metallic materials such as cobalt-chromium-molybdenum (Co-Cr-Mo) and Ti alloys are commonly used in THA due to their superior mechanical strength, fracture toughness and ductility. Typically, CoCrMo alloys and Ti alloys are used as stem of artificial hip joints. Co-Cr alloy used as head in MoM artificial hip joint model has demonstrated mechanical reliability due to high mechanical strength and fracture toughness, but it tends to produce metal debris over the long-term, releasing metal ions that cause inflammation and blackening of periprosthetic tissue termed as metallosis. Incidents of metal sensitivity were reported to affect 10%–15% of the general population [49,50,51] and were higher among patients with failed joints. Ti-6Al-4V alloy is the most commonly used alloy for stem and acetabular cementless components of THR due to its low density, high mechanical strength, excellent corrosion resistance, and biocompatibility with bone [52]. Compared with Co-Cr alloys, the elastic modulus of 110 GPa for Ti alloy offers a more physiologically uniform stress distribution at the bone-implant interface. However, the release of potentially harmful metal ions such as aluminum (Al) and vanadium (V) from the Ti alloy has been reported to be associated with long term health problems such as peripheral neuropathy, osteomalacia and Alzheimer’s disease [53,54].



Over the last few decades, vanadium-free Ti implants such as α + β Ti-6Al-7Nb alloy (ISO 5832-11), near β alloys such as Ti-13Nb-13Zr alloy (ASTM F1713-96), Ti-12Mo-6Zr-2Fe alloy (ASTM F1813-97) with improved biocompatibility have been developed by incorporating biocompatible elements such as Ta, Zr or Nb [4,5,6,7]. Metastable β type Ti-15Mo-5Zr-3Al and α + β type Ti-6Al-2Nb-1Ta alloys have been clinically developed for both cemented and cementless types of artificial hip joints. A new Ti-15Zr-4Nb-4Ta alloy with excellent mechanical properties and biocompatibility has been developed for artificial hip joint application [7]. To overcome stress shielding effects, recent research on Ti alloy development is focused on controlling processing to reduce the elastic modulus while retaining high biocompatibility and mechanical strength. In this regard, a metastable β type Ti alloy such as Ti-35Nb-7Zr-5Ta alloys with an elastic modulus of 55 GPa has been developed [55]. Nevertheless, Ti alloys are not used for manufacturing of femoral head due to their poor wear resistance. To overcome this issue, thermal oxidation treatments have been applied to Ti alloy to form oxides to improve surface hardness [56,57], laser surface treatments to alter its surface microstructures [58] and/or friction stir processing to change its metallic properties through localized plastic deformation [59]. However, these treatments do not provide superior wear resistance, which limit their use as the bearing surfaces of artificial hip joints.




5. Ceramics


5.1. Alumina


Alumina ceramics are most widely used in THA as femoral heads due to their bio-inertness, high wear resistance, and chemical durability. In terms of design, the surface finish of materials used for manufacturing of femoral heads or cups is an important requirement. Advances in alumina processing have revealed that an excellent surface finish can be achieved using high purity alumina with <0.5 wt % magnesium oxide as a sintering aid and compaction using hot-isostatic pressing before sintering to obtain a dense microstructure of fine-grained pure α-alumina with improved mechanical properties. As per ASTM F603, medical grade alumina for orthopedic implant use should have a bulk density of >3.94 gm/cc, grain size of <4.5 μm, and flexural strength of >400 MPa. Compared with MoP, artificial hip joints with CoP couple have shown 25%–30% reduction in wear rate in hip simulator and clinical studies [60,61]. Using an alumina-on-alumina couple, wear in THA was the lowest (0.01–0.1 mm3/million cycles) as compared with MoP, CoP or MoM combinations [61,62]. Since its inception by Boutin in the 1970s, more than 2.5 million femoral heads of alumina and 100,000 liners have been implanted worldwide. Although incidences of fracture of alumina ceramics in THA are rare (0.14% reported in the USA in the mid-1990s), the uncertainty about risk of brittle fracture, rim chipping, squeaking [63] (audible noise) and stripe wear [64,65] in artificial hip joints with alumina CoC couple are mainly due to improper positioning [66] and cannot be eliminated. Squeaking in THA articulations with alumina CoC have been reported especially in some young patients, aged forty or under, despite high survivorship up to 97.4% at ten years [67,68]. Squeaking can be associated with impingement of femoral neck on the rim of the ceramic cup, due to difference in diameters of femoral heads, edge loading effect due to improper positioning during surgery or could also be due to micro-separation between femoral head and liner of cup, all of which increase friction in case of CoC bearing couples and hip dislocation and potentially lead to to revision of surgery. Current trends to increase the diameters of ceramic balls to 32 mm, 36 mm, or larger tend to make a positive effect. Nevertheless, the risk of catastrophic fracture of alumina cannot be eliminated.




5.2. Zirconia


To improve the mechanical reliability of the head, partially stabilized zirconia and yttria-stabilized tetragonal zirconia polycrystal (Y-TZP) ceramic with almost double fracture toughness of 6–10 MPa √m and flexural strength of 1000 MPa than alumina, were introduced as alternatives in the 1980s. Improved mechanical properties in zirconia are attributed to stress-induced transformation toughening mechanism. Briefly, as crack propagates, zirconia undergoes phase transformation from tetragonal to monoclinic in leading to 3%–4% volume expansion in the zirconia grains, resulting in compressive stress to slow or arrest the crack, thereby increasing the toughness. Despite some good clinical results with seven-year [69] and ten-year [70] follow up, several controversial hip simulator and clinical reports have been published over 15 years of its clinical use in patients [71,72]. Unfortunately, a worldwide recall concluded in 2001 led to a sudden halt of manufacturing and clinical use of zirconia after many zirconia heads manufactured by St. Gobain were fractured in vivo due to change in sintering procedure. Even though transformation toughening led to high strength and toughness of designed Y-TZP heads, the spontaneous transformation to monoclinic polymorph in the presence of body fluid results in roughening and micro-crack formation on the surface of the head, thereby enhancing wear and eventual fracture as reported in in vivo studies [72]. This phenomenon is often referred as low-temperature hydrothermal aging. Close examinations of more than 100 retrieved Zr femoral heads revealed extensive cratering in addition to considerable monoclinic phase [71]. Further, eight and nine-year follow up revealed up to 85% monoclinic phase and dramatically higher surface roughness of up to 250 nm on the Prozyr heads retrieved from Sydney [73,74]. These critical issues almost restricted the use of Zr femoral heads in the US and EU markets. Although zirconia is commonly used in dentistry due to its aesthetics and high mechanical properties, its microstructure and processing steps must be carefully examined before use. Hydrothermal aging is the Achilles’ heel of zirconia, limiting its longevity.




5.3. Silicon Nitride


Silicon nitride is a non-oxide ceramic material with high strength and toughness and has been used as bearings, turbine blades for more than 50 years. In the medical field, it has been used in cervical spacer and spinal fusion devices [75] since 2008, with few adverse reports among 25,000 implanted spinal cages [76]. Silicon nitride has been recently considered as a bearing material in artificial hip and knee replacements due to its high biocompatibility, moderate Vickers hardness of 12–13 GPa, Young’s modulus of 300 GPa, high fracture toughness of 10–12 MPa √m and flexural strength of 1 GPa, with a typical grain size of 0.6 μm after alloying with small amounts of yttria and alumina [77]. The exceptional strength and toughness of silicon nitride are derived from its asymmetric needle-like interlocking grains surrounded by thin glassy phase at the grain boundary, which dissipates energy as crack propagates [78]. Silicon nitride has also been used as wear resistant coating by PVD or CVD methods [79,80]. However, coatings are non-stoichiometric, not fully crystalline, and do not resemble similar strength and toughness as polycrystalline materials, which limited their use as coatings for implants. Bulk silicon nitrides in articulation against itself and Co-Cr materials have shown wear rates that are comparable to those of alumina-on-alumina couple, which are the lowest among currently used bearing couples [81]. A recent hip simulator study indicated that self-mated silicon nitride couples have comparable wear performance to that of self-mated alumina up to three million cycles; however, some self-mated silicon nitride couples showed increased wear at the end of five million cycles as compared to alumina CoC [82]. This transition in wear regime from fluid film to lubrication was attributed to the formation and disruption of tribochemical film composed of a gelatinous silicic acid. Silicon nitrides articulating against PE or XLPE revealed similar wear performance as that of CoCr or alumina heads. There is some discrepancy between the hip simulator and in vivo studies for some femoral heads, further long-term clinical studies of retrieved heads of silicon nitride and hip simulator studies by others might be necessary before confirming the potential use of silicon nitride as bearing material for hip replacements.




5.4. Alumina-Zirconia Composites


Despite the long clinical history of alumina and zirconia in THR, both materials pose potential drawbacks. Attempts to overcome these material’s weaknesses by combining alumina’s hardness with zirconia’s toughness led to the development of zirconia-toughened alumina (ZTA), which was first commercialized by CeramTec under the trade name of BIOLOX® Delta in around 2000. ZTA is an alumina matrix composite containing 75% fine grained alumina of 0.5–0.6 μm in diameter and 25% Y-TZP with a grain size of 1 μm or smaller to obtain a flexural strength of 1200 MPa and a fracture toughness of 6.5 MPa √m. The flexural strength and fracture toughness of ZTA are significantly higher than that of alumina while retaining superior chemical and hydrothermal stability like alumina. Superior mechanical strength and toughness of ZTA is attributed to the stress-induced transformation toughening mechanism offered by an optimal amount of fine grained zirconia dispersed throughout the ZTA microstructure. Additional toughening to alumina is provided by crack deflection at the boundaries of platelet-like alumina grains with magneto plumbite structure that are formed by solid solutions with a small amount of SrO and Cr2O3 additives during high temperature sintering.



This unique combination of transformation toughening and crack deflection mechanisms provides exceptional durability to BIOLOX® delta, which is not achieved by any other ceramic material used in the body. Addition of alumina to zirconia slows down the kinetics of hydrothermal ageing, which is a potential advantage over monolithic zirconia. Laboratory hip simulator wear tests on ZTA-on-ZTA couple revealed that the wear performance of ZTA CoC was better than that of alumina CoC [83]. Moreover, more strip wear was revealed on alumina CoC as compared with ZTA CoC tested under same tribological parameters. However, up to 30% monoclinic zirconia was detected on the surface of ZTA, which shows that transformation from tetragonal to monoclinic zirconia happened during the articulation between ZTA cup and the ball [84]. In vivo wear results are more realistic as compared to hip wear simulator results. Even though BIOLOX delta components are clinically used for more than 12 years and have been implanted in more than six million patients, according to CeramTec company web information, longer term clinical reports will determine the efficacy of this new ceramic composite for long lasting hip prostheses.



Alumina toughened zirconia (ATZ) is another alumina-zirconia composite bearing material containing 80% Y-TZP and 20% alumina, which was developed and manufactured as Ceramys® by Mathys Orthopedics [85] in Germany in 2010. ATZ Ceramys is composed of 61% tetragonal zirconia, 17% cubic zirconia, 1% monoclinic zirconia and remaining alumina which form a fine-grained alumina dispersed in the zirconia matrix with average grain size of 0.4 μm for both zirconia and alumina. ATZ revealed a high flexural strength of more than 1200 MPa, a moderate hardness of 1500 HV, and a fracture toughness of 7.4 MPa √m [23]. In addition, ATZ is reported to have improved wear performance with a wear rate of 0.06 mm3/million cycles as compared with the 0.74 mm3/million cycles for monolithic alumina heads in CoC configuration [24]. In addition to the critical hydrothermal aging effect of zirconia, there remain major concerns with the variation in manufacturing steps of zirconia-based materials by different manufacturers, which needs to be carefully assessed every time before implantation in the human body. Nevertheless, even composite ceramics are brittle and liable to fracture.





6. Ultra-Hard Coatings on Metals


To maintain the active lifestyle of patients requiring hip replacements, reliable designs of artificial hip joints with high wear resistance and mechanical reliability are needed to extend their current life span from 10–15 years to 25–30 years, which otherwise will require multiple revision surgeries that will burden healthcare expenditure all over the world. The dire need to produce more durable artificial joints is made explicit by the fact that hip and knee replacement surgeries have increased by 20% during the last five years [86]. Trends for revision surgeries are becoming more common among young and active patients aged between 45 and 64 who will require functional artificial hip for at least 30 years [86] to maintain their active lifestyle. While Co-Cr alloy in self-mated configuration or the alloy heads sliding against PE or XLPE are frequently used in THA, over 50% artificial hip joints fail mainly due to osteolysis-mediated aseptic loosening in addition to metal ion allergies over a long-term period [87]. A frequently used alternative hybrid approach is to coat the metallic alloys with ultra-hard and biocompatible surface layers such as diamond-like carbon (DLC; 5000 HV) [88] or titanium nitride (TiN 2100 HV) [89]. This approach ensures that the original properties of high strength metallic substrate are retained while: (a) supporting a bearing surface; and (b) avoiding the release of toxic metal ions from the underlying the Ti alloy substrate. The release of wear debris from TiN-coated Ti alloy after delamination enhanced wear by third-body wear mechanisms in vivo [89]. DLC-coated Ti-6Al-4V alloy showed numerous pits, local delamination, and crevice corrosion while articulating against PE and showed only 54% survival rate after 8.5 years of clinical study [90]. To improve the adhesion between the coating and the substrate, interlayers of Ti, tantalum (Ta), or CrC have been used to minimize the residual stresses at the interface. Recently, a DLC layer with a varying thickness of multi-interlayers of Cr-Cr2N was reported to increase the fracture strength or adhesion of the DLC coating [91]. However, the hardness of these multilayer coatings (800–1000 HV) was almost half of that of sintered alumina (1800–2000 HV) [91]. In addition, there could be concerns about inflammation due to release of Cr over the long term.



Another method is to deposit pure diamond on the metal heads. In this regard, coatings of ultra-nanocrystalline diamond (UND) with a grain size of 3–100 nm have been applied directly to Ti and Co-Cr alloys using microwave plasma CVD [92,93]. UND coatings possess high hardness (56–80 GPa) and low surface roughness, RMS value < 10 nm, that is shown to provide high wear resistance to third-body wear particles [94]. These coatings have been applied to Ti and its alloys; good corrosion resistance, adhesion, and toughness have been reported in addition to comparable tribological performance to those of MoM, MoP and CoC couples, which makes them suitable for THA application [95]. However, large compressive stresses are retained within the UND coatings due to impurities at their grain boundaries, which affected their adhesion with the substrate [96]. Further improvements in processing parameters are needed to avoid the risk of delamination of the UND coatings, which will govern their clinical use. In a nutshell, further improvements are needed in these coating technologies to meet high wear resistance, mechanical reliability and adhesion requirements for long lasting total hip prostheses.




7. Hybrid Design of Oxide Ceramic Layer on Metal: Oxinium™


A promising approach of a dense oxide layer on metal substrate combines high mechanical strength and toughness of underlying metal with advantages of an oxide layer with bio-inertness, high corrosion and wear resistance as an articulating surface. If native TiO2 layer on the surface of high mechanical strength Ti alloys was at least a few microns thick and wear resistant for long lasting hip prostheses or bulk ceramics were not inherently brittle, there could have been no interventions to deposit alternative wear resistant materials on metals over the last few decades. These drawbacks have spurred alternative explorations of bio-inert oxide ceramic layers on metallic substrates, adopting a hybrid approach by wedding the superior wear resistance of ceramics with the superior toughness of metals.



A layer of monoclinic zirconia 5 μm thick formed on the surface of Zr-2.5% Nb alloy by heat treatment of the alloy at 500 °C [25] has been successfully applied to a femoral head commercialized as Oxinium™ (OxZr; Smith & Nephew, Memphis, TN, USA). OxZr is not a coating, but a surface transformed layer formed by oxygen diffusion hardening treatment, which is expected to provide improved resistance under load bearing operations. Compared to monolithic zirconia, thin zirconia layer on the Zr-Nb alloy avoids catastrophic failure of the implant. In vitro hip simulator studies have shown remarkable reductions in wear of OxZr by 45% articulating against XLPE for total hip and knee arthroplasty as compared with Co-Cr alloys [26,97]. Although OxZr heads are being routinely used for young and active patients, some clinical studies have reported extensive damage of OxZr heads articulating against XLPE [98,99], indicating poor mechanical reliability of the joint. Moreover, OxZr head has only 5 μm thick layer of zirconia formed on the Zr-Nb alloy, which is not expected to last up to 25–30 years to meet the demands of durable artificial hip joints that are needed for patients aged 40 or younger. OxZr is still in clinical use; receipients of OxZr implants will need to undergo regular check-up to ensure the good condition of implants in their bodies. From the materials design perspective, it is intriguing to reveal the reasons for the good adhesion between OxZr layer and the metal substrate given that they are incompatible materials due to significant differences in their physical, chemical and mechanical properties. However, this information is not clarified in the literature yet despite more than eight years of clinical use of OxZr heads. The ideal design of a strong interface between ceramic and metal is not revealed yet and is a fundamental gap in the knowledge. Once this gap is filled, it would lead to new knowledge in terms of methodologies that are needed for designing reliable artificial hips with an extended lifespan of more than 25–30 years.




8. Rationale for Design of New Kind of Ceramic/Metal Hybrid Artificial Joint


With increasing aging population and demands for active and young patients aged 40 and under, the life span of artificial joints is expected to be more than 25–30 years. To meet these demands, the focus is to design and develop new kinds of artificial joints with high wear resistance and mechanical reliability.



8.1. Selection and Design of Materials


Materials used to design future generation durable femoral head or cup made of ceramic/metal hybrids should meet demands of high wear resistance at bearing surface, supported by a metallic material that can sustain high toughness. These demands have not been met by any of the currently used materials for artificial joints including Oxinium™, as discussed in Section 7. To meet these demands, a promising ceramic/metal hybrid design was recently proposed [100,101,102,103] in which better wear resistance might be obtained if zirconia is replaced with the alumina as an articulating surface because the latter has higher hardness. Mechanical reliability of articulating surface might increase if Zr-Nb alloy substrate is replaced by Ti-6Al-4V alloy because the latter has higher mechanical strength and fracture toughness than that of the former or Co-Cr alloy, commonly used as the head in THA. Furthermore, alumina layer formed on the tough Ti alloy is expected to offer better mechanical reliability as compared with monolithic alumina that is liable to catastrophic fracture. In addition, alumina shows better long-term in vivo stability than zirconia. Oxinium™ is composed of only 5 μm thick layer of monolithic zirconia on the Zr-Nb alloy. Therefore, formation of dense α-alumina layer with thickness of 5 μm or more is expected to last longer than Oxinium™. In addition to requirement for high wear resistance, a good adhesion between alumina layer and the Ti alloy is critical for reliability of alumina/Ti alloy hybrid for efficient load transfer mechanism during operations of artificial hip.



It is technically challenging to fabricate dense and pure α-alumina layer on the Ti alloy given that alumina and the Ti alloy are very incompatible with each other due to significant differences in their coefficient of thermal expansion (αAlumina = 7.5 × 10−6/K and αTi-6Al-4V = 9.1–9.8 × 10−6/K) and mechanical properties (Hardness, HAlumina = 2100 HV, HTi alloy = 350 HV; fracture toughness, KIc,Alumina = 3–4 MPa √m, KIc,Ti alloy = 75 MPa √m), which could result in the residual stresses at the interface between them. High residual stresses could lead to cracks at the interface and subsequent delamination of alumina layer. Although the ideal design of strong interface between ceramic and metal is not fully revealed yet, it was recently proposed that formation of an intermediate AlTi type of bonding layer with metallurgical bond-like characteristics might tend to minimize the residual stresses at alumina-Ti interface and could also enhance the mechanical reliability of the joint as well [100,101,102,103]. The cross-sectional view of newly proposed alumina/Ti alloy hybrid (ATH) artificial hip joint model is shown schematically in Figure 1a. This kind of designed hybrid could be used for both the cup and head in alumina-on-alumina type of contact configuration, as shown in Figure 1b. The rationale behind this configuration is that alumina CoC combination has shown lowest wear rate (0.01 mm3/million cycles) among the currently used materials in THA. Hence, it is expected that wear of ATH-on-ATH could be similar as well. Compared with monolithic alumina, ATH design could offer better mechanical reliability to artificial hip since bearing surface is supported by tough Ti alloy. The proposed ATH head could also be used in articulation against conventional PE or XLPE liner.


Figure 1. Cross-sectional views of alumina/Ti alloy (ATH) hybrid model (a), and ATH-on-ATH configuration of the artificial hip joint (b). Reproduced from [102] with permission from Elsevier.
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8.2. Rationale for New Artificial Hip Joint Design


Advanced implant designs are focused on reducing wear of bearing surfaces by increasing diameter of heads. Despite being successful in this regard, all MoM, MoP, CoC couples share common issues of edge loading or impingement of taper joint of the stem with the rim of the cup, both of which result in the release of a large amount of wear debris and thereby leading to high revision rates. Edge loading of the cup is reported in case contact patch between ball and cup extends to the rim of the cup, resulting in an increase in local stresses and more wear at the rim. It could also be the loss of lubrication due to lack of synovial fluid between contacting surfaces [104]. Almost 70% of the MoP implants have been reported to be associated with impingement related rim damage [105]. For CoC implants, incidences of wear of rim have been reported to enhance third body wear, leading to catastrophic fracture of the ceramic part [106]. Evidence of metal wear debris has been reported for both MoM and CoC implant designs, which indicates the wear of taper joint and neck-cup impingement [107,108]. To overcome the major issue of wear of taper joint, an alternative design is proposed in which a single part for both stem and head could be made of the Ti alloy, as shown in Figure 2a. The head portion of Ti alloy could be selectively covered with alumina layer, as shown schematically in Figure 2b. The stemcan be directly bonded to the bone after its porous part of Ti metal is subjected to alkali-heat treatment, as demonstrated by our previous research groups [13,15,109]. This surface treatment technology is currently marketed as AHFIX® by KYOCERA Medical. Clinical reports have demonstrated 98% success rate after ten years of implantation [109].


Figure 2. New design of artificial hip joint made of single part of head and stem of Ti alloy before (a) and after alumina layer formed on the head part (b).
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8.3. Science and Technology of Novel Artificial Hip Joint: A Layer of Dense α-Alumina on the Ti Alloy


Conventionally, an alumina layer is fabricated on the metal substrates by plasma spraying of pure α-alumina powders. However, γ-alumina is mostly detected in plasma-sprayed alumina coatings with porous microstructures, leading to poor hardness of 1000–1200 HV, which makes them unsuitable for wear resistance applications. Although anodic oxidation of Al metal [110] or thermal treatments of Al metal layer on Ti alloy [100] have also been attempted to produce α-alumina, a dense and pure α-alumina layer cannot be fabricated using these methods. One of the promising processing strategy to form alumina layer on the Ti alloy includes the deposition of dense Al metal layer onto the Ti alloy and subsequent oxidation of Al.



8.3.1. Formation of Al Layer on the Ti Alloy


In order to form 5–10 μm thick dense α-alumina layers, at least a couple of microns thick layer of Al metal is needed to form on the Ti alloy, which is not yet possible with conventional Al deposition techniques such as PVD [111], arc ion plating [112], and sputtering [113]. Ideally, a method of formation of a thick layer of Al on the Ti alloy substrate should be chosen with minimal or no chemical reaction with the substrate during Al layer formation, which otherwise might lead to formation of thick layer of AlTi intermetallic compounds containing several cracks or pores [114] and leading to delamination of Al layer. To address these needs, cold spraying (CS) technique is used to deposit thick layers of Al metal on soft metals such as Al alloys [115,116] at temperature much lower than the melting point of Al (Tm = 660 °C). CS technique allows the deposition of a thick metal coating on a metallic substrate by accelerating small particles (<50 μm) to high velocities (500–1500 m/san) by a supersonic jet of compressed gas at a temperature below the melting point of the material to be deposited. In the field of biomaterials, for the first time, dense and thick layers of pure Al with thickness from 250 to 1000 µm were formed on Ti-6Al-4V alloy by CS of Al particles in N2 or He gas atmosphere at varying pressures of 1–3 MPa and at a temperature of 380 °C [100].



Cold sprayed Al layers (CS-Al) on the Ti alloy formed dense microstructures both in He or N2 gas atmosphere at an optimal pressure of 3 MPa and a temperature of 380 °C. However, CS-Al layers formed in He atmosphere shows larger cracks or gaps at the interface as a result of higher critical velocities of Al particles (972.5 m/s) [100]. CS-Al layers formed in N2 gas atmosphere also showed poor adhesion as shown by gaps at the interface as shown in Figure 3a. Nevertheless, these samples showed relatively better adhesion than those treated in He atmosphere which could be due to lower critical velocity of 552.1 m/s in N2 gas atmosphere. These kinds of gaps could arise due to significant difference in materials properties of Al and Ti alloy or massive plastic deformation within CS-Al layer that might have been caused by ballistic impacts during CS, thereby resulting in accumulation of residual stresses at the interface and ultimately leading to cracks at the interface [101].


Figure 3. SEM image of Al layer formed on the Ti alloy (a), BSE image after heat treatment (b), and TF-XRD of the reaction layer (c). Reproduced [101] from with permission from Elsevier
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8.3.2. Formation of Reaction Layer at Alumina-Ti Alloy Interface


The formation of a reaction layer of AlTi type of intermetallic compound at the interface between CS-Al layer and the Ti alloy substrate could be a promising solution to improve the adhesion and minimize the residual stresses at their interface. In this regard, a heat treatment of CS-Al layer/Ti alloy at 640 °C for 1 h in air or Ar gas atmosphere formed a dense and crack-free reaction layer 2 μm thick at the interface as shown in backscattered electron image (BSE), Figure 3b. This reaction layer could be formed by solid state diffusion of Al into Ti, according to Equation (1), since Al has lower melting point (Tm = 660 °C) as compared with the Ti alloy.


Ti (s) + 3 Al (s) → Al3Ti (s)



(1)







Thin film XRD (TF-XRD) revealed that the reaction layer is composed of an Al3Ti intermetallic compound, as shown in Figure 3c. When CS-Al/Ti is heated at 640 °C for more than 3 h or at temperatures more than 850 °C, a several tens of micrometers thick reaction layer containing a mixture of the AlTi type of intermetallic compounds with several pores or cracks is formed due to differences in densities of thick Ti–Al layer and compacted CS-Al from which it is formed. As a result, thick reaction layers are not be suitable for a load bearing application of artificial hip.



Even though the reaction layer of Al3Ti layer improves adhesion between Al and Ti, Al3Ti is itself a brittle intermetallic compound and might be prone to fracture. To reveal the mechanical reliability of Al3Ti reaction layers, high mechanical load of 500 N was applied by compressing steel balls of 3 mm diameter directly onto the surface of reaction layers. Several large cracks along the periphery of spherical indentation on the thick reaction layer in the SEM image, Figure 4a, suggests a typical signature of brittle fracture which indicate poor mechanical deformability of thick layer, almost like a bulk ceramic. The thin reaction layer of Al3Ti on the Ti alloy did not reveal any cracks in the SEM image, Figure 4b, suggesting its good mechanical deformability. Sharp Vickers indentations also showed better mechanical reliability of thin reaction layer [101]. Overall, about 2 μm thick reaction layer seems to provide a good interface between alumina and the Ti alloy hybrid.


Figure 4. SEM images showing the impressions of ball indentations on the surface of thick after applying a load of 500 N (a), and thin reaction layers after applying a load of 500 N (b). Reproduced from [101] with permission from Elsevier.
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8.3.3. Formation of Alumina Layer on the Ti Alloy


Heat treatment of Al-coated Ti alloy at or above melting point of Al, could result in uncontrolled melting of Al and diffusing into Ti to form an undesirable thick layer of AlTi type of intermetallics along with only small scales of transition alumina. Dense α-alumina starts forming at temperatures above 1000 °C. However, such high temperatures cannot be applied to Al coated onto Ti-6A-4V alloy since an α → β Ti transformation at 995 °C results in a decrease in the mechanical strength of the alloy, which defeats the purpose of using high strength Ti alloy for the designed hybrid. Attempts were made to form alumina in two steps: firstly by forming a thick layer of Al3Ti by heating it at 640 °C for 12 h in air and subsequent heat treatment at 850 °C for 96 h [100] according to the Equation (2).


2TiAl3 (s) + 3/2 O2 (g) → 2TiAl2 (s) + Al2O3 (s)



(2)







Thin film XRD revealed that mainly Al3Ti phase is detected after first heat treatment in Figure 5a and mainly, Al2Ti phase is detected after subsequent heat treatment in Figure 5b.


Figure 5. TF-XRD of Al layer on the Ti alloy after heat treatment at 640 °C for 12 h (a) and subsequent heat treatment at 850 °C for 96 h (b) both in an air atmosphere. Reproduced from [100] with permission from Trans Tech.
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Clearly, dense α-alumina cannot be formed on the Ti alloy by using conventional methods such as heat treatments or plasma spraying of alumina. An alternative approach was recently proposed in which CS-Al layer was transformed to a dense alumina layer by micro-arc oxidation (MAO) treatment. MAO is a plasma-assisted electrochemical surface treatment carried out under 400–700 V in a dilute alkaline medium to produce ultra-hard oxide layers on the surface of soft metals such as Al, Mg or Zr for structural applications [117,118,119,120,121]. However, ultra-hard oxide layers formed on the soft metals do not provide the mechanical support for load bearing application of artificial hip joint. Thus, a duplex coating is required to form a α-alumina layer on the Ti alloy. To meet these goals, a promising processing strategy was proposed and demonstrated in which a dense CS-Al layer was formed onto the Ti alloy by cold spraying, followed by heat treatment at 640 °C for 1 h in air to form about 2 μm thick reaction layer to improve adhesion and finally, an optimal MAO treatment of the CS-Al layer to transform it into alumina layer, as shown schematically in Figure 6.


Figure 6. Schematic of deposition of Al layer, followed by heat treatment to form a thin reaction layer at the interface and micro-arc oxidation (MAO) to form alumina.
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Compared with MAO treatments of Al in unipolar DC mode, bipolar pulse power supply with electrical parameters of pulse frequency, duty cycle and current density offer control over the electrochemical processes in MAO treatment. Despite many studies performed so far on MAO of Al [117,118,119,120,121], it is not revealed whether a α-alumina layer of at least 10 microns with dense microstructures and high Vickers hardness can be formed. In a quest to reveal this, effects of MAO electrical parameters on phase, purity, thickness and hardness of oxide layers formed by MAO of CS-Al layers/Ti alloy were systematically studied recently to determine the optimal process to form at least 10–20 μm thick layer of pure α-alumina with high Vickers hardness [101,102].



Typically, micro-arc oxidation treatment of Al layer forms a phase and density gradient oxide layer in which outer porous region is composed of mainly γ-alumina and with increasing depth, a mixed α and γ-alumina denser regions are formed in which amount of γ-alumina decreases and that of α-alumina increases and an innermost dense regions containing pure α-alumina is formed as shown schematically in Figure 7a. Corresponding cross-sectional BSE image of oxide layer formed by MAO of CS-Al/Ti after treatment time of 60 min is shown in Figure 7b. Due to poor thermal conductivity, alumina absorbs heat input to undergo phase transition and as a result, innermost region absorbs maximum heat input to transform to pure α-alumina. Outer surface regions contains mainly γ-alumina and several pores and cracks due to entrapped Si-oxides. Outer surface in contact with electrolytic solution remains relatively cooler than inner regions and hence, does not absorb sufficient heat from discharges [117,118,119,120,121]. As a result, mainly γ-alumina is detected on the outer surface in MAO coatings, as shown in TF-XRD of outer regions of oxide layers in Figure 7c,d. Typically, thin oxide layers (30–40 μm thick) contain γ-alumina as the major phase, which may be due to lack of sufficient heat input to undergo phase transition from γ → α alumina. Thick oxide layers 90–100 μm or more, absorbs more heat input from intense discharges, which is sufficient to trigger γ → α alumina phase transition. Outer regions of oxide layer contains several large sized pores and cracks and contain a mixture of α and γ-alumina, which are undesirable due to inferior load bearing support for artificial hip joint application. Moreover, commercial alumina of femoral head is composed of α-alumina phase and has shown long-term in vivo stability. From application point of view, the outer regions of oxide layer need to be carefully abraded to reveal an underlying dense α-alumina as shown by TF-XRD of abraded oxide layer in Figure 7e. Subsequent microscopic observations revealed 30 μm α-alumina formed by MAO treatment of Al layer for 60 min [101].


Figure 7. Schematic view of section of designed alumina/Ti alloy model (a); corresponding BSE image of alumina layer on the Ti alloy (b); and TF-XRDs of CS-Al layer after MAO for 30 min (c); 60 min (d); and after polishing (e). Reproduced from [101] with permission from Elsevier.
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Close microscopic observations revealed several small micro-cracks formed within the 30 μm thick, pure α-alumina layer as shown in Figure 8a, which showed Vickers hardness of about 1700 HV; this value is closer to that of commercial alumina but still needs improvement. To increase the hardness of α-alumina, application of higher frequency in bipolar pulse mode is commonly known to increase thickness of oxide layer which could form a thicker α-alumina layer. These hypotheses were recently corroborated by revealing that thickness of α-alumina layer increased from 30 to 45 μm by increasing pulse frequency from 500 to 1000 Hz, both at a duty cycle of 40%. However, with increasing frequency from 500 to 1000 Hz, mean Vickers hardness decreased from 1658 to 1520 HV since the mean size of micro-cracks increased from 2 to 3 μm [102], as shown in Figure 8b.


Figure 8. SEM image of cross-section of alumina layer on the Ti alloy formed by MAO of CS-Al layer at pulse frequency of 500 Hz (a) and 1000 Hz (b) both at duty cycle of 40% for 60 min. Reproduced from [102] with permission from Elsevier.
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Another possible way to improve the Vickers hardness of α-alumina is to increase the duty cycle process parameter of MAO treatment. Increasing the duty cycle results in longer working time in a single pulse that imparts large discharge energy within a pulse that might improve sinterability of alumina. It was revealed that increasing duty cycle from 40% to 60% increased Vickers hardness of α-alumina layer from 1658 to 1900 HV, which was reported to be due to decrease in mean micro-crack size from 2 to 1 μm, while the amount or thickness of the layer remained the same [102]. Pure and dense α-alumina formed under optimal MAO parameters of pulse frequency 500 Hz, duty cycle 60% and treatment time of 60 min is typically shown in SEM cross-sectional image (Figure 9).


Figure 9. SEM image of cross-section of alumina layer on the Ti alloy formed by MAO of CS-Al layer at pulse frequency of 500 Hz and at duty cycle of 60% for 60 min. Reproduced from [102] with permission from [102].
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These findings clearly demarcated the key role of micro-cracks in the densification of the α-alumina layer. Micro-cracks are inherent micro-structural feature in MAO coatings and are difficult to eliminate due to thermal/residual stresses that are generated because of differential cooling rates within graded layer of alumina. To obtain pore or crack free α-alumina, post-laser surface treatments can be applied carefully using Nd-YAG laser.




8.3.4. Adhesion of α-Alumina Layer with the Ti Alloy


In order to realize the potential of ATH for wear resistance applications, the α-alumina layer should have good adhesion to the Ti alloy substrate, which could also ensure good reliability of the joint. Ideally, reaction layer of Al3Ti between CS-Al layer and the Ti alloy should not be oxidized by MAO treatment. Nevertheless, reaction layer was partially oxidized, which increased its thickness from 2 to 5 μm, as shown in BSE image, Figure 10. To evaluate the adhesion of α-alumina layer, Vickers indentations were made directly at the interfaces. No cracks within or around the impression of indentation were revealed in BSE image, Figure 10, which suggests good adhesion between the alumina layer and the Ti alloy. Grazing angle TF-XRD of the polished α-alumina layer revealed that the phase of reaction layer was changed from Al3Ti to Al2TiO5 [102]. Usually, thermal expansion coefficients of oxides are less than metals or intermetallics; hence, the formation of Al2TiO5 might improve the adhesion strength of the joint. However, the thickness of oxidized reaction layer is very critical; if reaction layer is too much oxidized to a thickness of 15–20 μm by increasing MAO treatment time, several cracks are formed at the interface, suggesting poor adhesion [102]. Further quantitative measure of adhesion strength is needed to evaluate its potential for artificial joint applications.


Figure 10. BSE image show sectional view of alumina layer-reaction layer-Ti alloy and impression of Vickers indentation at alumina-Ti interface. Reproduced from [102] with permission from Elsevier.
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8.3.5. Dense Alumina Layer on Ti Alloy by Cold Metal Transfer and MAO Methods


Evidently, reaction layer at the interface is needed to improve adhesion between alumina and the Ti alloy, which is generated by heat treatment of cold sprayed Al layer on the Ti alloy [100,101,102]. If a similar reaction layer at the interface can be formed during Al layer deposition itself, it could eliminate the additional heat treatment step, which could reduce the cost of manufacturing of alumina/Ti alloy hybrids. To explore this possibility, weld cladding method has been commonly used to deposit metal coatings on the substrates using gas metal arc welding (GMAW) or laser cladding. However, composition of deposited metal coating might significantly change due to mixing with the metal substrate during GMAW process, which inadvertently increases the thickness of intermetallics formed at the interface between the coating and the substrate in the case of Al/Fe; similar change might be expected in Al/Ti system, which is undesirable. The thickness of intermetallic reaction layer should be less than 5 μm, which otherwise can result in cracks within the reaction layer due to residual stresses within it.



A promising alternative is to use a low heat input Al deposition method that could result in minimal diffusion of the substrate material into the Al coating to form a thin intermetallic layer. In this regard, cold metal transfer (CMT) method has been shown to form 2–4 µm thick intermetallic layers in joints of Al and Zn-coated steels. CMT method was used for the first time to deposit about 3 mm thick Al layer on the Ti alloy after careful process optimization [103]. Cross-sectional analysis of deposited layer of Al by CMT method (CMT-Al) revealed 1–1.5 μm thick reaction layer in Figure 11a with gradient compositions indicated by gradual EDS element profiles of Al and Ti in Figure 11b, which suggests formation of AlTi type intermetallic compounds with Al3Ti as major intermetallic compound, as confirmed by TF-XRD measurements [103]. Optimized MAO process parameters applied to CMT-Al layer on the Ti alloy revealed almost dense α-alumina layer on the Ti alloy as shown in Figure 11c, while retaining the nascent gradient reaction layer at the interface as shown by EDS elemental line profies of Al and Ti in Figure 11d.


Figure 11. BSE image and line profile of cross-section of CMT-Al: Before MAO treatment (a,b); and after MAO treatment (c,d). Reproduced from [103] with permission from Cambridge Core.
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This kind of gradient reaction layer could offer better mechanical reliability to the joint between alumina and the Ti alloy by minimizing the residual stresses at their interfaces and avoiding steep changes in physical or mechanical properties from top ceramic layer to the Ti alloy substrate. This is the major issue that has restricted the use of alumina/Ti hybrid combination for applications in many other R&D fields over many decades. Close transmission electron microscopy (TEM) analysis of the structures of this gradient reaction layer is further needed, which could provide the guidelines for designing future generation ceramic-metal hybrid based prosthetic devices with high mechanical reliability.






9. Summary and Conclusions


Comparing to bulk alumina used for the femoral head, studies suggested that dense α-alumina layers with high Vickers hardness and better mechanical reliability can be successfully fabricated onto the Ti alloy using a combination of cold spray or cold metal transfer and micro-arc oxidation methods. A schematic of cross-section of designed alumina/Ti alloy hybrid is shown in Figure 12.


Figure 12. Schematic of cross-sectional view of a α-alumina layer on the Ti alloy with a gradient reaction layer at their interface. Reproduced from [103] with permission from Cambridge Core.
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This designed alumina/Ti alloy could be a potential candidate for future generation of artificial hip joint prostheses. These investigations also suggest that the combination of cold spray or cold metal transfer and micro-arc oxidation methods will be effective in forming an adherent layer of dense α-alumina and is expected to enable advances in the field of artificial hip joints. The designed ceramic/metal hybrid technology is novel in a broad sense since it can be suitably applied to other medical implants such as knee joint and as a dense ceramic coating on Ti metal for dental implants. Before considering these hybrids for commercial applications, it is necessary to evaluate the cytotoxicity, inflammatory responses, and chemical analyses of wear debris of alumina layer on the Ti alloy subjected to tribological testing as well as TEM analysis of the interfaces between the alumina layer-reaction layer-Ti alloy and corrosion testing of the reaction layer. The outcomes of these investigations will provide paths forward for the possibility of extending the research methodologies to develop a femoral head of dense α-alumina layer on the Ti alloy.
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