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Abstract

:

Developing biomaterials with appropriate physiochemical and mechanical properties as per the requirements set by biomedical applications remains a challenge. This challenge has pushed research in the direction of biomaterials development and the surface modification of existing materials that could be useful for biomedical applications. Keeping this demand in focus, this paper intends to conduct an in-depth review, which includes, first, the requirements of biomedical surfaces associated with the growth of cells on biomedical alloys, such as the bone formation, adhesion, increased wear resistance and biofilm formation; second, possible biomaterials candidates for such applications; and third, possible surface modification techniques. Both subtractive and additive methods of surface modification are discussed, along with their pros and cons. Hence, this study gives an excellent compendium of scientific works conducted on surface modification techniques and the development of biocompatible surface alloys, along with research trends.
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1. Introduction


When it comes to extreme environmental conditions where product may need to withstand a high-temperature, high-pressure and highly corrosive environmental situation, it is imperative to improve the mechanical, physical and biochemical properties of the deployed materials so that they can perform well under given conditions [1,2,3,4]. Therefore, from a product design perspective, manufactured product still may need to go through additional secondary techniques in order to enhance strength, biocompatibility and corrosion and wear resistance. This additional step is known as a surface modification technique, which has impacted certain industries immensely, such as biomedical industries, in particular dental and orthopedic applications where osteointegration is promoted with the help of surface modification by enhancing its biochemical and morphological compatibilities [5]. One of such techniques, called plasma treatment, is reported to alter surface adhesion, friction and wettability properties [6,7]. As it is reported in the literature, surface modification can be conducted with or without the addition of material. Some of the techniques that does not add materials are laser surface modification, laser surface texturing, spark erosion machining, shot penning and sand blasting. Other techniques that add materials are electro discharge coating [8], physical vapor deposition [9], chemical vapor deposition [10], electrodeposition [11] and thermal spraying.



In this review paper, surface requirements such as the bone formation, adhesion, increased wear resistance and biofilm formation for biomedical applications are described in Section 2. Section 3 focuses on possible biomaterials candidates and their alloying elements. Section 4 discusses surface modification techniques, along with their pros and cons. Finally, research challenges related to this biomaterial and their surface modification are highlighted.




2. Surface Requirements for Biomedical Applications


This section provides a description of the surface requirements for biomedical applications. This includes surface treatment difficulties, the implant failure mechanism, the bone-bonding process, the mechanical properties of bones and surface treatments.



2.1. Surface Treatment Problems


Because of the complexity of the human body, matching the appropriate properties of bone implants remains a big challenge. On one side, successful implantation depends on the properties of materials such as the ability to withstand different cyclic loads and having low density as well as an elastic modulus. On the other hand, it also depends on their surfaces, which must have high corrosion resistance, compatible topography and inertness in the body environment. Otherwise, a lack of any of these parameters may lead to implant failures. Inadequate surface parameters can also lead to failures due to debris generation, the release of metal ions and responses to foreign body [12]. For example, titanium and its alloys, so far, have been found to be one of the most biocompatible implant materials. Despite that, there are still several factors that should be considered when optimizing surface properties for biocompatibility [12,13]. First, the bioinert behavior of Ti alloys leads to less formation of fiber in the intersection areas, which, in turn, results in mechanical osseointegration [12,14,15]. Second, the oxide layer on the surface of Ti alloys suffers from a lack of full protection due to its inability to physically resist plastic shear. This results in an abrasive wear that prevents bone ingrowth, resulting in failure. Third, the effect of external forces and different fluids in the body environment on the surface layer can result in the dissolution of the oxide layer, resulting in the release of unwanted toxic materials [12,15]. These factors are caused by the properties of materials; however, proper surface treatment can compensate for these unwanted effects [12,15].




2.2. Implant Failures


The successful integration of an implant requires specific design and material selection for different applications. In order to prevent implant from failures, there are several areas that must be considered. They are good corrosion and wear resistance, high biocompatibility, appropriate mechanical properties and osseointegration [16].



The failure of implants can be caused from mechanical, biological, or electrochemical factors or a combination of these factors and therefore are classified into these four types, as shown in Figure 1. Failures caused by micromotions, fatigue, wear and overload are referred as mechanical failures. Biological failures arise from infection formation, enzymatic degradation, inflammation, calcification, etc. Electrochemical failures appear because of the variations of corrosion. Some failures, such as stress corrosion cracking, fretting corrosion and corrosion fatigue, are examples of combinations of failure classes. The biodegrading process in such cases plays a vital role. The implant may suffer because of a lack of structural integrity. It may also lead to periprosthetic bone loss, as in the example of osteolysis, which results from the formation of tiny polyethylene pieces caused by implant wear. In addition, released metals ion of implant can be also transferred by body fluids. When reaching various remote tissues, unpleasant biological reactions such as allergy, cytotoxicity and cancer can developed. An analysis of the implant failure reports of patients with orthopedic implants made of stainless steel and reveals the common failures originating from fatigue limit. Moreover, there are failures resulting from a combination of different failure classes, such as fatigue and corrosion [17].




2.3. Bone-Bonding Process


The bone formation process between bone and implant, which is also named osseointegration, plays a vital role in the successful integration of biomedical bone implants. It is still a challenge to achieve the proper bonding between implant and bone. Infections and implant loosening are the results of poor bonding. In addition, implants can affect the process by modifying its ability to provide biological cues, cells and growth factors, improving osseointegration [18].



The bone-bonding process consists of three main stages, which are the inflammatory response stage, the bone formation stage and the bone remodeling stage [19]. During the first stage, the fractured part of the bone is initially covered with blood, leading these tissues to first contact with the implant. Meanwhile, inflammatory cells migrate into the tissue, which surrounds the implant surface. During the contact, proteins are absorbed, and oxidation on the implant surface is undergone. Inflammations on implant surfaces are stimulated by immune and bone-healing reactions. Through continuous events on the contact zone, primarily the stability of implant is achieved. In the next stage, osteogenic cells are released onto the implant surface. These cells form the initial bone layer on the surface of implant, with a thickness of 0.5 µm, which is rich in phosphorus, calcium, bone sialoprotein and osteopontin. This layer is responsible for regulating adhesion and bonding with the implant surface. In the last stage, cavities with a depth of 100–500 µm are formed on the new bone thanks to the resorption of bone particles and the death of osteocytes. On the top of these cavities, new bone is formed by osteoclast cells. Because of the remodeled bone, implants generate secondary stability directly with the bone, obtaining stronger bone-to-implant adhesion [20,21]. Figure 2 shows the interaction between biomaterials and cells.



Titanium is so far one of the most preferred metal materials for orthopedic applications thanks to its inert behavior and high corrosion resistance. Compared with other metals, it has better direct bonding between the surface of implant and the bone. Its compatibility was revealed by observing the calcification, osteoblast activity, the formation of calcium phosphate in reproduced body fluid and the development of hard tissue on the implant surface of animals with implanted titanium. It was perceived that by implanting titanium in bone allows it to increase early contact between implant and bone, resulting in better bone-bonding strength. The surface morphology of an implant is also a vital factor because the compatibility of hard tissue depends on the adhesion and proliferation of its osteogenic cells.



Implant material must have good bonding with soft tissue, a lack of which may lead to bacterial invasion forming subsequent inflammation. This in turn results in the loosening of the implant, leading to implant failure. Titanium was also tested for its compatibility with blood cells. The formation of a thrombus in contact with titanium shows low compatibility. As a result, most titanium alloys are not used in places contacting with blood [22].




2.4. Mechanical Properties of Bone


Bone is a complex natural composite containing organic and inorganic components. The first group mainly consists of type-I collagen, although there is also type-III, type-IV collagens and fibrillin. The second type of components is hydroxyapatite. In combination of both components, bones form reinforced materials where organic materials provide the material with flexibility and inorganic materials provide strength. Under the dry conditions, about 95 wt.% of bones are type-I and hydroxyapatite [23].



The structure of a bone is hierarchical in that each level has different mechanical, chemical and biological performance levels. These levels are segregated as following: macroscale, microscale, submicroscale, nanoscale and subnanoscale. The general form of bone is represented at the macroscale level. The bone has two classifications, which are compact (cortical) bone and trabecular (cancellous) bone. Compact bone is located in diaphysis, forming a shell around trabecular bone [24]. By being almost solid, compact bone has only about 3–5% of space for blood vessels, cavities, osteocytes etc. Meanwhile, trabecular bone has large spaces that are filled with bone marrow. The porosity of trabecular bone varies in the range of 50–90% [23].



Mechanical properties of bone can vary significantly because of age, bone quality and the anatomical site. Because of that, it imposes a challenge in fully understanding the mechanics of bones. Properties of bone are important references that should be matched with implant material. In fact, one of the failures occurs because of the mechanical properties mismatch between bone and implant. Two of the vital mechanical characteristics of the biocompatibility of orthopedic implants are elastic modulus and strength. They are anisotropic. Cortical bone has more capacity for strength when loaded longitudinally, while it is weaker in radial and transverse directions. Moreover, it has better performance in compression compared with the one in tension. In addition, in two studies, the elastic modulus of cortical bone in the longitudinal direction was in the range of 14.0–21.8 GPa [23,25]. The values of tension and compression strength were in the ranges of 119.4–150.6 MPa and 187.7–222.3 MPa, respectively [24]. Meanwhile Poisson’s ration was between 0.24 and 0.56. Meanwhile, trabecular bone, during cyclic loading, exhibits time-dependent behavior and damage susceptibility. As well, its mechanical properties depend on the architectural disposition of each trabecula [23].




2.5. Surface Treatment Requirements


There are several aims that needs to be approached during the modification of implant surfaces. Table 1 gives an overview of the requirements.



2.5.1. Bone Formation


The ability of a surface to allow bone growth on the top of the implant surface is called osteointegration. Usually, this is also called a bone ingrowth, and it refers to bone formation in the porous surface of implants [26]. This factor plays a significant role in the successful integration of implants for long-term applications [21]. There are also desired surface characteristics of porous materials pertaining to treatment that provide the topology for good cell attachment, differentiation and proliferation. In addition, pore sizes should be appropriate to provide ingrowths capable of transferring metabolic waste and nutrients [23]. However, a high bone ingrowth rate is not always preferable. Some dental implant applications prefer to avoid bone formation on the surface of implants. The formation of an oxide layer on titanium-based alloys increases biocompatibility. It contributes to the higher bone formation. Eventually, the removal of an implant will require bone refracture [27].



The osteointegration of implants can be affected by different surface techniques and elements. By adding calcium and phosphorus on the oxide layer of titanium implants, the reaction with blood cells accelerates the osteointegration process [28]. Local blood cells such as osteoblasts and platelets react with the oxide layer of titanium implants, leading to the activation of platelets and the crosslinking of fibrins and providing osteogenic cells [38,39,40]. As a result, the process of the formation of structural and mechanical bonding between bone and implant surface occurs without fibroid connections, which is called osseointegration [38,40,41].




2.5.2. Adhesion with Soft Tissue


Second, the implant surface must have good adhesion to soft tissues. It forms a biological seal that protects the implant from bacterial infiltration. The absence of soft tissues can lead to the intrusion of different bacteria, which may result in inflammation such as implantitis [27,29]. In fact, when an implant is inserted into the body, a conditioning film is formed on its surface, consisting of proteins known as the extracellular matrix (ECM). Because of this film, bonding between the surface and host cells forms. However, this layer can also be colonized with bacteria [30]. The contact between bone and implant should be direct in order to form strong osteointegration, because an implant with a layer of soft tissue can cause an undesirable effect on bonding, leading to considerable loosening after several years [29].



Stainless steel and titanium alloys are of two main materials related to orthopedic applications. Among them, surfaces of stainless steel are more prone to forming infections [30].




2.5.3. Preventing the Formation of Biofilm


Third, the surface of implants needs to prevent the formation of biofilm. In the case of bacterial invasion, the surface of the material should still prevent the formation of multilayered biofilms, resulting in infections such as perimplantitis [27]. In fact, the formation of biofilms is one of the reasons for implant failures, contributing to the implant’s loosening or dislocation and poor vascularization [32]. The formation of biofilm is associated with the term “race for the surface” when a medical device is implanted into the human body, meaning that the host cells and bacteria are competing for surface adhesion. The first of them to colonize the surface prevents the colonizing of the second one [42]. The adhesion of bacteria ensues thanks to the physicochemical forces on the implant surface, which absorbs macromolecules and tiny organic compounds. This process is divided into Phase I and Phase II. In Phase I, the interaction between implant surface and bacteria is reversible and is formed during the first 1–2 h after implantation. Meanwhile, after 2–3 h, the surface forms strong adhesion with the bacterial cells thanks to specific and nonspecific reactions with the proteins of the bacteria. Once Phase II has settled down, it become hardly reversible [32,33].



The share of infected orthopedic implants is still relatively high. In the United States, by 2006, there were over annual 112,000 orthopedic implants infected by bacteria, which was 4.3% of the overall orthopedic implant number. There are several methods that researchers offer in order to reduce the bacterial adhesion leading to the formation of biofilms, which are based on two approaches: surface modification and surface coating. Antibacterial coatings such as antibodies, antibiotics, nitric oxide and silver ions have proven their efficacy by affecting the physiochemical properties of substrates, thus preventing the formation of bonding between bacteria and substrates [33]. In addition, surface modification is another approach to prevent the development of infections on implant surfaces. It implies the modification of the textural-, atomic- and molecular-scaled properties of an implant’s existing surface layer, in contrast to the surface coating technique, which creates an additional surface [34].




2.5.4. Increased Wear Resistance


Last, the surface modification of an implant should enhance its wear resistance [27]. Unsatisfactory wear properties of implant surface can result in several unwanted consequences from implantation. Implant loosening can occur because of the wear loss between bone and implant [36]. Wear mechanisms of these materials are divided into three groups: adhesive, abrasive and fatigue wear. Adhesive wear is the removal of surface particles by their adhesion to an adjacent surface caused from loading, which creates stronger bonding than that of the original surface. Abrasive wear occurs from rubbing between two surfaces with different hardness levels. Fatigue wear results from exceeding fatigue limit of its surfaces, releasing particles [37]. It is imperative to pay attention to the environment where wear occurs. The wear behavior of metals differs significantly in air and in body. In body-simulated fluid, the wear of materials is considerably less than that in air. Meanwhile, comparing abrasive wear and adhesive wear, the domination of adhesive wear over abrasive wear in body-simulated fluid was observed [36]. An excessive release of metal ions can have several influences on the human body, leading to accumulations in human organs, changes in metabolism, allergic effects, etc. [35].



There are several approaches to improve wear resistance; however, focusing on surface hardness is the most effective method [36]. Several techniques were investigated in the literature, specifically oxidizing [43], electroplating [44], nitriding [45], thermal spraying [46] and physical [47] and chemical vapor deposition [48].





2.6. Remarks


Surfaces of implants require special attention because they play a huge role in the successful implantation of orthopedic metallic devices. Although the material properties must have attained lower-value density, elastic modulus and higher values of hardness compared with current implant materials, surface properties are responsible for proper interactions with body tissues and fluids, preventing the formation of biofilms, and should have excellent corrosion and wear resistance. Otherwise, implant failures will ensue, which are divided into four groups: mechanical, biological, electrochemical and a combination of them. There are several surface treatment techniques that can enhance the biocompatibility of implants, decreasing the probability of implant failure. Four principal criteria for proper surface treatment are the ability to stimulate optimal bone formation, the proper adhesion of soft tissue, preventing the formation of biofilms and providing high wear resistance.





3. Materials for Biomedical Alloys


In this section, the different biomedical materials are reviewed, starting with their classification into metals, polymers, ceramics and composites. Section 3.2 focuses on metal alloys. The mechanical properties of metal alloys are also discussed.



3.1. Classification of Biomedical Materials


Biomedical materials have developed a wide range of applications in biomedicine. They are used in dental care, skin tissue engineering, cardiovascular devices, drug delivery and orthopedics. Because each of these applications requires customized material properties and good biocompatibility, there are several types of biomaterials, which can be categorized into four classes: metals, polymers, ceramics and composites [49]. Among them, the most common biomaterial class for implant applications is metals [50]. Figure 3 provides a short overview of biomedical materials.



3.1.1. Metals


Because of their excellent thermal and electrical conductivity as well as mechanical properties, biomaterials made from metals are widely implemented in biomedicine. Because electrons in metals are independent, thermal energy and electric charges can be transferred quickly. These free electrons provide a strong bonding force, holding positively charged metal ions together. Because of the fundamental nondirectional nature of metallic bonds, metal ions can be displaced without breaking the crystal structure. This allows solid material to plastically deform. In addition, some metals have good corrosion resistance. Because of these capabilities, several metals are applied in orthopedics, replacing hard tissues such as hips and knees or are used in fracture-healing purposes for bones, such as spinal fixation devices, dental implants and bone screws and plates [51].



The first attempt to implement metallic materials as medical implants was witnessed in the 19th century, when the Industrial Revolution resulted in an expansion of applications from the metal industry. They were used as implant materials in order to provide the fixation of fractured long bones. However, implants made from silver, gold or iron did not provide efficacious outcomes. In 1860s, Lister introduced the aseptic surgical technique, which allowed to implement metallic materials as medical implants. After that, metallic materials became major materials in orthopedics [16]. Furthermore, the application of metal alloys improved their outcomes thanks to enhanced mechanical and tribological properties, which led to better biocompatibility for implants. The first metallic implant for the human body was Sherman Vanadium steel; however it was found to be toxic in long run because of its rapid corrosion. Alternatively, in 1920s, 18Cr-8Ni (wt%) stainless steel was developed as an alloy with better corrosion resistance [15]. Later, by adding molybdenum, 316 stainless steel was obtained, providing improved corrosion resistance. Then, in the 1940, titanium and its alloys were studied as implant materials for orthopedic applications. The reason behind that was the successful implementation of these materials in aircraft applications thanks to their superior corrosion resistance in salty seawater. Meanwhile, in the 1950s, the amount of carbon in 316 stainless steel was decreased from 0.08 wt% to 0.03 wt% to obtain increased corrosion resistance as well as weldability. This introduced a new 316 L stainless steel grade [17]. By containing Cr, the formation of rust in the human body was prevented. In addition, the low carbon percentage in the compound increases resistance to corrosion, preventing the formation of chromium carbides [15]. However, the risk of stress corrosion can lead to unexpected cracking failures in the implant. Thus, this material is used only as a temporary implant in some cases. In comparison, CoCr alloys have higher corrosion resistance. This is thanks to the formation of the Cr2O3 oxide layer in the environment of the human body [12]. However, the toxic effects are caused by releasing Ni, Cr and Co, leading to several diseases [14]. As an alternative, Ti alloys have gained enormous demand thanks to several advantages in terms of mechanical properties (high specific strength), good corrosion resistance from the formed oxide layer and excellent biocompatibility [50,52]. The density of Ti alloy is the lowest among the three mentioned alternatives that are closer to bone. In terms of corrosion resistance, the unique behavior of Ti is the rapid formation of an oxide layer. It can be useful in cases where a layer is to be broken (pitting corrosion). The release of toxic elements is prevented from the immediate reformation of a new layer. Thus, Ti and its alloys were found to be better options for implant material in orthopedic applications [12].



Currently, there are a variety of metals that can be manufactured, but only a few of them can be applied as biomedical material, because of their biocompatibility requirements. According to the mentioned criteria, there are different types of metals, and their alloys have been used as implant materials for bone replacement [12,15,49]. Nowadays, biocompatible metallic materials are separated into four groups. They are cobalt-based alloys, stainless steel metals, titanium-based alloys and miscellaneous metals [16]. The first three groups are frequently used as biomedical materials [14,15,49,53].




3.1.2. Polymers


Biomedical polymers are one of the materials used in biomedical applications. Their unique flexibility in physical properties and chemical composition have serious potential in biomedicine. These materials mainly gained attention thanks to their ability to degrade in the human body after a certain time, after its function had been achieved. In addition, this type of biomaterial has advantages over metallic materials and ceramic in giving various shapes and its low cost [51]. The degradability allows for the removal of the materials without surgical revision. The application of polymers in biomedicine is relatively recent. Since the 1960s, these materials have gained many successes in applications. Despite that, numerous challenges have been faced in the transportation of these elements. They are mainly used in drug delivery and tissue engineering. However, because of the process of the degradation of polymers in the human body, the material properties have witnessed changes over time. These changed properties have the ability to affect the body in a different ways with respect to their initial responses, which lead to challenges that need further study [54].




3.1.3. Ceramic


Another material group that was developed to use in biomedicine is ceramic biomaterials. Initially, their application in medicine was limited because the materials are brittle and their tensile strength is low. However, in this century, these materials have developed an application for the replacement of body parts, especially bones. The combination of high compressive strength and inertness within the body environment favors implementing the material in dentistry [51]. Bioceramics found their place in biomedicine thanks to the studies of Larry Hench. Because metallic and polymeric implant materials were bioinert, by discovering materials that can generate bonding with bone, Professor Hench invented the first bioactive glass in 1969. He conducted experiments with degradable glass and found that a glass, currently termed 45S5, generated bonding with bone strong enough that in order to remove the implant, bone breaking was required [55]. After this invention, biomedicine found a new biomaterial group of bioactive ceramics materials, which include ceramic, glass and glass-ceramic materials [56]. Currently, one of the major applications of bioceramic materials in biomedicine is bone tissue engineering because of their ability to facilitate the growth of bone tissues at contact zones. Because of that, ceramics implant materials are produced, providing a three-dimensional (3D) porous environment called a scaffold. This allows for the transfer of body cells, providing cell interactions while preventing toxicity and degradation at a certain rate [57].




3.1.4. Composite


Biomaterials that consist of two or more phases or materials larger than molecular scales are called composite biomaterials. By combining different materials into composites, several characteristics of materials, such as elastic modulus, can be significantly changed compared with homogeneous materials. As examples of composite materials, bone, skin and wood can be classified as composite materials. In detail, bone consists of carbonated apatite and collagen, where the first item provides reinforcement and stiffness and the second provides toughness and flexibility [58]. Composite materials have vast potential in biomedical applications thanks to the possibility of obtaining strong, lightweight and stiff material. However, all components of a composite implant are required to be biocompatible, and the degradation of interfaces between components needs to be avoided. Currently, composite biomaterials are used mostly in dental and orthopedic applications [51].





3.2. Compositions of Metal Alloys


The materials implemented for biomedical implants are commonly used with the purpose of improving quality of life as a replacement for a part in the human body that was lost due to an injury or removed because of some disease. However, as was mentioned, implant material requires good biocompatibility and nontoxicity. There are several elements, so far, found to be highly biocompatible: Ti, Mo, Nb, Ta, Au, Zr, Sn and W. In contrast, there are some materials that are toxic in implant applications: Al, Cr, V, Ni, etc. [12,14]. Despite that, a good match between implant materials is achieved not only by choosing nontoxic materials but also by a combination of different elements that can increase the similarity of the mechanical properties of implants to the ones of the bone. The most important properties other than biocompatibility are low elastic modulus and high tensile strength [12,14,53]. In the case where the elastic modulus of an implant is high, the stress transfer on an adjacent bone will be prohibited, resulting in dead cells in the bone [12,32]. Meantime, the lifetime of implants depends on the corrosion and wear resistance of their material. Material debris generated from low wear resistance can be incompatible, leading to allergic reactions or toxicity [12,14,15,49]. In addition, antibacterial activity and osseointegration are vital aspects in forming bonding between implant and tissue, preventing infections. In order to successfully achieve tissue ingrowth, no local displacements between the surface of an implant and tissues are a prerequisite [12]. These conditions can be maintained by using a surface topology with roughness values between 1 µm and 1.5 µm, which is obtained from the surface treatment [59]. Therefore, the chemical composition of the implant material and its surface topology are vital factors that are responsible for the biocompatibility of the implant. Figure 4 provides the requirements for implant materials. Figure 5 provides the range of elastic modulus values for metallic materials.



Table 2 summarizes the advantages and disadvantages of metal implant materials.



3.2.1. Stainless Steel


Stainless steel is a type of metal alloy based on iron. It has high amount of chromium (11%–30 wt%) and a varying percentage of nickel. In recent years, AISI 316 L stainless steel grades have been the main grades used in biomedicine, among other types of stainless steel. It is composed of a high amount of chromium (16–18%) and nickel (10–14%) and a low amount of carbon (below 0.03%). Moreover, some additional elements are added, such as molybdenum (2–3%) and manganese (2%), as well as a tiny amount of sulfur, phosphorous, silicon and nitrogen [63]. This grade has good ductility, fatigue properties and work hardenability. In addition, the attractive side of the material is its low cost, production ease and availability. Despite its good biocompatibility, stainless steel alloys lack blood compatibility, bioactivity and osteoconductivity [62]. According to their chemical composition, these metals are divided into two groups: the chromium type and the chromium-nickel type. Furthermore, based on molecular microstructure, they are classified into four groups: martensite, austenite, ferrite and duplex (mix of ferrite and austenite). The first three groups are used in medical applications. Ferritic stainless steels are used in medical devices. Meanwhile, martensite stainless steels have appropriate hardness characteristics reaching 97 HRB, which makes them suitable to be used in surgical and dental instruments. Austenitic stainless steels find their applications in nonimplantable devices, which require high corrosion resistance and strength. In addition to that, most of the implant materials made from stainless steel are austenitic [16].




3.2.2. CoCr-Based Alloys


Alloys based on cobalt were initially used in aircraft applications. Throughout the past century, their applications were developed in biomedical applications. In fact, compared with stainless steel alloys, cobalt-based alloys offer better corrosion resistance, less wear and less fatigue. CoCrMo alloys are currently the most common materials used in implants for hard-tissue replacement with high loads. Because of their high fatigue resistance, these materials can be used in permanent applications, which can last for more than 20 years, showing their high long-term biocompatibility. Nevertheless, there are still several issue that needs further investigation. Cobalt-based alloys suffer several failures in terms of fretting, corrosion fatigue, wearing and stress-shielding effects, causing aseptic loosening and releasing of particles such as Co, Ni and Co ions, which leads to biological toxicity [16]. In addition, according to Figure 5, the high elastic modulus of these alloys is another disadvantage. Currently, wrought CoNiCrMo and cast CoCrMo alloys are the main cobalt-chromium type of alloys used in biomedical applications as replacements for knee joints and hip stems. The high ultimate tensile strength (655–1172 MPa [17]) and fatigue strength (up to 107 cycles [16]) of wrought alloys allows them to be used in implants for long-term applications [17], upwards of 20 years. Moreover, a small amount of Cu is added in order to obtain better antibacterial and mechanical performance [64].




3.2.3. Titanium and Titanium-Based Alloys


It was reported that the molecular structure of Ti and that of its alloys have a significant effect on biocompatibility. Its general molecular structure is hexagonal and close packed, which is called the α phase. However, it also can be transformed into a body-centered cubic molecular structure called the β phase. These phase transformations can be manipulated by alloying them with specific elements. These additives are called α (Al, O, C) and β (Mo, Nb, Ta) stabilizers. By manipulating the amount of the composition of both stabilizers, Ti alloys can be divided into three main groups: α- and near-α-type, α+β-type and β-type alloys [12,14,15,49].



α-and Near-α-Type Ti Alloys


The molecular structure of α-type Ti alloys is formed from α-phase stabilizers. Moreover, α-type titanium alloys that contain tiny amounts of β stabilizers (5 vol% or less) are called near-α titanium alloys. In general, these alloys are CP-Ti grades containing 0.18–0.40 wt% oxygen (O) and 0.20–0.50 wt% iron (Fe). These types of alloys are good for corrosion, creep resistance and weldability. For those reasons, the implementation of these materials is suitable for a high-temperature environment [12]. Despite that, the lower capacity of mechanical and the fatigue strength of these materials make them less desirable for bone replacement implants [12,14,15,49]. Because of that, these materials are implemented as bone implants with low loads applied [12].




α+β Type Ti Alloys


Compared with α-type Ti alloys, α+β-type Ti alloys contain both types of stabilizers, where β stabilizers are dominant in content. The main advantage of these materials is their high strength. In addition to that, these alloys can be optimized in mechanical properties through heat treatment. In detail, the chemistry, cooling rate and temperature of the heat treatment can lead to improvements in mechanical strength by up to 50%, maintaining elastic modulus at the same level. Ti-6Al-4V is currently the most widely applied implant material. Originally designed for aircraft applications, the attractive properties of corrosion resistance and performance levels for fatigue and strength allow its application in biomedicine. Furthermore, this material was further improved by decreasing the number of impurities, such as N, O, H and C. The toxic V was then replaced with Nb (Ti-6Al-7Nb) and Fe (Ti-5Al-2.5Fe), increasing wear resistance as well [12]. Despite the mentioned advantages, there is a possibility of the occurrence of several diseases from the existing Al in alloys [12,14,15,49]. In addition, the relatively high mechanical strength of α+β alloys leads to bone resorption as well as the loosening of the implant, and therefore, the first generation of implant materials required an alternative solution.




β-Type Ti Alloys


A recent and more suitable solution for previous types of materials is β-type Ti alloys. They completely consist of β stabilizers. As was mentioned, β stabilizers can be treated by different techniques so that different aspects of the material can be improved. Compared with α+β-type Ti alloys, β-type alloys have significantly lower elastic modulus (according to Figure 5, the elastic modulus of α+β-type and β-type Ti alloys can reach down to 89 GPa and 55 GPa, respectively). Having similar properties makes this material the more preferred option for biomedical implant applications [12]. Moreover, these types of materials have higher density because the content of these compositions include elements with relatively higher density, such as Ta, Mo, Zr and Nb [12,14,15,49]. However, the cost of these materials is relatively high, which increases the cost of these alloys.






3.3. Effects of Alloying Elements


Metals made from a single element, such as commercially pure titanium (CP Ti), have good biocompatibility. However, this is not enough to successfully implement these materials, because of the lack of desired mechanical and chemical properties. For that reason, this field requires better alternatives to the existing implant biomaterials. Adding alloying elements to metals offers the possibility to enhance mechanical and chemical properties and biocompatibility.



3.3.1. Titanium Alloying Elements


Titanium-based alloys have better biocompatibility than cobalt-based alloys and stainless steel thanks to their excellent corrosion resistance. Common titanium alloy Ti-6Al-4V has controversial effects, though [65]. The release of ions comes with allergic effects on the human body. Alloying elements such as niobium, tantalum and zirconium are considered safer alternatives to vanadium and aluminum. Titanium alloys with beta stabilizers have improved biocompatibility over the currently implemented options. There are wide variations of titanium alloys that are implemented and that are studied for biomedical applications. Consequently, some of the most used alloying elements are Al, Nb, V, Mo, Ta and Zr [49].



Titanium


Titanium has been used in biomedical applications thanks to its safe and inert behavior in the human body [49] and for its good corrosion resistance [66]. This element is nontoxic at any doses and does not have any biological role in the human body. Moreover, it can form good connections with host bone [16]. However, by using pure titanium in vivo, its inertness is affected, which leads to corrosion over time. Emitted ions of titanium are harmful insofar as they increase internal exposure. By studying the influence of implants on animals, it was observed that through successful implant integration, the amount of titanium in lungs was 2.2–3.8 times and in local lymph nodes was 7–9.4 times higher than the mean amount of the animal that was not surged. Some patients with dental implants developed a titanium allergy, leading to high risks [49].




Vanadium


Vanadium is an alloying element that is added to implant materials. On one hand, this element has an antidiabetic effect. On the other hand, it can reduce body weight gain and cause gastrointestinal discomfort [49]. Moreover, this element is very toxic for human cells when released into the human body [66]. In addition, there are studies that were conducted on animals where inhalation or oral exposure to this element negatively affected the neurological system, blood parameters, the respiratory system and other organs. There is a connection between Ti-6Al-4V implant failure and vanadium release. For that reason, implant materials containing this element are expected to be replaced by biomedical materials that are less harmful to the human body [16].




Aluminum


Aluminum is an element that is present in the human body for its specific needs. However, high amounts are toxic for humans. In some cases, it can lead to neurotoxicity and cause several diseases related to kidney, breast cancer and digestive disorders [16]. From observations on mice, their capacity of spatial memory was reduced and motor functioning quality were reduced after an injection of aluminum hydroxide [67]. Large local concentrations of aluminum in the body can lead to Alzheimer disease [49,66]. Moreover, it was observed that this element is linked with kidney disease and osteomalacia [49].




Zirconium


Zirconium is a beta-stabilizing element that has good biocompatibility [66]. It can strengthen the solution thanks to its relatively high atomic radius. In addition, its ability to stabilize the beta phase of alloy enhances recrystallization. By adding zirconium, tantalum, molybdenum, iron and niobium, elastic modulus can be decreased while the ultimate tensile strength can be increased [49].




Niobium


It was found that niobium has a toxic effect on the human body. A study estimated that niobium is capable of altering DNA and can cause the death of immune cells [16]. However, this element has good corrosion resistance and biocompatibility [66].




Tantalum


Because of their high resistance to heat and wear, refractory metals are good for applications that involve high wear. However, tantalum was found to be an advantageous element thanks to its flexibility, corrosion resistance and biocompatibility in biomedical applications [16,66]. Its corrosion resistance is capable of withstanding numerous acids and most solutions. In terms of biological aspects, it does not have any positive of negative effects on the human body. This material is used mainly as an alloying element in titanium alloys [16].





3.3.2. Stainless Steel


It was identified that stainless steel suffered several failures in orthopedic devices. By adding nitrogen and titanium alloying elements, the metal was modified for higher corrosion resistance and strength. In addition, annealed 316 L stainless steel was alloyed with 0.05–0.22 wt% of nitrogen. In combination with cold working, this resulted in an increased resistance to pitting corrosion [17]. Moreover, stainless steel needs to have a minimum of 11 wt% of chromium in order to prevent the formation of rust. Its good attraction with oxygen enchases the healing abilities of the material, restoring damaged oxide layers. Meanwhile, nickel results in increased stability in austenite iron. Because of oxide’s forming ability, it increases corrosion resistance. However, this element was stated to have toxic effects on the human body. Adding molybdenum results in an increased resistance against pitting corrosion, compensating for the corrosion caused from the formation of chromium carbide. Nitrogen can also be added to increase corrosion-resistance capacity, but it can also replace nickel in some 316 L alloys in order to enhance the mechanical strength of the material. The application of these materials was in total hip replacement [16].




3.3.3. Cobalt-Chromium (CoCr)


Alloys based on cobalt-chromium elements offer better corrosion resistance comparing to stainless steels thanks to the high concentration of chromium. This element additionally forms a layer of passive oxide and therefore increases wear resistance. As well, molybdenum and nickel not only increase corrosion resistance but also improve solid-solution strengthening. Nickel as well as carbon results in better castability. Tungsten improves solid-solution strengthening and results in better microstructure, resulting in a reduction in cavity shrinkage, holes caused by gas blow and the segregation of the grain boundary. Despite that, this element has a negative impact on corrosion resistance and fatigue strength [16]. Table 3 gives a brief overview of alloying elements.





3.4. Mechanical Properties


The mechanical properties of biomedical implants vary depending on their applications. As was mentioned, they are found to be the most important factor responsible for good biocompatibility. In detail, they offer tensile strength, elastic modulus, hardness, elongation, fatigue strength and corrosion resistance. Each of these parameters contributes a unique part to successful implant surgeries, while their inadequate values may lead to failures. The detailed information of each implant parameter is provided below.



Comparisons of different implant materials in terms of mechanical properties is provided below. First, the most vital criterion for the successful biomedical integration of implant materials in orthopedical applications is elastic modulus. The elastic modulus of 316 L stainless steel is equal to 193 GPa [68]. The elastic modulus of cobalt-based alloys varies between 240 GPa and 260 GPa [69]. Meanwhile, the value varies from 55 to 110 GPa for titanium alloys [70]. In fact, there is a wide variety of titanium alloys being studied for biomedical implant applications. Through time, the elastic modulus of titanium alloys was decreased significantly by focusing on beta-type alloys. The commonly used Ti6Al4V alloy has an elastic modulus of 110 GPa [16,60], while newly developed beta alloys such as Ti-35Nb-7Zr-5Ta and Ti-35.5Nb-7.3Zr-5.7Ta have elastic modulus values of 55 GPa [60] and 55–66 GPa [12], respectively. Nevertheless, these elastic modulus values are still high for appropriate bone replacement applications.



Regarding the ultimate tensile strength, high strength is required to withstand the high loads applied from daily routines. The appropriate strength of a material prevents an implant from fracturing. The value of 316 L stainless steel varies between 540 MPa and 1000 MPa. The ultimate tensile strength of CoCrMo-based alloys ranges from 900 MPa to 1540 MPa and that of titanium alloys is 900 MPa. Compared with the ultimate tensile strength of cortical bone, 130–150 MPa, these implant materials offer higher strength [16].



The fatigue behavior is another important aspect that is responsible for the lifetime of an implant. In fact, despite the uniform feature of metallic alloys, the quality of the implant surface plays a big role on fatigue performance. Because of the existence of cracks and pits, crack propagation can lead to mechanical failure. Compared with cobalt-based and titanium-based alloys, fewer data are available on the practical implementation of stainless steel because of the temporary application of stainless steel. Because of its low corrosion resistance, the fatigue strength of stainless steel alloys is considerably lower in body fluid environments. This causes the release of ions, which is harmful for the body, making it the least desirable option for long-term orthopedic applications. The fatigue strength of 316 L stainless steel usually varies between 200 MPa and 300 MPa when subjected into biological solutions. Meanwhile, the performance of fatigue properties of casted and forged 316 L stainless steel alloys is better. Commonly, fatigue failures are caused from pits, which lead to the initiation of crack propagation. However, austenitic stainless steel alloys with added nitrogen and molybdenum have better resistance to pitting corrosion, which increases resistance to fatigue corrosion. Meanwhile, cobalt-based alloys have better fatigue strength than casted and forged austenite stainless steel. In addition, their sensitivity to notches is lower than that of titanium alloys and of stainless steels. Moreover, forged cobalt-based alloys have higher fatigue strength than its casted alloys. The fatigue strength of forged alloys can exceed 500 MPa in air conditions. In contrast, the fatigue strength is decreased in simulated body fluid environments. Casted CoCrMo alloys have 100 MPa of fatigue strength, and wrought CoCrMo alloys have 200 MPa. Given these values, casted cobalt-based alloys are not a reliable material for long-term usage, whereas wrought CoCrMo alloys can be safe for approximately 20 years of usage because the operating tensile strength reaches up to 200 MPa of loads in legs and arms. Because of the variety of titanium alloys, the fatigue strength of these alloys varies. However, high corrosion resistance results in better fatigue performance compared with stainless steel and cobalt-based alloys in the highly corrosive environment of the human body. Despite that, β titanium alloys have fatigue strength values less than α-β alloys. As an example, the limits of the smooth fatigue of Ti-13Nb-13Zr (β phase) and Ti-6Al-4V (α-β phase) are 500 MPa at 107 cycles. However, the fatigue limit of α-β-phase titanium alloys such as aged Ti–15Mo–5Zr–3Al can reach 560–640 MPa. Given the approximate requirements of bone replacement in terms of fatigue strength, joint implants should withstand the compression and the bending strength of approximately 50 MPa and 200 MPa, respectively, for the total number of 107 cycles estimated for 20 years of use [16].



As well, the corrosion resistance of implant materials is an important parameter for successful implant integration [71]. High corrosion resistance prevents the formation of debris, and this formation can cause the release of toxic metal ions, leading to allergic reactions [12]. Among stainless steel, cobalt-based and titanium-based alloys, both cobalt-and titanium-based alloys have the advantage of high corrosion resistance. On the other hand, stainless steel alloys lack corrosion resistance [49]. The formation of an oxide layer is one of the key aspects of this good corrosion resistance. In that way, CoCr-based alloys form a passive oxide layer (Cr2O3) from the Cr alloying element in the material. Despite that, these alloys still emit toxic elements such as Ni, Cr and Co into the body. Similarly, titanium alloys form a TiO2 oxide layer, which results in excellent corrosion resistance. In addition, titanium alloys tend to rapidly form a new oxide layer in the human body environment when the old one is removed or damaged from wear or loadings. β titanium alloys also provide better corrosion resistance than α-β titanium alloys in implants [12]. Table 4 gives the list of biomaterials.




3.5. Remarks


There are four classes of biomedical materials: metals, polymers, ceramics and composites. The main applications of metals are in bone fixation and replacement. Currently, their compositions vary for the purpose of decreasing undesirable effects on the human body and the number of failed results because no ideal implant material exist. There are three main groups of biomedical alloys: stainless steel alloys, cobalt-based alloys and titanium-based alloys. Their alloying elements change the properties of materials in order to enhance biocompatibility, bone ingrowth, mechanical properties and corrosion/wear resistance, which are vital parameters in successful implant applications.





4. Surface Modification Techniques


4.1. Laser Surface Modification


Enhancing the surface properties of the biocompatible metals can foster the needs of biomedical applications, such as good corrosion resistance, high-tribological performance, and high-temperature performance. This surface-enhancing method would ideally preserve the original properties of the substrate and modify only the surface of the metal, by achieving lower friction coefficients and higher hardness properties than the bulk material. One type of such tools, which operates on the same principles, are lasers [81]. Lasers have found use in various material processes, such as welding, forming, machining and surface modifications. Even though the utilization of lasers in surface modification makes up a minor percentage of application in comparison with other material processing, this tool is finding its popularity among biomaterials, light alloys and tribological materials [82]. Table 5 provides the advantages associated with laser surface modification.



Laser surface modification can be classified into five main categories, which are based on the interactions between laser and material and on the microstructural and compositional effects on the specimen surface: laser surface melting (LSM), laser surface cladding (LSC), laser surface heating (LSH), laser surface alloying (LSA) and laser shock peening (LSP). Apart from the LSP and LSH methods, most of these methods implicate the utilization of filling material and/or melted substrates. In order to eliminate or minimize the risk of surface cracking, the substrate is preheated either with a supplementary heat source or a defocused laser beam in advance of using one of the abovementioned laser techniques [85,86].



4.1.1. Laser Surface Melting (LSM)


LSM can be used in the extensive list of industries as it has high precision and high depth/width ratios in fusion zones. This results in the reduction of material affected by a laser beam. It operates on the principle of applying an adequately high-power-density laser on the surface of the material. The high-energy beam’s absorption causes the substrate temperature to quickly increase in order to induce the local melting of the substrate. As heat is transferred from the surface into the material’s bulk, the front between the liquid and solid phase moves deeper into the bulk material. The surface temperature rises until the melting and evaporation temperature balance the surface energy deposition [87,88]. The changed zone develops a finer grain structure as a result of the quick subsequent resolidification of the laser-melted area. The melting and resolidification influence only the material’s surface thanks to the very brief contact period, having little to no impact on the material’s mass. In order to increase the contact wideness, the laser can be scanned across the surface to create overlapping parallel tracks, as shown in the Figure 6 [84].



With the usage of LSM, homogeneous, hard, and ultrafine structures are created on the surface without changing the chemical composition of specimen material [88,89]. As a result, improvements in the surface layer features of the bulk material, such as erosive, wear and corrosion resistances, can be found. Up to 42% reduction in the wear volume of laser melted AM50 Mg alloy surface, along with 15–25 HV improvement in micro hardness, was reported [90]. The laser-melted surface layer undergoes metallurgical modifications in the form of finer-grain refinement, supersaturated solid solutions and particle dispersion [91,92]. All these approaches have the potential to reinforce and harden the top layer. Alloys that cannot be successfully hardened by laser transformation hardening can be hardened by laser melting. In addition, this technique has the capability to repair the damaged surface, which may be difficult by conventional approaches [93]. Table 6 represents the outcomes of LSM treatment on biomedical alloys.
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Figure 6. Experimental setup of the LSM treatments [94]. 






Figure 6. Experimental setup of the LSM treatments [94].
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4.1.2. Laser Surface Cladding (LSC)


The underlying idea of laser cladding is the melting of the coating material and a small layer of the substrate using a scanning laser beam aimed at the surface to create the coating. The procedure entails laser melting of the substrate’s cladding without the base material’s being considerably affected. Without significantly altering the microstructure of the substrate, the quick solidification of the cladding material can lead to an increase in solid solubility and in grain refinement and the production of nonequilibrium phases in the clad layer [101,102]. The coating material, which can be in the form of powder, thermally sprayed coating, foil and wire, is predeposited on the substrate in two-step laser cladding and then melted with the laser beam to produce the coating. However, if powder is used for the cladding, it faces the challenge of keeping the powder on the surface during the process [103]. In most applications, preplacing the desired material on the bulk material is followed by LSM [86]. Figure 7 describes the laser-cladding steps. LSC has the ability to deposit multiple layers to form complex geometric shapes [104]. Cladding results in an insignificant dilution of base materials owing to the short laser-interaction duration and can therefore retain the strength of the original material [105]. The resulting coating thickness varies from 50 µm to 2 mm and gives protection against wear, corrosion and oxidation [101,106,107]. Table 7 represents the outcomes of LSC treatment on biomedical alloys.




4.1.3. Laser Surface Heat Treatment (LSH)


LSH operates mainly on the principle of modifying mechanical and physical characteristics by restrained heating and cooling with a laser beam. Temperature has to rise higher than the critical transformation temperature, but it should not exceed the melting temperature [113]. LSH is often used when there is no need for shape changing and there is a necessity in material strength increase. Moreover, this method enhances wear and corrosion resistances [114] and fatigue properties [115,116]. The power, diameter and scanning velocity of the laser beam, as well as the absorptivity and thermal characteristics of the base material, are the key processing parameters for LSH. This method is convenient for finite area applications and does not require external quenching [117]. Low laser power and scanning speed can enhance the hardenability with a deeper hardened layer. A hardened depth of 1.05 mm in the case of carbon steel was reported for a laser power of 600 W with a 5 mm beam diameter and a scan speed of 4 mm/s without melting [118]. This hardness value increases up to some distance from the surface (690 HV, for a laser power of 2 kW, speed of 8 mm/s and beam radius of 3 mm) and then decreases to match the bulk material’s hardness [119]. Some studies also reported on the microstructure changes due to LSH, which eventually enhanced machinability [120], while others reported on the enhanced tribological properties as well as the enhanced service life [121]. However, a brittle hardened layer may cause the deterioration of the bending properties of the treated materials [122]. Table 8 represents the outcomes of LSH treatment on different alloys. Table 8 represents the outcomes of LSH treatment on different alloys.




4.1.4. Laser Surface Alloying (LSA)


The laser surface alloying process is similar to LSC, with a difference in the thickness of the modified layer. If in LSC, mixing between the substrate and coating happens only on the interface of the bulk material or above, then in LSA, considerable mixing happens deeper to the specimen, forming the new alloyed surface layer. The formed layer has new phases and an alternate composition [127]. There are different approaches to depositing alloying elements on the substrate: direct injection during the laser treatment, depositing preplaced adhesive and nonadhesive coating [128]. One of the main parameters for the LSA is the temperature gradient, which affects the convective movement of the liquid transport in the melted pool. Moreover, shear stress also plays an important role in the allocation of the alloying particles on the bulk material surface [129]. The literature reported on the corrosion-resistance characteristics of nonferrous metals with alloyed surfaces, such as Ti-Pd systems. Adding a noble metal such as Pd to Ti can shift the mixed potential into the passive zone [130,131]. Therefore, Pd-alloyed Ti alloy has demonstrated a significantly reduced corrosion rate by using LSA [132]. In addition, a Ti-6Al-4V alloy laser surface alloyed with titanium nitride through gaseous nitrogen offers noticeable wear resistance against a two-body abrasive (1.7 times of original one) as well as dry sliding wear [133]. The wear-resistance properties of pure titanium can also be improved by using laser-borided, laser-borocarburized and laser-carburized surface alloying [134]. In addition, LSA with Si compared with LSA with Al and LSA with Si + Al demonstrated increased wear resistance thanks to the presence of the uniform distribution of Ti5Si3 [135]. On the other hand, Si and Si + Al LSA provided relatively higher resistance to cyclic oxidation than the Al LSA [136]. Similar results of improved sliding wear resistance of AISI 316 L stainless steel was reported using chromium carbide and titanium carbide [137]. Moreover, enhanced cavitation erosion (30 times higher than that of a received alloy) was reported for WC LSA of same materials thanks to the increased value of W in the solid solution as well as dendritic carbides precipitation [138]. Table 9 represents the outcomes of LSC treatment on different alloys.




4.1.5. Laser Shock Peening (LSP)


Laser shock peening is an effective surface treatment approach for hardening, roughening and cleaning the material’s surface layer. LSP operates on a principle in which high-energy laser is irradiated on the surface for a few nanoseconds, which results in the vaporization and further transition of the surface to the plasma stage. As the plasma expands, an intense shock wave penetrates into the metal [145]. Laser energy, pulse width, overlap rate and pulse wavelength are considered critical process parameters [146]. studies have reported on the maximum fatigue life of Ti–6Al–4V alloy when using three overlapped laser-spot LSP compared with sample as received as well as the sample with one or two overlapped laser spots. Single LSP and successive double LSP improved the fatigue strength by up to 22.2% and 41.7% as compared with initial Ti–6Al–4V alloy when applied with three overlapped laser spots [147]. This results in an improvement in the fatigue life, and the fatigue strength of the workpiece was reported for titanium alloys [148,149,150,151,152], magnesium alloys [153,154,155], carbon steel alloys [156,157,158,159] and other supermalls [160,161,162]. Moreover, this method can be considered as a promising method to enhance the corrosion and mechanical properties of the metal [163]. Table 10 represents the outcomes of LSC treatment on different alloys.



Apart from the automotive and aerospace industries, laser surface modification techniques found their use in biomedical applications. Table 11 represents some of the research on this theme.





4.2. Other Surface Modification Methodologies


The typical surface modification techniques for biomedical applications are grafting, nanostructures and surface structuring.



4.2.1. Grafting


One of the most recent and promising developments on the theme of surface modification is the biochemical method. It impels an antibacterial impact on titanium surfaces, which would foster the growth of biocompatible properties. The main drawback of this method is the limitation in long-term utilization, as absorbed substances may be released from the implant surface. On the other hand, this desorption can be resolved by introducing covalent binding. However, this method may decrease the bioactive potential of metal alloys [170]. Recent grafting methods were developed in order to solve these issues.



Covalent grafting is the technique that induces a strong link between the coating and the sample biomaterial. It can be conducted either directly to the surface or by using “anchor” molecules. The latter method minimizes the desorption and sustains the original characteristics of titanium alloy [171]. The most common molecules are listed in Table 12.




4.2.2. Nanostructures and Surface Structuring


The nanostructuring of the biocompatible alloy is a new branch of surface modification, which allows the creation of nanoscale surface patterns. Depending on the contact angle and their diameter, anodized nanostructures have shown their ability to bring about antibacterial properties in the material [183,184,185,186]. In addition, it was discovered that depending on their diameter, nanopores demonstrated less bacterial adhesion in comparison with nanotubes. On the other hand, one of the research papers presented in this review demonstrated that varying the diameter size of the nanotube and applying heat treatment would assist in the decrease of live bacteria. A combination of these parameters was recommended to be a good candidate for implant design and would enhance the tissue growth and biocompatibility of the alloy [185]. A Ti surface with surface roughness at the nanolevel was reported to decrease the bacterial cell adhesion and improve bone tissue growth [187].




4.2.3. Coatings


This study also focuses on another antibacterial approach to the titanium surface: the coating method. This type of application affects both the chemical and physical parameters of the material. The modifications were divided according to the physical and chemical types [32].



Physical Modification


Using bacteriostatic materials as a coating layer alters the top layer of titanium oxide (TiO2), changing its chemical and physical parameters. These materials allow conjoining with bacteria with no harm, therefore improving the compatibility of the implant by applying electrostatic force, which repels them without killing them. Mostly, titanium surfaces are covered with either hydrophobic materials or negatively charged polymers. Bacteriostatic materials are divided into two types: polysaccharide and polycations coatings and “smart” polymers. PolyNIPAMs are known as “smart” polymers. Depending on the temperature, these polymers can regulate the attachments of bacteria as well as detach them from the surface thanks to their phase transition. Meanwhile, polysaccharide and polycations coatings are associated with Arginylglycylaspartic acid (RGD) peptides [188,189,190]. A combination of hydraulic acid (HA) and chitosan has resulted in preventing the adhesion of bacteria to the material surface. Because of their charging capacity, biostatic ability is maintained, thus repelling the bacteria. However, the surface can be easily removed from external forces such as screwing the implant, making it not the most practical option [32].



Bactericidal materials have common aspects as bacteriostatic materials. However, their difference is being able to kill bacteria through several methods. The reason for this is the introduction of antibiotics between the layers of polymers. They come in different types, such as polymer coating [191], antimicrobial peptides [191,192], ion-implanted surfaces [193,194], photoactivatable bioactive Ti, nanomaterials [195,196], citric acid [197,198] and antiseptic and antibiotic coatings (antibiotics, silver and chlorhexidine) [199,200].



Physical modification includes a variety of modification methods. They were listed in Table 13.




Chemical Modification


Similar to the physical modification, the modification based on the chemical principle comes in different methods. It includes three types: nitride coatings, sol-gel and chemical vapor deposition (CVD). Table 14 shows the details of the process. Figure 8 shows the research conducted in the area of coating technologies.






4.3. Electrical Discharge Machining Modification


This section summarized the possibilities of EDM, micro-EDM, powder-mixed EDM and electrical discharge coating for surface modification purposes.



4.3.1. Electrical Discharge Machining


In comparison to traditional machining methods, electric discharge machining (EDM) permits the manufacturing of difficult-to-machine materials with high precision and while providing a superior surface finish. It operates in terms of applying sequential sparks between conductive workpiece material and electrode tools. The advantage of this method is in its noncontact approach, which does not cause mechanical deformation [210]. EDM has several variations, such as wire EDM, dry EDM, micro-EDM, powder-micro-EDM and die-sinking EDM. Although each principle is the same, the material removal rate and value of discharge energy differs by variation. The implementation of these machining techniques allows for conducting small- and large-scale machining, leading to high flexibility in manufacturing.



The EDM process is based on transferring electrical energy into thermal energy. It operates on the basis of the principle of a sequential series of electrical discharges that occurs between the electrode and the conductive workpiece in dielectric fluid. Each electrical spark occurs in the smallest gap between the electrode and the workpiece, induced by a high voltage, which is enough to overcome the dielectric breakdown strength. As a result, a crater forms on the workpiece surface. After the surface modification process, there is an altered metal zone (AMZ), which can be broken down into three layers: the spattered surface layer, recast layer and heat-affected zone (HAZ). The spattered surface layer features the formation of melted metal and electrode materials in the shape of the spatters and spheres on top of the surface [211]. Next, the surface that is melted but not removed from the workpiece forms the recast layer. The quick solidification results in changes in the material characteristics and the structure. Its hardness is increased, but the layer becomes very brittle, which increases the risks of crack formation, leading to implant failure. Thus, it is suggested to decrease the thickness or remove the layer in order to prevent failures, in some applications. Lastly, the surface layer that was heated without its melting is the heat-affected zone. The depth of this layer depends on the machining power of EDM and the heat transfer capacity of the material. This layer is responsible for the quality of the machined surface in terms of its integrity [212]. Figure 9 and Figure 10 show the process schematic and the surface layer created during this process. Table 15 gives some of the key findings.




4.3.2. Micro-EDM


Micro-EDM is one of the nonconventional machining techniques that was discovered as one of the most successful methods for the microcomponents processing industry. The noncontact approach of micro-EDM can be applied in machining brittle, ductile or very hardened materials with minimum force required between workpiece and electrode. Micro-EDM is capable of producing high-quality and high-precision machining when the right parameters are used. Because EDM is noncontact, it is feasible to machine with a long and relatively thin electrode. Although there are micromilling cutters on the market with a diameter of as little as 50 µm, their length is often three to five times that of their diameter and thus are not appropriate for machining particularly hard die materials, which can be machined only with EDM. Despite having a significant impact on the micromachining industry, micro-EDM has drawbacks, such as low MRR and high electrode wear. It is necessary to adjust for electrode wear either by switching out the electrode, by preparing an elongated electrode from the start or by constructing it onsite for the next machining procedures. Moreover, it is advised to keep the same electrode during milling because changing them might result in decreased precision from a new setup or fixing a misalignment of the electrode [218,219].



Micro-EDM operates on the same principles as conventional EDM, with the exception of reduced discharge energy, a decreased radius of the plasma channel, a lower volumetric material removal rate and a smaller size of the tool. One of the forthcoming ways for the localized coating of microscopic components is surface modification utilizing the micro-EDM technique. Only a small number of publications are available on the topic of coating of solid-lubricating materials. Mohanty et al. (2019) [220] studied the micro-EDM technique to make a firm and solid-lubricating coating on a surface of a Ti6Al4V workpiece. The dielectric medium was deionized water with added tungsten disulfide powder; the average size of the particle was 15 µm; and the tool was a brass rod with a diameter of 800 µm. The findings reported that numerous intermetallic compounds were formed on the changed surface. At the maximum powder level, of 12 g/L, it was discovered that the deposition rate of material was greater (0.049 mm3/min). According to a comparison with the inner material, the micro hardness has increased from 421.38 HV to 881.34 HV. For the parameter values of 70% duty factor, 60 V and 12 g/L, the highest recast layer of thickness, of 13.11 µm, was attained. A wear test was conducted, and it was demonstrated that the particular wear rate is lower than that of the base material. Currently, the method of adding powder material into dielectric fluid was considered as an updated micro-EDM technique in order to make the technology widely available for industrial applications. Mixing conductive powder into the dielectric fluid offers many advantages, including wider spark gaps, which results in lower discharge intensity and better surface quality [220]. Figure 11 presents the process schematic.



The main criteria for the machine to be able to operate at the microscale are extremely accurate machinery and a small material removal unit. A tiny unit removal criterion in the context of micro-EDM typically indicates that the discharge energy    W e    created in the sparking gap during one pulse must be as low as feasible, which can be achieved with the use of criteria relaxation capacitance type of power generator.


   W e  =   ∫  0  t e    u e   t   i e   t  d t  



(1)







Here, ub is voltage across the gap, ib is the currents, and t is the pulse-on duration.



Pulse duration may be significantly decreased by employing modest capacitance and physically lowering the inductance of the discharge circuit [222].



Kieswetter et al. and Buser et al. claimed that a material’s surface is strongly related to its microstructure and may affect the nearby cells of biomedical implants, and therefore, it will speed up the development of tissues or bones [223,224]. Micro-EDM was used by Jahan et al. to investigate the surface of biomedical alloys such as shape-memory alloy NiTi and high strength Ti-6Al-4V. The microstructure of the processed surface demonstrates how microhardness has changed the topography. Before machining and after machining, NiTi was reported to have a mean hardness of 420.9 HV and 524.4 HV. Similar to this, Ti-6Al-4V has a mean hardness of 429.5 HV before machining and 481.6 HV after machining [225]. Table 16 presents the relevant literature, which shows the effect of the micro-EDM on the surface of the biomaterial.




4.3.3. Powder-Mixed EDM


In the section, the powder-mixed EDM (PMEDM) technique is described, along with its process variables and its biomedical applications.



PMEDM Process


One innovative application of EDM technology is powder-mixed EDM, which enables the use of additive powder materials in the dielectric fluid. These metallic particles enable a reduction in the dielectric fluid’s insulating strength and help widen the interelectrode gap. This manipulation results in EDM performance improvement and in a better surface finish in comparison with conventional EDM. PMEDM operates on the principle in which the voltage usage helps to generate an electric field in between positive and negative charges of metallic powder materials. Then, energized particles gain acceleration and commence moving in a zigzag manner. This helps to increase the interelectrode gap and results in a superior surface finish [231]. Figure 12 illustrates the schematics of the PMEDM.



The discharge gap can be increased by adding powder particles to the dielectric because it depends mostly on the electrical and physical characteristics of the powder. Because of the powder particles’ appearance at high temperatures, it is possible to reduce the dielectric resistance and produce sparks that can travel a great distance [233,234]. Moreover, as powder particles get energized after the first spark, they tend to start moving hastily together with ions and electrons. This movement helps to produce more electric charges, as more and more electrons and ions get involved. This phenomenon helps to reduce the hydrostatic pressure along the plasma channel and aids in increasing the discharge gap. This expanded column of discharges helps to create larger shallow cavities on the workpiece, thereby increasing the material removal rate. Moreover, PMEDM helps to improve the surface finish by reducing the number and the size of microcracks. It was also stated that the utilization of the powder in the dielectric helps to enhance biocompatibility by improving the cell adhesion and cell proliferation properties [235].




PMEDM Process Variables


There are several powder-mixed EDM process variables that affect the performance of the machining. They are categorized into electrical, powder, nonelectrical and electrode-based parameters.



Peak current, discharge voltage, pulse-on and pulse-off times, duty cycle, polarity, electrode gap and gap voltage are examples of electrical parameters. It is feasible to experiment with the machining performance, including material removal rate, tool wear rate and surface roughness by tweaking these parameters [236].



Nonelectrical parameters also play important roles in machining performance. Dielectric flushing helps to maintain the machining accuracy as well as aids in eliminating debris from the workpiece. Other types of nonelectrical parameters are the workpiece and electrode rotation. The former leads to improved surface roughness and material removal rate, whereas the latter helps in interelectrode flushing. The last type of nonelectrical parameter is the dielectric fluid. It has three main functions. It can serve as an insulating medium, it aids in flushing the debris from the workpiece, and it operates as a medium, which takes away heat from the electrode tool.



The powder material is a parameter that helps to improve the machining performance as well. Table 17 represents a relevant short summary of each powder material type.



One of the most crucial components of the PMEDM is the electrode tool, as performance is often assessed using four primary output characteristics: final surface roughness, electrode wear rate, wear ratio and material removal rate (MRR). The material and tool shape have the highest number of impacts on the electrode’s performance [244].




PMEDM for Biomedical Use


Apart from the powder materials listed above, there is another powder, and it is considered as one of the most novel additives in the industry. Hydroxyapatite (HA) is known to be one of the toughest molecules. It can be utilized as a bone, as it has a similar crystal structure to that of the human skeleton. Moreover, HA has superior osseointegration and biocompatibility features to other powder additives. It has a less flammable effect and a lower chance of facing adverse chemical reactions. The major drawback of this additive is that it comes with unsuitable load-bearing conditions [245]. However, these can be solved by mixing it with other powder materials.



Many studies have been conducted on using HA as an additive material to the EDM [246,247]. Three main parameters that affect biocompatibility have been reported: contact angle, structure pattern and surface roughness. All these parameters also assist in the attachment of the biomolecules to the surface of the implant. Several experiments showed that HA has a positive impact on all three of these parameters [244]. Table 18 represents the relevant research conducted by using PMEDM on biomedical alloys





4.3.4. Electrical Discharge Coating


The electrical discharge coating process requires the electrode to be connected to the positive terminal and the workpiece to be connected to the negative terminal so that it can allow more material to be removed from the tool than the workpiece. That is how this process involves the material-additive process and how it differs from the usual EDM process, where surface enhancement, such as hardness and resistance to wear and corrosion, can be performed by depositing a high-performance coating [254,255].



Increasing the peak current increases electrode erosion thanks to the higher energy associated with the EDM pulse. A higher tool wear rate and surface roughness corresponds to a higher peak current. Therefore, increasing the peak current can result in increased material deposition on workpiece surface. The higher energy associated with the higher peak current can cause a rougher surface owing to more molten material separation from the workpiece surface and increased microhardness owing to the frequent heating-and-quenching cycle [256,257]. Janmanee and Muttamara [258] reported the generation of the optimum coating layer, of 20.32 %wt, on the tungsten carbide (WC) surface while using a peak current of 20 A, which covers microcracks with Ti layers, but beyond 20 A, the bonding abilities of the coating deteriorates. Table 19 and Table 20 present the range of values for the peak current for various materials.



Janmanee and Muttamara [258] suggested that 50% duty factor at 20 A can provide the optimum weight percentage of the deposition layer of Ti coating on tungsten workpiece surfaces. Das and Misra [259] observed increased surface roughness, layer thickness and microhardness with increasing duty factor, which indicates increasing pulse-on time. Contrary to this observation, Gill and Kumar [257] observed decreased microhardness on the coated surface thanks to less idling time to cool down and deposition on the surface with an increasing duty factor. Increased duty factors allow suspended particles and other compound to be flushed out. Tyagi et al. [260] also corroborate this observation, where a 90% duty factor generated an irregular surface with voids and pores owing to the arcing process’s occurring on the accumulated molten material as a result of less pulse-off time. A higher duty factor does not allow debris to escape from the machining zone and results in arcing and a potential deteriorated coated surface. When the duty factor reduced to 30%, it offered a less thick coated surface with densely populated small pores.



Das et al. [259] reported a significant enhancement of microhardness on aluminum material using the EDC process with a TiC–Cu green compact electrode. In their study, a 51.24 μm thick coating layer with a hardness of 1800 HV was successfully generated, which can be applied to various industrial applications without the need of additional equipment. A similar observation was reported by Gill et al. [262], where a Cu–Mn PM electrode facilitated the enhanced microhardness of 1191.7 HV(93.7% increment) thanks to the presence of a high concentration of manganese and carbon on the hot die steel workpiece surface. The presence of copper on the surface after the EDC also increases the corrosion-resistance property. Because of an improvement in both hardness and corrosion resistance, the EDC process can be applied to die mold manufacturing. Wang et al. observed an increased hardness value on carbon steel while using a P/M Ti electrode and lower current and lower pulse-on time. The expected service life of the die can be increased by three to seven times by using a P/M Ti electrode [263]. Gangadhar et al. [264] also reported improved wear resistance for mild steel thanks to the presence of WC, and its derivative as well as iron carbide originated from the P/M tool material. Tsai et al. [265] also reported improved corrosion resistance thanks to the Cr migration on the surface while using a Cu-Cr composite tool during EDC.



Samuel and Philip [266] reported increased sensitivity for a powder metallurgy fabricated electrode toward electrical parameters such a pulse current and pulse duration and net material addition to the workpiece surface. Mohri et al. [267] reported improved wear and corrosion resistance on carbon steel material for different electrode usages, such as WC and Al, thanks to the material migration from tool to workpiece and the formation of WC and Fe-Al. In addition, a green Ti electrode also enhanced the hardness of Al materials thanks to the formation of TiC. Tsunekawa et al. [268] reported enhanced surface hardness (3.5–10.5 GPa) thanks to the formation of a 100 μm coating consisting of TiC on aluminum material using a Ti-Al green electrode.



In order to reduce the environmental pollution problem associated with dielectric usage in EDC, dry EDC, which uses gases such as argon and oxygen as dielectric fluids, sparks new attention [269]. Chen and Wu [270] conducted dry EDC on an aluminum work surface with an electrode made of high/low-density TiN, and found the generation of pure TiN layers. Their study suggested a dense but fine granular coating surface morphology for low peak current, contrary to the high peak current that results in a porous appearance with high surface roughness. High density TiN electrodes are reported to be less vulnerable at higher discharge energy thanks to their lower wear rate. Figure 13 shows the process flow for dry EDC.



Chen et al. [272] observed the generation of a low performance coating layer, along with an unstable process owing to the self-propagating synthesis of a PM electrode made of Ti during higher-discharge-energy dry EDC. In order to achieve stable dry EDC, three sets of optimum process parameters under a nitrogen gas pressure of 5 kg cm−2 and a tool rotation of 100 rpm are proposed. The first set is composed of IP = 5 A, TON = 18 μs, duty factor = 15%; the second set is composed of IP = 5 A, TON = 25 μs, duty factor = 11%; and the third set is composed of IP = 5 A, TON = 25 μs, duty factor = 11%. With these optimum parameters, the uniform deposition of the TiN coating can be formed thanks to the reaction between N2 gas and Ti particles.



In another study, Chen and Wu [271] removed the oxygen from the chamber and inserted pure nitrogen gas into a closed chamber of die sinker EDM at a pressure of 5 kg cm−2, along with a tool rotation of 100 rpm. They reported a very low material removal rate and tool wear rate while using T-6 and T-8 sintered electrodes at anode and the generation of a pure TiN layer on the surface with good resistance to spalling. Discharge current and pulse duration are identified to be important factors influencing the coating morphology, and optimum process parameter proposed was 1 A < peak current < 30 A, 6 μs < pulse-on time < 72 μs, duty factor = 16%.



In another study, dry EDC with a Ti electrode was conducted on shape-memory alloys under a nitrogen gas environment, and the results suggested the generation of a recast layer containing TiN and CrN with better wear and corrosion-resistance properties [273].





4.4. Electrochemical Modification


In this section, the electrochemical modifications techniques that can be used for biomedical applications are discussed.



Electrochemical Polishing


Electrochemical polishing works on the principle of submerging the workpiece, which acts as an anode, into a bath of electrolyte kept at a constant temperature. It is linked to the positive side of the DC power supply, whereas the negative terminal is connected to the cathode. The attached power supply passes the current from the anode, where the oxidation and dissolution occur on the metal surface to the cathode. Threshold current conditions are necessary for the anodic disintegration process to occur. The peaks of surface roughness are dissolved as a result of the variations in current density between peaks and indentations because of the poor electric conductivity and high viscosity of the solution that produce the anodic layer, which promotes the sustainable conditions of the process [274].



Electrochemical polishing has the following effects on the metallic components: macropolishing, micropolishing and the formation of protective oxide layer on the surface of the metal [275].



The geometry of the surface is altered in the micrometric range during the electrochemical polishing procedure, smoothing out the surface. This causes a single-direction, highly organized reflection of the light rays in the region below 10 µm, giving the surface mirror-like characteristics. The surface is smoothed and lustered during the electropolishing process without the need for any mechanical tools, preventing the outer layer from suffering structural changes and showing the crystalline structure of the treated element’s inner core. Additionally, the procedure leads to the formation of the homogeneous, passive oxide layer on the entire surface. This modification protects it from corrosion and from leaving places that are difficult to access and presents to the element a sophisticated look [274]. Figure 14 illustrates the schematics of electrochemical polishing.



After World War II, electrochemical polishing was probably used for the first time in industries to treat different kinds of carbon and alloy steels. Stainless steels, for which mechanical polishing did not produce the same outcomes as electropolishing, produced the best technical and financial results [276].



For example, EP was used as a type of surface treatment in an effort to increase stainless steel’s surface biocompatibility. The elimination of microstructure abnormalities and nonmetallic inclusions caused by the beginning of the corrosion processes, especially localized corrosion, during the EP of 316 L-SS might improve the material’s biocompatibility and functionality/durability. During this experiment, a naturally grown surface passive oxide coating on the 316 L-SS surface is likewise removed by EP, and a new, supposedly more compact and chemically homogenous one is formed. This solid passive layer serves as a stopper for the surface release of harmful ions [277]. Table 21 shows the advantages and disadvantages of the process.



However, not all metallic materials can be polished to the same degree. Metals or alloys with a fine-grained, homogenous structure and no nonmetallic intrusions produce good electrochemical polishing results.



It is feasible to reach a high level of surface sanitation and sterility because electrochemically polished surfaces are simple to clean. This is a critical component for the pharmaceutical and food industry sectors because metal components that directly come into contact with food cannot contaminate the food or alter its flavor or color. Table 22 represents the effect of the electropolishing method on several biomedical alloys.



These benefits of electropolishing encourage the adoption of this process for implantable devices and surgical tools as well. Implants made of AISI 316 L steel, such as plates, screws and compressive-distractive apparatuses, are electropolished and chemically passivated at the “Mikromed” factory in Dabrowa Górnicza as a result of research on the electrochemical polishing technique. According to the PN-EN ISO 14630 standard, implants fabricated from AISI 316 L steel were characterized by an average roughness coefficient of Ra 0.16 µm and extremely high corrosion resistance following the electrochemical polishing procedure [274].





4.5. Hybrid Processes


Different hybrid process such as electrochemical jet machining (EJM) and other hybrid techniques are described and discussed in this section.



4.5.1. EJM


Electrochemical jet machining (EJM) is special type of ECM in which an electrolyte column is ejected via a nozzle that strikes a workpiece, resulting in localized anodic dissolution. EJM does not require expensive tooling, and complicated geometries may be realized without the use of masking, in contrast to more well-established ECM approaches. By achieving larger current densities through the well-defined electrolyte column, localized material removal rates can be improved. A variety of visible surface textures can be produced by changing EJM parameters. However, when combined with a prehardening process, this diversity of surface textures might be utilized to produce surfaces that are more mechanically resistant [287].




4.5.2. Other Hybrid Processes


In an attempt for the researchers to create functional but still-stochastic surfaces, material pretreatments have been looked at in an effort to change the surface topography and consequent roughness of an EJM-processed surface while preserving pretreatment-induced hardness [288]. As a result, a laser-assisted jet electrochemical machining (LA-JECM) hybrid process was developed, as shown in Figure 15.



LA-JECM is a hybrid process that operates on the principle of Faraday’s law of electrolysis, where the removal of material occurs as a result of the metal’s being electrochemically dissolved with the aid of a laser beam. An electrolytic jet is concentrically employed with a low-power laser beam. The material absorbs the laser’s electromagnetic field energy, which is then transformed into thermal energy via an electrochemical reaction. Here, the thermal energy from the laser beam accelerates the pace of the electrochemical processes, increasing the rate of material removal [289,290].



Before entering the jet cell, the laser beam is focused with the aid of a lens. Together with the laser beam, an electrolytic jet emerges from the nozzle and strikes the precise area that has been designated for machining. The pace of the electrochemical processes is accelerated when a laser impacts a material because of the absorption of laser energy, which raises the substance’s temperature and warms the nearby electrolyte. As the demand for activation energy decreases at high temperatures, the electrochemical processes begin more quickly. The rise in temperature in the machining zone also causes an increase in product response movements. The increased temperature causes the optimum diffusion of the reaction, which minimizes reaction byproduct in the space between electrodes, simultaneously lowers the electrode polarization potential and improves current density [291]. Table 23 shows the pros and cons of LA-JECM.



It is essential that the laser beam in LA-JECM be focused on the particular location that has to be machined. The optical effects of the laser light include scattering, refraction and reflection. These phenomena might induce laser beam deviations on the workpiece’s surface and make it difficult to consistently localize the necessary electrochemical process. In LA-JECM, the material is removed using a low-power laser beam. A low-power laser aids in the thermal activation of the workpiece’s surface layer by increasing the temperature, which in turn speeds up the electrochemical processes and improves the rate of material removal. Table 24 represents the research conducted by using LA-JECM on biomedical alloys.





4.6. Remarks


This section outlined the most commonly used modification techniques, with an emphasis on biological applications. The brief process definition and the classification for each modification technique were outlined. Even though the main criteria for choosing these approaches were biocompatibility, also green manufacturing, minimal bio toxicity and controllable processing without exceedingly rigorous testing settings throughout the modification process were matters of great interest. Although some of these methods are still in the laboratory stage, they are potentially capable of extending to the industrial level as well.





5. Research Challenges and Trends


Although the current research trends in biomedical engineering is to develop biomimetic biomaterials that could imitate natural bone characteristics with accelerating regenerative process, these kinds of biomaterials still lack compatibility in terms of desired mechanical properties as well as biocompatibility. Hence, modifying surfaces in order to further engineer the biological responses of these biomaterials without changing the bulk properties of the materials remains a promising approach for bone-implant industries. The research challenges and directions are described as follows:




	
Despite the large number of biomaterials that have been reported in the literature over the years, most of them did not prove satisfactory in terms of cytocompatibility. Although the literature reported various techniques to modify the surface for biomedical usages, these processes are still in the research phase and are limited in terms of their application in real life.



	
The research trend can be represented by using the Scopus online database. In Figure 16, the number of publications for the terms “titanium”, “stainless steel” and “cobalt” with “bone metal implant” are shown. In recent years, interest in biomedical titanium alloys has been growing. The main reason is the focus of the research on new titanium alloys with higher potential in orthopedic applications. Figure 17 shows the gradual focus on titanium alloys from stainless steel and cobalt alloys.



	
Moreover, one study shows that improvements in one area come with compromises in other material properties. Therefore, subsequent processes may need to apply in order to overcome the limitation that arises from one process.



	
Studies relevant to the modification of osteoinductive surfaces are scarce, and therefore, it remains a research challenge to develop surface modification techniques for osteoinductive surfaces without comprising mechanical strength [296].



	
Because of the diverse nature of surface modification techniques, it is almost impossible to choose a single process that can provide all the necessary service requirements. Because some processes can compromise the load-carrying capacity of biomaterials, the end application of implants needs of be taken into consideration [296].



	
Antibacterial surface coating has found its application in bone implantation and has gained significant research interest. Nanoparticles, such as used in silver-mixed EDM, can be useful in reducing aureus bacterial clusters, and therefore, cell attachment and proliferation characteristics for implant surfaces should be researched using EDC [297].



	
Because some of the processes inherently contribute to environmental issues thanks to the usage of a chemical or oil or dielectric fluid, future research needs to consider the environmental aspects of those processes. In addition, research efforts need to be directed to optimize the coating-process parameters so that defect-free coated surfaces can be fabricated in an ecofriendly manner.



	
It is also imperative to develop in a controlled fashion a process-control algorithm for generating surfaces with a certain topology and a certain surface finish [261].









6. Summary


The application of metallic implants in biomedicine remains a challenging process in terms of biocompatibility. There are no ultimate criteria to estimate surface requirements, because each approach has advantages and disadvantages. For instance, the osteointegration of implants is required to form excellent bonding between implant and bone. However, these bonds will be broken when the implant is removed. Moreover, the studies on implant failures are limited owing to the nonregular shape of the bone and complex loadings on implants when implanted. The main focus is on the mechanical properties on the longitudinal axis. The reasons for that are the vertical loads applied on the implants. Nevertheless, human lifestyles sometimes load implants in different directions. The focuses of most papers are limited in this aspect.



On one hand, implants that are made for bone-fixation purposes are made mainly of stainless steel thanks to the price and capacity for short-term applications. On the other hand, the long-term applications of bone-replacing implants result in the implementation of titanium-based alloys as implant materials. Nevertheless, the changes in the composition of implant material come as a tradeoff between certain parameters in order to obtain the most appropriate characteristics for each surgery. Meanwhile, by studying the recent research works on biocompatible materials for orthopedic applications, most attention is paid to the new generation of β-type titanium alloys. The drastic decrease of elastic modulus led to approaches involving mechanical properties that were closer to the bone, which resulted in better performance for biomedical implants. Despite that, these types of materials are still not perfect and require further investigation. In addition, the current research field is limited in research studies on the new implant materials. In fact, bone-replacing implants are expected to last for 20–25 years. Because of that long duration, the complete practical observations require a lot of time, and research insights are not available.
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Figure 1. Different forms of implant failures. 
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Figure 2. Interaction between biomaterials and cells. 
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Figure 3. Biomedical materials. 
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Figure 4. Important parameters of implants [60]. 
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Figure 5. Range of elastic modulus of metallic material groups [61]. 
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Figure 7. Laser surface–cladding steps [3]. 
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Figure 8. Research conducted in different areas of coating technologies since 2014, in Google Scholar database. 
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Figure 9. Basic principle of EDM. 
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Figure 10. Surface layers after EDM treatment. 
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Figure 11. Micro-EDM schematics [221]. 
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Figure 12. Schematics of the PMEDM process [232]. 
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Figure 13. The working principles of dry EDC [271,272,273]. 
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Figure 14. Schematics of electrochemical polishing. 
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Figure 15. Schematic diagram of laser-assisted jet electrochemical machining (LA-JECM) [289]. 
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Figure 16. Number of publications for each search term in the Scopus online database. 
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Figure 17. The share of the number of publications among three major metal classes in the Scopus online database. 
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Table 1. Surface treatment requirements.
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	Requirements
	Importance
	Failure Consequences
	Solution





	Bone formation
	Maintain bone ingrowth [26]

Long-term application [21]
	Excessive bone formation [27]
	Appropriate morphology [23]

Adding Ca and P [28]



	Adhesion with soft tissue
	Prevent bone loss [27]
	Implantitis [27]

Bone loss [27]

Implant loosening [29]
	Antibacterial coatings [30]

Modification of surface topography [30]



	Prevent biofilm formation
	Prevent infections [31]
	Implant dislocation [32]

Poor vascularization [32]

Implant infection [33]
	Surface modification [33]

Surface coating [34]



	Increase wear resistance
	Prevent allergy and toxicity [35]
	Implant loosening [36]

Release of particles [37]
	Increase of hardness [36]
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Table 2. Advantages and disadvantages of metal implant materials.
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	Metal
	Advantage
	Disadvantage





	Stainless steel
	Ductility [62]

Fatigue [62]

Work hardenability [62]

Cost [49,62]

Availability [49,62]

Acceptable biocompatibility [49]
	Blood compatibility [62]

Bioactivity [62]

Osteoconductivity [62]

High elastic modulus [49]

Allergic reactions [49]

Corrosion resistance [49]



	CoCr-based alloys
	Better corrosion resistance [16]

Better fatigue [16,49]

Better wear [16,49]

Long-term biocompatibility [16]
	Fretting and corrosion fatigue [16]

Wearing [16]

Stress-shielding effect [16]

Toxic [16,49]

High elastic modulus [17,49]

Expensive [49]



	Ti-based alloys (α phase)
	Corrosion and creep resistance [12,49]

Weldability [12]
	Mechanical and fatigue strength [12]



	Ti-based alloys (α+β phase)
	High strength [12]

Corrosion resistance [12,49]

Fatigue [12,49]
	Toxic [12]



	Ti-based alloys (β phase)
	Low elastic modulus [12,49]

High density [12]
	Expensive [12]
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Table 3. Advantages and disadvantages of different alloying elements.
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	Alloying Element
	Advantages
	Disadvantages





	Titanium
	Inert [49]

Good corrosion resistance [66]

Good connection with host bone [16]
	Corrosion in long-term when pure titanium [49]

Internal exposure [49]



	Vanadium
	Antidiabetic effects [49]
	Body weight gain reduction and gastrointestinal discomfort [49]

Effect on neurological system, blood parameters, respiratory system [16]

Strong cytotoxicity [66]



	Aluminum
	
	Neurotoxicity (in excessive amount) [16]

Alzheimer disease [66]

Kidney disease and osteomalacia [49]



	Zirconium
	Biocompatibility [66]

Strengthens alloys [49]

Stabilize betta phase alloys, increase recrystallization [49]

Decrease in elastic modulus [49]
	



	Niobium
	Good corrosion resistance [66]

Good biocompatibility [66]
	Toxic effect [16]

Alters DNA [16]

Death of immune cells [16]



	Tantalum
	Good biocompatibility [16]

Corrosion resistance [66]

Wear resistance [16]
	










[image: Table] 





Table 4. List of biomaterials.
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	Material
	Elastic Modulus (GPa)
	Tensile Strength (MPa)
	Fatigue (107 Cycles/MPa)
	Source





	Cortical bone
	14.0–21.8
	119.4–150.6
	
	[24,25]



	Ti-45Nb

cast
	24.5

64.3
	1030

522
	
	[52,72]

[72]



	Ti-41.1Nb-7.1Zr
	64–66
	463–517
	
	[73]



	Ti-36Nb-2Ta-3Zr-0.3O
	32
	835–1180
	
	[12]



	Ti-35.5Nb-7.3Zr-5.7Ta
	55–66

55–66
	600–650

827
	
	[16]

[12]



	Ti-35.3Nb-7.1Zr-5.1Ta
	61–65
	540–560
	
	[73]



	Ti-35Nb-7Zr-5Ta
	55
	596
	
	[60]



	Ti-35Nb-5Ta-7Zr-0.4O
	66
	1010
	
	[60]



	Ti-35Nb-4Sn
	42–55
	500
	
	[52,74]



	Ti-35Nb-2Ta-3Zr
	48
	500–800
	
	[52,75,76]



	Ti-29Nb-13Ta-7.1Zr
	55
	
	
	[60]



	Ti-29Nb-13Ta-6Sn
	74
	
	
	[60]



	Ti-29Nb-13Ta-4.6Zr aged
	80
	911
	
	[12]



	Ti-29Nb-13Ta-4.6Zr
	65
	911
	
	[60]



	Ti-29Nb-13Ta-4.6Sn
	66
	
	
	[60]



	Ti-29Nb-13Ta-4.5Zr
	65
	
	
	[60]



	Ti-29Nb-13Ta-4Mo
	74
	
	
	[60]



	Ti-29Nb-13Ta-2Sn
	62
	
	
	[60]



	Ti-28Nb-13Zr-0.5Fe
	58
	
	
	[52,77]



	Ti-24Nb-4Zr-8Sn (hot rolled)

(Hot forged)
	46

55
	830

755
	
	[12]

[12]



	Ti-24Nb-0.5O
	54
	810
	
	[12]



	Ti-24Nb-0.5N
	43
	665
	
	[12]



	Ti-23Nb-0.7Ta-2Zr-1.2O
	60
	880
	
	[12]



	Ti-23Nb-0.7Ta-2Zr
	55
	400
	
	[12]



	Ti-16Nb-13Ta-4Mo
	91
	
	
	[60]



	Ti-16Nb-10Hf
	81

81
	850

851
	
	[16]

[12]



	Ti-15Mo-5Zr-3Al (ST) aged

(ST)
	80

80
	1060–1100

852
	
	[12,60]

[12]



	Ti-15Mo-5Zr-3Al
	82

75–88
	

880–980
	

560–640
	[60]

[16]



	Ti-15Mo-2.8Nb-0.2Si-0.26O (21SRx)

(annealed)
	83

83
	980–1000

979–999
	
	[16]

[12]



	Ti-15Mo

(annealed)
	78

78
	800

874
	
	[16]

[12]



	Ti-13Nb-13Zr



(aged)
	77–84

79–84

79–84
	973–1037

970–1040

973–1037
	

500
	[60]

[16]

[12]



	Ti-12Mo-6Zr-2Fe (annealed)
	74–85
	1060–1100
	490
	[12,16,60]



	Ti-12Mo-5Ta
	74
	490–1000
	
	[52,78]



	Ti-12Mo-3Nb
	105
	
	
	[52]



	Ti-12Cr
	65
	760
	
	[12]



	Ti-10Fe-10Ta-4Zr
	-
	1092
	
	[12]



	Ti-9Mn
	94
	1048
	
	[12]



	Ti-7.5Mo
	55
	
	
	[52,79]



	Ti-6Al-7Nb
	110

105
	900–1050

860
	

500–600
	[60]

[12,16]



	Ti-6Al-4V



(annealed)

ELI (mill annealed)
	110–112

110

110–114

101–110
	860–965

930

895–930

860–965
	

500/330/610
	[60]

[16]

[12]

[61]



	Ti-6Mn-4Mo
	1105
	89
	
	[12]



	Ti-5Al-1.5B
	110
	
	
	[60]



	Ti-5Al-2.5Fe
	110

110
	1020

900
	580
	[60]

[12,16,49]



	Ti-3Al-2.5V
	100
	690
	
	[12,16]



	Ti-(10-80)Nb
	65–93
	900–1030
	
	[16]



	Ti-(70-80)Ta
	80–100
	600–650
	
	[16]



	Ti-Ta
	67–69
	510–690
	
	[80]



	Ti-Ta-Nb/Nb/Sn
	40–100
	700–1000
	
	[16]



	Ti-Zr-Nb-Ta
	46–58
	650–1000
	
	[16]



	TNZT
	
	
	265
	[16]



	TNZT-0.4O
	
	
	450
	[16]



	CP Ti
	100
	240–550
	430
	[12,49,60]



	CP Ta
	200
	
	
	[60]



	AISI 316L
	210
	
	
	[60]



	CoCr (Cast)
	240
	
	
	[60]



	CoCrMo alloys (Cast)

(Wrought)
	240
	900–1540
	200–300

400–500
	[16]



	316L Stainless steel
	200
	540–1000
	300
	[16]



	Ti alloys
	105–125
	900
	
	[16]



	Mg alloys
	40–45
	100–250
	
	[16]



	NiTi
	30–50
	1355
	
	[16,60]
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Table 5. The main advantages of using laser surface modification [83,84,85].
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	Advantages
	Disadvantages





	
	
Simple, efficient and economically preferable



	
Strong metallurgical bond is formed between substrate and laser-fabricated layer



	
Obtained final surface has satisfactory chemical purity and excludes the need of quenching and of using a chemical medium



	
Insignificant heat-affected zone, which enables keeping the substrate properties unchanged



	
Process can be automated and is relatively easy to control



	
Almost no machining is required after



	
Process is environmentally friendly





	
	
Limited beam size reduces the efficiency of the large surface treatment. However, this issue could be solved by applying diode lasers together with rectangular spots



	
Laser has weaker absorptivity when operating with metal



	
Problems when operating with complexly shaped metal parts
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Table 6. LSM treatment on biomedical alloys.
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	Authors
	Alloy
	Outcomes





	Singh and Dahotre [95]
	AISI 316 L

stainless steel
	
	
Slight increase in surface hardness (from 131 HV to 143–171 HV)



	
Passivation current density was reduced from 8 µA/cm2 to 2.8 µA/cm2



	
Increase in the pitting potential with the increase of the beam power








	Akgün et al. [96]
	AISI 304 L

stainless steel
	
	
Increase in the corrosion potential



	
Insignificant effect of after-annealing treatment



	
Increase in the pitting potential by 145 mV








	Sun et al. [97]
	CP titanium (ASTM grade 2)
	
	
The microstructure transitioned from equiaxed-α-phase grains to acicular α′ martensite



	
Surface hardness increased from 170 HV to 280 HV








	Braga et al. [98]
	Pure Ti
	
	
Formation of a variety of rough surface textures as well as a severely oxidized surface



	
The oxidation state of metallic Ti was increased as the laser fluence was increased



	
The morphology and composition of the laser-treated surfaces favored osseointegration








	Hao et al. [99,100]
	Ti-6Al-4V
	
	
The wettability properties of Ti-6Al-4V increased



	
Increase in roughness, surface oxygen content



	
Cell response was better than that in untreated samples
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Table 7. LSC treatment on biomedical alloys.
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	Authors
	Alloy
	Outcomes





	Weerasinghe et al. [108]
	AISI 316 L stainless steel
	
	
Pitting corrosion and stress corrosion resistance were favorable to the bulk specimen



	
However, it has a reduced resistance to generalized corrosion in boiling acid solutions








	Li et al. [109]
	UNS S31254 austenitic stainless
	
	
The distribution of alloying additives was uniform throughout the depth of the clad layer



	
Corrosion resistance was not altered








	Dinda et al. [110]
	Ti-6Al-4V
	
	
The tensile strength and yield strength of the weld material exceeded the values needed by ASTM No. F136-79 for biomedical applications



	
The ductility was significantly below acceptable limits








	Molian and Hualun [111]
	Ti-6Al-4V
	
	
Demonstrates exceptional wear resistance



	
Hardness of maximum 1600 HV was observed








	Meng et al. [112]
	Ti-6Al-4V
	
	
Fine coating without cracks



	
Average microhardness varied from 800 HV to 1000 HV, which is two times that of a bulk material
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Table 8. LSH treatment on metallic alloys.
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	Authors
	Alloy
	Outcomes





	Lakhkar et al. [123]
	AISI 4140 steel
	
	
The hardness variation may be regulated by adjusting the degree to which the beam tracks are overlapped



	
LSH samples had a threefold improvement in wear resistance








	E. Vuorinen al. [124]
	Silicon and chromium alloyed steel
	
	
LSH on Si-alloyed steel samples showed better wear-resistance properties than Cr-alloyed steels








	Tianmin et al. [125]
	2Cr13 stainless steel
	
	
Demonstrated improved impact behavior on the surface of the alloy in comparison with bulk material



	
Size of the wear cracks decreased; surface hardness increased








	Xiu-bo et al. [126]
	Gray cast iron
	
	
Increase in surface hardness from 200 HV to 700 HV



	
Favorable wear-resistance properties
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Table 9. LSA treatment on biocompatible alloys.
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	Authors
	Alloy
	Alloying Element
	Outcomes





	McCafferty and Moore [139]
	304 stainless steel
	Molybdenum (Mo)
	Passivation current density decreased; chromium content was increased



	Anjos et al. [140]
	Carbon steel
	Molybdenum (Mo)
	Worse homogeneous quality of coating and worse corrosion resistance than LSC treatment



	Akgün et al. [96]
	304 L austenitic stainless steel
	Molybdenum (Mo)

and tantalum (Ta)
	Enhancement in pitting corrosion resistance

Reduction in sample’s weight, as a result of specimen’s immersion in FeCl3∙6H2O solution



	Kwok et al. [141,142]
	UNS S31603 stainless steel
	C, Co, Cr, Mn, Mo, Ni and Si
	Enhancement in corrosion resistance, but it depends on the concentration of the additive material



	Weerasinghe et al. [143]
	CP titanium and Ti-5.5AI3.5Snr3Zr
	Nitrogen and nitrogen–argon mixtures
	Favorable corrosion resistance, but rough and brittle surface



	Nwobu et al. [144]
	CP Ti
	Ar–N2 gas mixtures
	Highest surface hardness values at 50–100 vol% N2 atmospheres; nonhomogeneous coating along the surface
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Table 10. LSP treatment on biocompatible alloys.
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	Authors
	Alloy
	Outcomes





	Zhang R. et al. [164]
	NiTi alloy
	
	
Reduced the rate of Ni ion release



	
Favorable cell adhesion properties








	Sealy M. P. et al. [153]
	MgCa alloy
	
	
Enhancement in fatigue properties



	
Reduction in surface pileups








	Ge, Mao-Zhong and

Xiang, Jian-Yun [155]
	AZ31B Mg alloy
	
	
Enhancement in fatigue life



	
Decrease in crack propagation speed








	Zhang R. et al. [154]
	AZ31B Mg alloy
	
	
Growth in yield, hardness and fatigue strength



	
Enhancement in wear resistance



	
Favorable cell adhesion properties
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Table 11. In vivo/in vitro experiments conducted with laser surface modification techniques for biomedical purposes.
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	Authors
	Method Used
	In Vivo/In Vitro
	Material Used
	Outcomes





	Rotaru et al. [165]
	Selective laser melting (SLM)
	In vivo
	Ti6Al7Nb
	This method does not produce any adverse reactions and can be considered as biologically tolerated over the course of 3 months

The addition of the hydroxyapatite powder showed better results in terms of improving the osteoconductive properties



	Souza et al. [166]
	Laser beam (LS) combined with sodium silicate deposition (SS).
	In vivo
	Titanium alloys
	Surface results for these methods were compared with the commercially available titanium implant (MS) and with the surface modified by dual acid-etching method (AS). Topographic performance was done on 60 implants before and after the surgery; these implants were embedded to 30 rabbits, and in vivo tests were conducted at 30, 60, and 90 days after the operation; the results have shown that the LS and SS methods procure higher osseointegration degrees and present better bone-implant interaction



	Chikarakara et al. [167]
	CO2 LSM in an argon gas atmosphere
	In vitro
	Ti6Al7Nb
	Compared with the nonprocessed alloy, laser-fabricated Ti-6Al-4V alloy surfaces dramatically improved cellular growth, adhesion, and viability

Samples with an average roughness value in the range from 1.39 to 2.73 µm were created, as opposed to the nonlaser-treated samples’ roughness of 0.56 µm



	Guan et al. [168]
	Laser beam
	In vitro
	Mg-6Gd-0.6Ca
	After laser beam treatment, mostly α Mg emerged as the new solidification microstructure. Moreover, the corrosion rate decreased drastically in comparison with the untreated surface; the number of galvanic couples have also reduced noticeably; lastly, laser surface modification demonstrated better biocompatibility in terms of improving adhesion property and showing good proliferation capacity



	Paital et al. [169]
	Laser induced melting
	In vitro
	Ti–6Al–4V
	Laser surface modification showed better biocompatibility, by enhanced cytoskeleton organization and the presence of biocompatible phases on the surface
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Table 12. List of anchor molecules.
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	Silane Anchor
	Catechol Anchor
	Phosphor-Based Anchor





	
	
Method of surface modification, which enables covalently attaching peptide molecules with the hydroxyl groups on the surface of bioactive material



	
This method requires the utilization of crosslinking agents to obtain the necessary chemical reactivity



	
It has shown its ability to endure industrial sterilization and to sustain good biocompatibility [172]



	
Good for antibacterial purpose [172,173]



	
Supports osseointegration in vitro and in vivo [174]





	
	
Method of surface modification, which grafts polymers with catechol groups to the titanium surface, where catechol molecules are used as anchors for chemical bonding [175]



	
It was noticed that the molecular weight of polymers plays a crucial role: as the polymer gets bigger, the antibacterial property of the biomaterial is enhanced [172,176,177]



	
Carboxymethyl chitosan offers greater antibacterial properties than hyaluronic acid [178]





	
	
Method of surface modification, where utilization of phosphates as crosslinker agents would help to link to oxide surfaces of titanium alloys



	
Moreover, this method helps to tune the surface properties to those desired



	
Phosphonate linkers are more stable than other agents and can be used in aqueous environments [172]



	
It decreases bacterial adhesion [179,180,181] and prevents biofilm formation on implants [182]
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Table 13. List of physical modification techniques.
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	Plasma spray technology
	
	
This method sprays the molten or semimolten material at high speed on the surface of the workpiece forming a surface coating



	
This allows the surface of pure titanium to be covered with more biocompatible and antibacterial materials



	
The following review mentions that silver nanoparticles as well as hydroxyapatite coatings offered noticeable bioactivity, biocompatibility and no-toxicity in several research works [201,202]








	Plasma immersion ion implantation and deposition (PIII and D)
	
	
It is a widely popular coating method thanks to its enhancement of antibacterial properties on Ti surfaces; by applying electrical discharge in vacuum chambers, ion-oxide film is produced



	
The integration of a coating and the titanium surface is enhanced, as is bonding between tissue and coating; as an example of such antibacterial efficiency, the presence of F-ion extremely decreased the growth of bacteria such as A. actinomycetemcomitans and P. gingivalis



	
In addition, the duration of the coating was remarkably underlined by the author, having this effect last for more than a week [203]








	Physical vapor deposition
	
	
It is a coating strategy that vaporizes solid metal under high vacuum conditions and deposits it on the surface of electrically conductive material



	
This method can be performed on some of the organic and all the inorganic materials; it is famous for its environmental friendliness and satisfactory corrosion resistance



	
The major drawback is the inability to operate with complex shapes [204,205]








	Graphene and its derivatives
	
	
Graphene is a novel method of coating, which was first isolated in 2004; it has a hexagonal network between atoms



	
The main advantages of this method are great optical, electronic and mechanical properties; during the coating, it has the drawback of transferring onto the substrate



	
This issue may be solved by combining the classical wet technique transfer with chemical vapor deposition, which would stabilize the graphene coating [206]
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Table 14. Chemical modification processes.
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	Chemical Vapor Deposition (CVD)
	Sol-Gel
	Nitride (N) Coating





	
	-

	
It is applied by the principle of heating the surface of the material to initiate chemical reaction with a gaseous reactant




	-

	
This allows for the controlled formation of the coating in terms of purity as well as surface parameters




	-

	
By applying C3N4 on the TiO2 surface, the antibacterial performance was noticeable against E. coli under visible light




	-

	
This approach was limited because the process required UV light to activate [207]






	
	-

	
A sol-gel is a synthesis that is focused on obtaining mineral phases from the polymerization of tiny molecular precursors Forming a colloidal solution (sol) is achieved from monomer conversion




	-

	
By the end of the process, a gel is formed, offering excellent coating control, which allows for creating different architectures




	-

	
This method allows the implementation of different compositions in the mixture, which can include antibiotics




	-

	
Not all of them offer good biocompatibility; despite that, there are several ways to obtain a good balance between biocompatibility and antibacterial properties, such as by using Ag/HA composite on a Ti surface [208]






	
	-

	
Applying nitride (N) coating on a Titanium (Ti) surface leads to the formation of TiN layer, which is well known for its chemical stability and capacity for high temperature as well as corrosion




	-

	
The layer is found to be highly inert, and it has low friction




	-

	
These parameters cause little interaction between tissue and implant, enhancing its antibacterial characteristics




	-

	
Many researchers observe different results on this material, thus making the application of Ni coating controversial [209]
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Table 15. Key findings of research on the theme of EDM.
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	Authors
	Key Findings





	Tanjilul et al. [213]
	
	
The novel debris removal method assisted with simultaneous flushing and vacuum for deep-hole EDM drilling allows for improved debris removal



	
The designed configuration resulted in a reduction in drilling time and an improvement in surface roughness








	Abu et al. [214]
	
	
This publication provides a thorough assessment of the research done on titanium and titanium alloys utilizing various electro discharge machining methods



	
Summarizes practical and theoretical EDM investigations targeted at MRR (material removal rate), surface roughness, tool wear and other factors








	Kumar et al. [215]
	
	
Various ways have been proposed, including the application of a cryogenic-cooled electrode, supplying a magnetic field to the sparking zone from the outside and imparting rotation to the tools



	
Maximum MRR of 47 mg/min and a minimum SR of 1.487 µm were obtained, which are 44% and 51% greater than the standard EDM technique








	Muthuramalingam and Mohan [216]
	
	
This work looks at getting a better understanding of the EDM process; the authors consider various process parameters for modeling and the impact of them, namely pulse width and shape and input electrical variables; moreover, the influence of discharge energy on performance measures, such as MRR, surface roughness and electrode wear rate, were discussed



	
The authors also look at how to regulate electrical process parameters, as well as empirical correlations between process parameters and process parameter optimization in the EDM process








	Chakraborty et al. [217]
	
	
Literature work on the usage of dielectric fluids and their implications on the features of electrical discharge machining



	
When a high-pulse energy range was employed, the experiment of machining in distilled water showed a greater MRR and significantly less wear compared with machining in kerosene



	
The machining precision was bad with pure water, but the surface finish was improved; for die sinking, hydrocarbon oils are preferable, whereas when a high-pulse energy range is applied, machining in distilled water produced a greater MRR and less wear than when using hydrocarbon oils



	
Microeffectiveness EDMs can be improved by using dielectric fluids with lower viscosities



	
Hydrocarbon lubricants have less of an effect on machining cycle time than low-viscosity dielectric oils do
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Table 16. Micro-EDM surface modification results.
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	Authors
	Sample Materials
	Outcomes





	Jahan et al. [225]
	NiTi shape-memory alloy (SMA)
	
	
Mean hardness value increased from 420.9 HV to 524.4 HV








	Kiran et al. [226]
	Ti6Al4V
	
	
Decrease in the thickness of recast layer



	
Microhardness values obtained were between 286.81 HV and 495.9 HV



	
The average surface roughness value of the samples decreased with the addition of the powder materials to the dielectric








	Wang et al. [227]
	Ti6Al4V
	
	
An increase in the size of the electrode leads to growth in the surface roughness values



	
Usage of the deionized water as a dielectric instead of the EDM oil results in the surface roughness decrease, because of the lower viscosity



	
The number of surface defects, such as microvoids and microcracks, is decreased with a reduction in discharge energy








	Shah and Saha [228]
	Ti-6Al-7Nb
	
	
The implementation of idle time significantly lowered the pulse frequency



	
MRR was lowered in conjunction with the machining length



	
Low surface roughness values were observed








	Murali and Yeo [229]
	Ti6Al4V
	
	
A significant decrease in surface roughness of 20–40% was obtained



	
The modest feature size was obtained








	Davis et al. [230]
	Ti6Al4V
	
	
Reductions in the machining time, thickness of recast layer (26.44 µm) and surface topography (Ra = 743.65 nm) values were observed, which is suitable for dental applications
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Table 17. Summary for different powder materials.
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	Powder Material
	Key Findings





	Aluminum (Al)
	Final shape improvement, TWR reduction, mirror surface finish [237]



	Silicon Carbide (SiC)
	Surface roughness, TWR and MRR increase [238]



	Chromium (Cr)
	Machining efficiency improvement, electrode WR reduction



	Silicon (Si)
	Surface roughness reduction [239,240]



	Titanium (Ti)
	Increase in surface hardness, less microcracks observed [241]



	Tungsten (W)
	Increase in surface microhardness, part life increase



	Boron Carbide (B4C)
	Machining efficiency and MRR improvement [242]



	Graphite (Gr/C)
	Electrical conductivity increase, TWR reduction and MRR improvement [243]



	Molybdenum (Mo)
	Increase in tensile strength and conductivity



	Alumina (Al2O3)
	Improvement in topography and surface finish



	Carbon nanotubes (CNTs)
	Surface roughness, surface-crack size and recast layer thickness reduction
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Table 18. PMEDM for surface modifications.
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	Authors
	Powder
	Biomedical Alloy
	Key Findings





	Lamichhane et al. [248]
	Hydroxyapatite (HA)
	316 L stainless steel
	
	
An increase in current parameter results in the improvement of the surface texture



	
SEM results have shown that the addition of the HA powder decreased the number of the voids, cracks, and craters



	
XRD analysis showed the development of various intermetallic compounds on the surface of the 316 L SS








	Sharma et al. [249]
	Mg and Zr
	Mg-4Zn alloy
	
	
In a comparison between Zr and Mg powder, the former one exhibited better MRR results, as well as showed lower surface roughness values



	
The corrosion rate for the Mg-4Zn with the Zr powder was 40.74% less in comparison with an unpolished surface








	Prakash et al. [250]
	Hydroxyapatite (HA)
	Mg-Zn-Mn alloy
	
	
Porous layer of Mg-Zn, CaMg, Mn-P, Ca-Mn-O and Mn-CaO was formed on the surface



	
Microhardness was increased from 134 HV to 234 HV



	
Degradation rate was lowered by 90.85%








	Bains et al. [251]
	Hydroxyapatite (HA)
	Ti–6Al–4V
	
	
Wear rate was reduced by 82%








	Abdul-Rani et al. [252]
	Ti-6Al-7Nb
	
	
	
Improvement in surface topography



	
Slight improvement in corrosion resistance








	Biswal et al. [253]
	SiC powder
	Ti-6Al-7Nb
	
	
MRR increase from 0.225 to 0.923 mm3/min



	
TWR reduction from 0.451 to 0.097 mm3/min



	
Surface roughness reduction from 4.51 to 3.51 µm















[image: Table] 





Table 19. Range of voltage, current, pulse-on and -off times and duty factor for various materials in EDC by PMEDM method [261].
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	Workpiece Material
	Discharge Voltage (V)
	Peak Current (A)
	Pulse-On Time (µs)
	Pulse-Off Time (µs)
	Duty Factor (%)





	Alloy
	20–60
	0.1–51
	5–80 (ßTi)

64–200 (Ti–6Al–4V)

5–100 (Al)

50–150 (Ti-Ta)
	4–128
	25–83



	Steel
	40–100
	1–14
	6.4–150 (AISI)

25–400 (tool)
	85–265
	50–67



	Composite
	
	4–25
	10–50 (MMC)
	15–45
	20–80



	Pure metal
	25–35
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Table 20. Range of voltage, current, pulse-on and pulse-off times and duty factor for various materials in EDC by powder metallurgical electrode method [261].
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	Workpiece Material
	Discharge Voltage (V)
	Peak Current (A)
	Pulse-On Time (µs)
	Pulse-Off Time (µs)
	Duty Factor (%)





	Alloy
	40–270
	2–25
	4–1010 (Al)
	4–260
	50–84



	Steel
	20–135
	1–19
	2–64 (Stainless)

20–30 (Die)

20–135 (AISI)
	20–392
	30–90



	Composite
	
	4–10
	50–250 (WC-Co)
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Table 21. Advantages and disadvantages of electrochemical polishing.
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	Advantages
	Disadvantages





	
	
Offering an aesthetic look



	
Creating a passive oxide layer using the elements chromium oxide Cr2O3, nickel oxide NiO, molybdenum oxide Mo2O3 and iron oxide Fe2O3 achieving high anticorrosion qualities [278]



	
Making it simpler to wash and clean materials that have undergone electrochemical polishing [279]



	
Removing the surface layer’s micro stresses brought on by processing and re-establishing the native material’s consistent microhardness [280]



	
The potential to polish areas and flaws that are not reachable by mechanical polishing





	
	
High power consumption



	
Low processing productivity [281]



	
High cost of recycling waste



	
Expensive electrolyte, which requires special disposal techniques



	
Difficulty in choosing suitable electrolyte composition [282]
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Table 22. Electropolishing method on several biomedical alloys.
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	Authors
	Alloy
	Outcomes





	Haidopoulos et al. [283]
	316 stainless steel
	
	
Smoothening the specimens with complex shape



	
No alteration to the microstructure of the material








	Lober et al. [284]
	316 stainless steel
	
	
Average surface roughness parameter reduced from 15.03 µm to 0.21 µm








	Lyczkowska-Widlak et al. [285]
	316 stainless steel
	
	
Utilization of electrochemical polishing assisted with the sanding treatment resulted in the increase of the average surface microhardness up to 21.82% in comparison with the unpolished specimen








	Tam et al. [280]
	Grade 2 ASTM 348–83 titanium
	
	
Surface roughness of 0.08 µm was achieved without surface defects








	Shahryari et al. [286]
	316 LVM stainless steel
	
	
Substantial increase in pitting resistance
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Table 23. Advantages and disadvantages of LA-JECM [292,293].
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	Advantages
	Disadvantages





	
	
Allows machining of difficult-to-conduct materials



	
Enhancement on the quality of the surface



	
Electric field scattering can be reduced by removing the material from the undesirable location during this procedure



	
Improvement in machining accuracy



	
Dissolution of the material can be concentrated on the surface





	
	
The laser beam must essentially be kept coaxially with an electrolyte jet and in a single place on the workpiece. This is clearly challenging because of the hydrodynamic behavior of the jet and gas development at the cathode



	
Boiling of electrolytes and electrical discharge



	
Gas evolution can also cause a jet to be disrupted, making the electrolyte flow more turbulent and causing the laser-jet point to move
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Table 24. LA-JECM method on several biomedical alloys.






Table 24. LA-JECM method on several biomedical alloys.










	Authors
	Alloy
	Outcomes





	Malik et al. [294]
	
	
Ti-6Al-4V





	
	
Noticeable increase in the MRR was achieved








	Pajak et al. [293]
	
	
Hastelloy



	
Titanium



	
Aluminum



	
Stainless steel





	
	
MRR increased by 20%, 25%, 54% and 33%, respectively



	
Taper reduction estimated to be 38%, 40%, 65% and 41%, respectively








	Zhang et al. [295]
	
	
321S20 stainless steel





	
	
There is no spattering or recasting around the perimeter of the hole



	
MRR was less than laser beam–machining (LBM) method
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