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Abstract

During the last two decades, numerous surface treatments have been developed to improve
the biocompatibility of different types of prosthesis and other medical implants. Some of
these devices are subject to demanding loading and friction conditions (e.g., hip, knee, and
spine prosthesis). However, for other implants, there are more specific requirements as it
happens for coronary stents or pacemaker electrodes. The materials used for the manufac-
ture of the aforementioned devices are subjected to very high restrictions in terms of bio-
compatibility, in particular on chemical composition, corrosion resistance, or ion release.
As a consequence, most of prosthesis and other implants are made of a limited number of
materials such as titanium alloys, stainless steels, cobalt-chromium alloys, UHMWPE, or
PEEK. Unfortunately, from a strict point of view, none of these materials meet all the require-
ments that would be desirable in terms of durability and prevention of infections and inflam-
matory processes. Coatings and other surface treatments have been developed to solve these
problems and to improve biocompatibility. In this chapter, we present an updated review
of the most used surface engineering technologies for biomaterials, like novel PVD coatings,
ion implantation, and other plasma spray treatments, as well as a critical review of the char-
acterization techniques. This study is completed with an insight into the future of the field.

Keywords: surface engineering, biomaterials, biocompatibility, plasma spraying, PVD
coatings, ion implantation

1. Introduction

Since the first prosthetics were placed in patients in 1890, the evolution of materials and
superficial treatments has been in continuous evolution [1]. Currently, prostheses are used
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in different areas of the body ranging from scaffolds, coronary stents, and heart valves to
hip and knee prostheses [2-5]. Although there are characteristics common to all the different
prostheses such as resistance to corrosion and biocompatibility (they should not “harm” the
patient), the requirements of each of them are in many cases very different [6]. A replacement
plate of a cranial bone or a hip prosthesis inserted into the femur should have a good capacity
for osseointegration. However, a coronary stent should prevent cell growth in its internal
part [7]. This differentiation occurs not only between different prostheses but also between
different zones in the same prosthesis. This determines that different materials are used not
only for different prostheses but also in different areas of the same prosthesis; for instance, hip
prostheses have a basal titanium alloy, with a femoral head of CoCr or ceramic that rotates on
a high-density polyethylene cup.

Although the development of materials and treatments has allowed the durability and per-
formance of these devices to be very high, there are still several problems associated with the
prosthesis [8]. The most known are premature wear and dislocation in hip and knee prosthe-
ses, infection and rejection in dental prostheses, restenosis and heavy metal release in coro-
nary stents, among others. In this way, infections are frequent complications in hospitals with
dramatic consequences. It has been estimated that 80% of the infections in hospitals involve
bacterial biofilms that have up to 1000 times higher resistance to antimicrobials than bacteria
in the planktonic form [9, 10].

In this context, advanced surface treatments are playing an essential role in improving
performance and increasing the life of prostheses. The treatments of thermal projection of
hydroxyapatite (HA) are an extended solution to increase the capacity of growth of the cells
of the bone on alloys of titanium and stainless steels. Physical vapor deposition (PVD) treat-
ments, both ceramic and diamond like carbon (DLC), are an effective tool for increasing wear
resistance. Ionic implantation is a method used to decrease the migration of heavy ions to
the body, and laser texturing is being effectively used to obtain antimicrobial surfaces in an
effective strategy to interrupt infections. This work includes a review of the state of the art
and industrial implementation of some of the most used surface treatment techniques for the
improvement of the different types of prostheses, paying special attention to the most used
solutions and the future possibilities of advanced surface treatment techniques.

2. Plasma-sprayed hydroxyapatite coating

One of the ongoing research fields in the scientific community is the design of novel materials
which can stimulate the bone regenerative process because the bone regeneration is a con-
stant and continuous process in our lives, although the resultant regeneration speed shows
a decreased tendency as a function of the age [11]. In addition, several studies indicate that
every year over 2 million people worldwide require bone grafting surgery in order to repair
large bone defects which are a very common problem in orthopedic surgery, being the main
alternatives to repair these defects the use of autologous bone grafts, allografts, or biocompat-
ible synthetic materials [12, 13].
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Bones as well as other calcified tissues are considered as natural anisotropic composites con-
sisting of biominerals embedded in a protein matrix, other organic materials, and water [14].
More specifically, the biomineral phase can be one or more types of calcium phosphates (CP)
salts which vary in the resultant chemical formula and solubility value, respectively. Among
all the known CP salts, hydroxyapatite (HA) stands out because it is the main calcium phos-
phate phase constituent of bones, comprising around 70% in comparison with water (10%)
and organic phase (collagen) which constitutes the remaining part (around 20%), providing
elastic resistance [15]. Due to this, multiple works can be found in the bibliography related to
a wide variety of chemical methods (dry, wet, or high-temperature processes) for the fabrica-
tion of synthetic HA for biomedical applications (bone scaffold, bone filler, implant coating,
or drug delivery systems) [14, 16, 17]. It has been demonstrated that synthetic HA shows a
wide number of advantages such as an excellent biocompatibility, bioactivity, noninflamma-
tory, affinity to biopolymers, and high-osteoconductive as well as osteointegrative properties
without causing any systemic toxicity, rejection, or foreign body response [18-20]. A repre-
sentative example can be observed in Figure 1 where the in vivo bone repair experiments
demonstrate that a new type of porous scaffold such as poly (y-benzyl-L-glutamate)-modified
hydroxyapatite/(poly (L-lactic acid) (PBLG-g-HA/PLLA) induced higher levels of new bone
formation (rat femur defect) in comparison with blank (control), poly (L-lactic acid) (PLLA),
and hydroxyapatite/poly (L-lactic acid) (HA/PLLA), respectively. These results indicate the
potential applications for bone tissue engineering by demonstrating favorable osteogenic
properties [21].

Other aspect of great relevance is that the presence of hydroxyapatite particles can be also
employed for the inhibition growth of different types of cancer cells [22-24]. In this sense, it is
well documented that the use of nanosized hydroxyapatite particles can significantly increase
the biocompatibility and bioactivity of man-made materials [25, 26]. A clear example can be
found in [26] where a highly biocompatible hydroxyapatite nanopowder (known as GoHAP)
has been successfully synthesized in a very short of period of time (range of 90 s). These
GoHAP nanoparticles showed excellent biocompatibility properties (confirmed by in vitro
tests) because no vacuolization or cell membrane lysis was found on the surface and the resul-
tant cells presented a correctly flattened phenotype, maintaining morphology typical for bone
cells. The experimental results clearly indicate that GoOHAP could be a promising material for
resorbable bone implant fabrication.

One of the most important applications is that as coatings deposited onto bioinert metal-
lic implants can promote early bonding of bones with an increase of biological fixation. In
this sense, it has to be mentioned that as coatings, they are not intended to substitute exist-
ing materials, although these HA coatings are used for an enhancement of a fully functional
implant. Due to this, different deposition techniques such as sol-gel process [27-29], pulsed
laser deposition [30-32], electrospinning [33, 34], sputtering [35-37], or plasma spray [38] can
be found in the bibliography related to design of optimal HA coatings onto the surface of
metallic implants. Among all these fabrication methodologies, it has to be mentioned that
plasma spray technique is the only process which has been approved by US Food and Drug
Administration (FDA) for coating implants with biocompatible materials [39]. The plasma
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Figure 1. In vivo bone formation assessed by microcomputerized tomography (p- CT) of control (A-C), poly (L-lactic
acid) (PLLA) (D-F), HA/PLLA (G-I), and poly (y-benzyl-L-glutamate)-modified hydroxyapatite/(poly (L-lactic acid)
(PBLG-g-HA/PLLA) (J-L) scaffolds at 2, 4, and 8 weeks postimplantation. Reprinted with permission of [21].

spray process demands a control of several parameters for the design of optimal coatings
(particle size range, distance between gun and substrate, arc current, power setting, particle
morphology, plasma gas mixture, postspray treatment, etc.) [40]. A schematic representation
of plasma spray torch is shown in Figure 2.

A novel study about the physical and chemical characterization of bioactive ceramic-coated
plateau root form implant surface by using plasma-sprayed hydroxyapatite (PSHA) is pre-
sented in [41]. The surface characterization of the PSHA coatings has been performed by
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Figure 2. Schematic diagram (cross section) of plasma spray torch. Reprinted with permission of [40].

scanning electron microscopy (SEM), whereas the determination of the roughness has been
performed by optical interferometry (IFM), as it can be observed in Figure 3. The experimen-
tal results indicate that lamellar bone formation in close contact with implant surfaces has
been observed.

A consideration related to the material concerned (HA) is that it reacts strongly to rapid
solidification following the plasma spray, yielding the formation of amorphous or metastable
phases. According to this, the presence of an amorphous phase is undesirable because the
natural bone is crystalline, being the integrity of the bone-implant compromised [42]. In this
sense, an ideal HA coating for biomedical implants should have low porosity, high cohesive
strength, a good adhesion to the substrate, high degree of crystallinity, high chemical purity,
and phase stability [43]. According to this, the optimization of the coating properties by just
varying the plasma spray parameters is a concern for obtaining a coating with the desired
characteristics. An interesting work can be found in [44] where several steps are recom-
mended in order to produce stable and adherent HA coatings.

However, mechanical tests indicate that the resultant HA coatings suffer poor mechani-
cal properties (tensile strength, wear resistance, hardness, toughness, or fatigue), limiting
its long-term application due to the relative movement between the implant and human
bone, respectively. In order to overcome these mechanical limitations of HA coatings, the
addition of different bioinert ceramic materials into HA matrix for reinforcement such as
aluminum oxide [45, 46], zirconia [45], mixture of titania and zirconia [47], yttria-stabilized
zirconium [48], or nanodiamond particles [49] have been evaluated. A representative
example can be found in [45] where two reinforced HA coatings with alumina (Al,O,) and
zirconia (ZrQ,), respectively, have been analyzed in order to investigate the microstructure,
phase formation, and mechanical properties (hardness and tensile bond strength) as a func-
tion of as-sprayed coating and after postthermal treatment at 700°C for 1 h. The results
indicate that after postcoating heat treatment, a dual effect has been observed such as an
increase in the crystallinity and a decrease in the resultant porosity. This heat treatment
enables an enhancement in cross-sectional hardness, although a decrease in bond strength
has been also observed.
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Figure 3. SEM intermediate micrograph (a) high magnification micrograph (b) and IFM three-dimensional reconstruction
for PSHA coatings (c). Reprinted with permission of [41].

3. Physical vapor deposition coatings

The acronym PVD comes from the English expression Physical Vapor Deposition, knowing
by this name a wide range of coating techniques that have in common the use of physical
methods to obtain some of the components of the deposited layer. PVD coatings are made
in high-vacuum chambers (10-50 mbar), working with average process temperatures in the
range of 450°C to room temperature. By using this deposition technique, films from very
thin thickness (10 nm) up to several microns with controllable composition can be perfectly
obtained. In Figure 4, a schematic representation of PVD chamber is presented.

Basically, the PVD coatings are formed as follows. Firstly, a material is evaporated starting
from a solid source (Ti, TiAl, Cr) by means of different physical methods as a function of the
deposition technique employed which are electron beam evaporation or arc electric, pulveri-
zation (sputtering) by ionic bombardment, etc. The atmosphere of the treatment chamber con-
sists of high vacuum in which there are partial pressures of controlled gases (mostly nitrogen
and argon). The evaporated metal and the reactive gas of the chamber react condensing on
the surface of the components to be coated. According to this process, the most known PVD
coatings of typical industrial use are TiN, TiAIN, TiCN, or CrN, among others [50-55].
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Concerning to the PVD processes, there are three main methods that are more widespread
such as the electron beam (EB), the cathodic arc (CA), and the magnetron sputtering (MS),
respectively. On the other hand, new concept in magnetron sputtering systems has been
developed using high-power pulses (HIPIMS), making possible a significant increase in
plasma ionization, and as a result, a considerable enhancement in the resultant adhesion
of the coatings has been obtained [56, 57]. In Figure 5, a comparison between high-power
impulse magnetron sputtering (HIPIMS), direct current magnetron sputtering (DCMS), and
modulated pulsed power magnetron sputtering (MPPMS) is presented as function of power
and time, respectively.

One of the research lines where PVD coatings have shown a high degree of novelty is in the
protection against joint wear. The first experiences date back to the decade of the 1980s of the
last century where TiN in total join arthroplasty was used as well as clinical trials were started
in the 1990s in knee and hip arthroplasty [58, 59].
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Figure 4. Scheme of the Metaplas Ionon MZR 323 arc evaporation PVD system. Courtesy of AIN.
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Figure 5. Power versus time in direct current magnetron sputtering (DCMS), high-power impulse magnetron sputtering
(HIPIMS), and modulated pulsed power magnetron sputtering (MPPMS), respectively.
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Subsequently, diamond-like carbon (DLC) coatings were introduced, following the strategy
of favoring sliding with very low coefficients of friction (0.1), maintaining relatively high
hardness (H > 15 GPa). Although these specific coatings showed high efficacy in laboratory
tests, the clinical tests performed to date for hip and knee prostheses showed undesirable
results, being the decohesion of the layers and the subsequent localized corrosion the main
cause of the failure.

On the other hand, TiN and DLC coatings showed very good biocompatibility so they are
being marketed in other types of prostheses such as dental implants and heart valves. For
these specific purposes, the absence of high loads which can delaminate the coating as it
happened in the case of hip and knee prosthesis enables its introduction into the market. In
Figure 6, two representative examples of Ti dental implants obtained which are coated by TiN
(left) or DLC (right) magnetron sputtering can be clearly appreciated.

However, one of the main problems concerned to this type of coatings is the adhesion and cor-
rosion behavior, being one of the hot topics in the community scientific their implementation
and introduction of them in a massive way in the market of hip and knee prostheses. One of
the most promising approaches is the use of the aforementioned HIPIMS. This PVD technol-
ogy allows obtaining layers of much greater adhesion and density, giving excellent results in
terms of corrosion and wear resistance. A representative example is shown in Figures 7 and 8,
respectively. In Figure 7 is shown a cross section of a sample coated with TaN DC magnetron
sputtering (left), where a columnar growth with micron-sized grains can be appreciated. On
the other hand, the photograph on the right shows a layer of TaN coating by HIPIMS where a
greater density and compactness can be observed. The corrosion resistance in terms of polar-
ization resistance as a function of time (4, 24, and 168 h, respectively) is shown in Figure 8.

Another research line which is showing promoting results is ceramic coatings doped with
bactericidal elements (mostly Ag or Cu) in the form of nanoparticles embedded in the TiN or
CrN. The controlled release of Cu or Ag ions provides a bactericidal effect which makes possi-
ble the prevention of infections due to bacterial proliferation on the surfaces of the prostheses.
Doped metal nitrides and carbonitrides deposited by pulsed magnetron sputtering are widely
tested [60, 61]. In addition, Cu and Ag concentrations between 5 and 25% have been shown
to be highly efficient, avoiding the proliferation of different contagious types of bacteria such
as S. aureus, P. aeruginosa, and S. epidermis, increasing bactericidal efficacy with increased con-
centration of Ag and Cu, respectively. Finally, another extended solution is the coatings of
diamond-like carbon(DLC) doped with Ag because the experimental results of depositing
these layers by means of magnetron sputtering point to the fact that silver segregates in the
form of nanoparticles (order of 3 nm), and in high concentrations appear nanofibers of Ag on
the surface, showing very good antibacterial behavior [62].

Figure 6. TiN magnetron sputtering coating (left) and diamond-like carbon (DLC) magnetron sputtering coating (right)
on Ti dental implant. Courtesy of the commercial company Flubetech.
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Figure 7. Cross-sectional SEM images of TaN DC magnetron sputtering (left) and TaN HIPIMS coating (right),
respectively. Courtesy of IK4-TEKNIKER.
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Figure 8. Evolution of corrosion resistance for TaN HIPIMS sample (blue color), TaN DCMS (red color), and pristine
sample (AISI 304, black color), respectively. Courtesy of IK4-TEKNIKER.

4. Ion implantation techniques

Ion implantation techniques consist in the superficial modification of materials by ion bom-
bardment. By means of these techniques is possible to improve surface properties of differ-
ent materials [63, 64]. Although these techniques have their origin in the nuclear industry
[65, 66], the first works on semiconductor applications appeared in Bell Laboratories in 1948
when Kingsbury and Ohl carried out studies of implantation of light ions on wafers of Si
[67, 68]. Metallurgical application of ion implantation was firstly reported simultaneity in the
1970s by Harwell laboratory (UK), and Naval Research Laboratory (USA). These early works
were mainly focused on nitrogen implantation of steels. From these first results up to today
ion implantation techniques have been introduced in many different industrial applications
(mostly in aeronautical or biomedical sector).

Ion implanters equipment consists of a series of characteristic elements (see Figure 9) such
as a source of ions (capable of producing sufficient quantities of certain types of ions), one
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or two acceleration stages (potential differences of the order of 100,000 V), a mass separator
magnet, and a thermal chamber (high-vacuum chamber where the samples whose surface is
to be treated) are placed. The whole process of generation, acceleration, and implantation is
carried out in high vacuum, of the order of 10°-10° mbar to ensure that the average travels
of the ions far surpass the distance that separates the source of the whites to implant. In addi-
tion, ion implantation process is performed in an approximate range of energies of 25-300
KeV, although most of the studies are carried out to energies between 50 and 200 keV. The
relevant parameters of these treatments are the type of ion, the implanted dose, the implanta-
tion energy, and the temperature of the process, which in the most cases is kept deliberately
below a certain level (being able to talk about temperature environment), as it can be observed
in Figure 9. By a properly selection of all these parameters, physical-chemical properties of
the surface of the implanted samples can be perfectly controlled [69].

In Figure 10, a schematic diagram of the used plasma immersion ion implantation-enhanced
deposition (PIlleD) processing system is shown. For this figure, the process chamber is similar
to a conventional plasma immersion ion implantation (PIII) combined with an RF magnetron
sputtering and a glow discharge (GD) plasma source. In this system, thin films are deposited
simultaneously with 3-D implantation of argon ions, improving film adhesion and relaxing
film stress. As metal ions are rare in a magnetron discharge, the auxiliary electrode for glow
discharge plasma helps to ionize some metal neutrals which are also implanted into the sub-
strate during the high-voltage pulses.

The basic difference between ion beam implantation (II) and plasma immersion ion implanta-
tion (PIII) consist in PIII the target is an active part of the system, and it is biased at pulsed
high voltage. On the other hand, in II, the target is isolated from the ion beam generation (it
is not active part of electric circuit), and both treatments have relevant differences as it can be
shown in Table 1 [71].

Mass analyzed
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chamber acceleration,
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Figure 9. Scheme of a mass separation ion implanter. Ion implantation, the invisible shield. Courtesy of R. Rodriguez,
T. Tate & N. Mikkelsen, SPRINT RA372 project.
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Figure 10. Schematic diagram of the used plasma immersion ion implantation-enhanced deposition (PIlleD) processing
system. The process chamber is similar to a conventional PIII combined with an RF magnetron sputtering and a glow
discharge (GD) plasma source. Reprinted with permission of [70].

Conventional ion implantation is a ballistic process where kinetic energy from ions promotes
ion implantation in the target. Plasma immersion ion implantation (PIII) is a combined process
where temperature and voltage were defined to obtain an implantation profile. According to
this, the temperature is an important parameter in PIII, dominating in many cases the final
implantation characteristics. In addition, ion energy is the other key parameter in ion implan-
tation, much more important in II where is the most relevant parameter affecting implanta-
tion profile. However, the temperature is not considered a key factor in plasma immersion ion
implantation, being the typical implantation energies from a few KV up to no more of 30 kV.

The most extended applications of ion implantation technologies have been in biomedical
devices. There are different functionalities that ion implantation can achieve in hip, knee, and
other prosthesis. One of the first applications was the implantation of Ca and P to obtain a
surface with characteristics similar to hydroxyapatite [72]. As in the case of PVD, this solution
has not been incorporated into the market due to the good performance of the hydroxyapatite
grown by plasma spraying. In this way, ion implantation has been more relevant in the strate-
gies aimed at increasing the hardness and wear resistance of the prostheses. Conventional
ion implantation was the first attempt to apply on different alloys of titanium and CoCr in
order to reduce the wear of the prosthesis. The results obtained were not satisfactory due
mainly to the low thickness of the modified layer (typically around 0.1 microns) [71]. In order
to overcome the problem of the low thickness of the conventional ionic implantation, low
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energy-high temperature implantation techniques [73], and plasma immersion ion implanta-
tion techniques have been performed [74]. By using these techniques, the resultant implanta-
tion profiles of more than 1 micron have been achieved (see figure GDOS profile of Figure 11),
increasing the hardness and wear resistance.

Although the experimental results indicate an enhancement in the wear resistance, it has been
also observed the precipitation of part of the chromium of the stainless steels, or of the alloys
of CoCr, due to an increase in the temperature produced a decrease in the corrosion resis-
tance, even at temperatures where carbides are not appreciated [74], as it can be appreciated

Ion implantation Plasma immersion
Geometry Line of sight Conformal
Temperature Room temperature 400°C
Thickness 0.1 micron 0.05-10 microns
Batch time 10-100 h 0.1-2h
Ion energy 10-1000 kV 0.1-100 kV
Ion current 1-100 mA 100-1000 mA
Industrial scaling Low Medium

Table 1. A comparative scheme of the different parameters (geometry, temperature, thickness, batch time, ion energy,
ion current, or industrial scaling) between plasma immersion ion implantation and ion beam implantation, respectively.
Reprinted with permission of [71].
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Figure 11. Glow discharge optical spectroscopy (GDOS) depth profiles of nitrogen after implantation at 400°C (ion
energy 1.2 keV, current density 1 mA/cm? and fluence 3.5 x 10" cm™) for AISI 316. Reprinted with permission of [73].
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in the polarization curves (Tafel plots) of Figure 12. However, this problem can be solved
through the implantation of oxygen, obtaining for these specific cases an important increases
of the corrosion resistance [75], as it can be observed in Figure 13.

Another application of interest for implantation by immersion in oxygen plasma is the reduc-
tion of the release of heavy ions to the blood flow observed in cardiovascular devices. The
implantation of oxygen in stainless steels “pushes” the ions such as Ni and Cr into the sur-
face, and as a promoting result, a significant decrease in the release of these ions have been
obtained with an improvement in biocompatibility [71]. By means of oxygen implantation,
heavy ions (Ni, Mo, and Cr) go deeper into the material as shown in Figure 14, where it is
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Figure 12. Polarization curves for different samples in Ringer solution at 37.2°C. Reprinted with permission of [74].
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Figure 13. Corrosion rates calculated from the polarization curves as function of nitrogen and oxygen implantation
temperature. The samples labeled as “ref” are either only implanted with oxygen (with indicated temperature) or a
sample from untreated base material (circle). Reprinted with permission of [75].
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Figure 14. Compositional profiles for oxygen implanted into stainless steel at energies of 10, 20, and 30 keV. Reprinted
with permission of [71].

possible to observe atomic concentration of Ni after oxygen implantation. As a consequence

of this, migration tests show a reduction of the concentration of these ions in blood of more
than 50%.

Finally, interesting approaches for the design and implementation of multifunctional layers
(bactericides, wear resistance, and anticorrosion) have been tested by using combined treat-
ment techniques. As a representative example, ionic implantation of Ag on ceramic layers
previously deposited by PVD is a novel approach that allows to have a better control of the
distribution of the Ag, solving potential problems of cytotoxicity by the excessive release of
silver cations [76].

5. Summary

Since the first implant was made in the nineteenth century, different prostheses have achieved
significant improvements in terms of durability and performance. In addition to the improve-
ments in the design, result of the better knowledge of the biomechanical processes, the devel-
opment of new materials, and the superficial treatments have been decisive. Hundreds of
different materials and dozens of surface treatments which have been studied in a rigorous
and systematic way to be used as part of the different types of prostheses. Among all these
vast set of materials and treatments, the solutions applied in each type of prosthesis are con-
siderably reduced, as a result of all the research carried out.

In this work, we have reviewed some of the most widespread solutions and have the best
results and perspectives of implantation. The thermal injection of HA is currently an extended
solution that is applied in different types of implants to significantly increase the osseointegra-
tion capacity. PVD coatings by conventional magnetron sputtering techniques are being used
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to increase corrosion and wear resistance in heart valves and dental implants. In this line, the
appearance of improved PVD techniques (HIPIMS) has achieved levels of adhesion and layer
density that augur a wide use in other types of implants. Ion implantation and fundamentally
the immersion in plasma are very effective tools to increase the wear resistance, maintaining
the corrosion resistance of stainless steels and titanium and CoCr alloys.

Although all these techniques, and some more like plasma electrooxidation (PEO), have
allowed significant advances already introduced in the market, there are still problems to
be solved and challenges to be addressed within the surface treatments and design of novel
materials. New manufacturing techniques such as additive manufacturing and social aspects
such as the increase in life expectancy, determine that a continuous research is necessary to
develop new materials and treatments compatible with this new framework. Probably one
of the most promising ways of research is the use of combined treatment techniques within
materials and customized designs for each patient.

Nomenclature

HA hydroxyapatite

PVD physical vapor deposition

DLC diamond-like carbon

Ccp calcium phosphates

PBLG-g-HA poly (y-benzyl-L-glutamate) modified hydroxyapatite
PLLA poly (L-lactic acid)

FDA food and drug administration

PSHA plasma sprayed hydroxyapatite

SEM scanning electron microscopy

IFM interferometry

EB electron beam (EB)

CA cathodic arc

MS magnetron sputtering

HIPIMS high power impulse magnetron sputtering
DCMS direct current magnetron sputtering

MPPMS modulated pulsed power magnetron sputtering
PIII plasma immersion ion implantation

213



214 Advanced Surface Engineering Research

GDOS glow discharge optical spectroscopy

I ion beam implantation (II)

PIlleD plasma immersion ion implantation-enhanced deposition
Author details

José A. Garcia®™, Pedro J. Rivero'? Rocio Ortiz®, Iban Quintana’® and Rafael ]. Rodriguez'?

*Address all correspondence to: joseantonio.garcia@unavarra.es

1 Materials Engineering Laboratory, Department of Mechanical, Energy and Materials
Engineering, Public University of Navarre, Pamplona, Spain

2 Institute for Advanced Materials (INAMAT), Public University of Navarre, Pamplona,
Spain

3 IK4-TEKNIKER, Ignacio Goenaga, EIBAR, Gipuzkoa, Spain

References

(1]

2]

Eynon-Lewis NJ, Ferry D, Pearse MF. Themistocles Gluck: An unrecognised genius.
British Medical Journal. 1992;305:1534-1536

Roseti L, Parisi V, Petretta M, Cavallo C, Desando G, Bartolotti I, Grigolo B. Scaffolds for
bone tissue engineering: State of the art and new perspectives. Materials Science and
Engineering: C. 2017;78:1246-1262

Abu-Omar Y, Ratnatunga CP. Prosthetic heart valves. Surgery (GBR). 2008;26:496-500

Aslam AK, Aslam AF, Vasavada BC, Khan IA. Prosthetic heart valves: Types and echo-
cardiographic evaluation. International Journal of Cardiology. 2007;122:99-110

Tan C, Schatz RA. The history of coronary stenting. Interventional Cardiology Clinics.
2016;5:271-280

Pezzotti G, Yamamoto K. Advances in artificial joint materials. Journal of the Mechanical
Behavior of Biomedical Materials. 2014;31:1-2

Manam NS, Harun WSW, Shri DNA, Ghani SAC, Kurniawan T, Ismail MH, Ibrahim
MHI. Study of corrosion in biocompatible metals for implants: A review. Journal of
Alloys and Compounds. 2017;701:698-715

Goodman SB, Barrena EG, Takagi M, Konttinen YT. Biocompatibility of total joint replace-
ments: A review, Journal of Biomedical Materials Research Part A. 2009;90:603-618

Hall-Stoodley L, Costerton JW, Stoodley P. Bacterial biofilms: From the natural environ-
ment to infectious diseases. Nature Reviews. Microbiology. 2004;2:95-108



[10]

[11]
[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Advanced Surface Treatments for Improving the Biocompatibility of Prosthesis and Medical...
http://dx.doi.org/10.5772/intechopen.79532

Costerton JW, Stewart PS, Greenberg EP. Bacterial biofilms: A common cause of persis-
tent infections. Science. 1999;284:1318-1322

Stevens MM. Biomaterials for bone tissue engineering, Materials Today. 2008;11:18-25

Engstrand T, Kihlstrom L, Neovius E, Skogh A-D, Lundgren TK, Jacobsson H, Bohlin J,
Aberg J, Engqvist H. Development of a bioactive implant for repair and potential heal-
ing of cranial defects: Technical note. Journal of Neurosurgery. 2014;120:273-277

Neovius E, Engstrand T. Craniofacial reconstruction with bone and biomaterials: Review
over the last 11 years. Journal of Plastic, Reconstructive and Aesthetic Surgery. 2010;63:
1615-1623

Sadat-Shojai M, Khorasani M, Dinpanah-Khoshdargi E, Jamshidi A. Synthesis meth-
ods for nanosized hydroxyapatite with diverse structures. Acta Biomaterialia. 2013;9:
7591-7621

Batchelar DL, Davidson MTM, Dabrowski W, Cunningham IA. Bone-composition imag-
ing using coherent-scatter computed tomography: Assessing bone health beyond bone
mineral density. Medical Physics. 2006;33:904-915

Szczes A, Holysz L, Chibowski E. Synthesis of hydroxyapatite for biomedical applica-
tions. Advances in Colloid and Interface Science. 2017;249:321-330

Fragal EH, Cellet TSP, Fragal VH, Companhoni MVP, Ueda-Nakamura T, Muniz EC,
Silva R, Rubira AF. Hybrid materials for bone tissue engineering from biomimetic growth
of hydroxiapatite on cellulose nanowhiskers. Carbohydrate Polymers. 2016;152:734-746

Chen L, Mccrate JM, Lee JC, Li H. The role of surface charge on the uptake and bio-
compatibility of hydroxyapatite nanoparticles with osteoblast cells. Nanotechnology.
2011;22:1-20

Pelin IM, Maier SS, Chitanu GC, Bulacovschi V. Preparation and characterization of a
hydroxyapatite-collagen composite as component for injectable bone substitute. Mater-
ials Science and Engineering: C. 2009;29:2188-2194

He M, Chang C, Peng N, Zhang L. Structure and properties of hydroxyapatite/cellulose
nanocomposite films. Carbohydrate Polymers. 2012;87:2512-2518

Liao L, Yang S, Miron R], Wei ], Zhang Y, Zhang M. Osteogenic properties of PBLG-
g-HA/PLLA nanocomposites. PLoS One. 2014;9:1-8

Hou C, Hou S, Hsueh Y, Lin J, Wu H, Lin F. The in vivo performance of biomagnetic
hydroxyapatite nanoparticles in cancer hyperthermia therapy. Biomaterials. 2009;30:
3956-3960

Tampieri A, D" Alessandro T, Sandri M, Sprio S, Landi E, Bertinetti L, Panseri S, Pepponi G,
Goettlicher ], Bafiobre-Lopez M, Rivas J. Intrinsic magnetism and hyperthermia in bioac-
tive Fe-doped hydroxyapatite. Acta Biomaterialia. 2012;8:843-851

Yuan Y, Liu C, Qian J, Wang J, Zhang Y. Size-mediated cytotoxicity and apoptosis of
hydroxyapatite nanoparticles in human hepatoma HepG2 cells. Biomaterials. 2010;31:
730-740

215



216 Advanced Surface Engineering Research

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

Walmsley GG, McArdle A, Tevlin R, Momeni A, Atashroo D, Hu MS, Feroze AH, Wong
VW, Lorenz PH, Longaker MT, Wan DC. Nanotechnology in bone tissue engineering.
Nanomedicine: Nanotechnology, Biology and Medicine. 2015;11:1253-1263

Smolen D, Chudoba T, Malka I, Kedzierska A, Lojkowski W, Swieszkowski W, Kurzy-
dlowski KJ, Kolodziejczyk-Mierzynska M, Lewandowska-Szumiel M. Highly biocom-
patible, nanocrystalline hydroxyapatite synthesized in a solvothermal process driven
by high energy density microwave radiation. International Journal of Nanomedicine.
2013;8:653-668

Dominguez-Trujillo C, Peén E, Chicardi E, Pérez H, Rodriguez-Ortiz JA, Pavon JJ,
Garcia-Couce ], Galvan JC, Garcia-Moreno F, Torres Y. Sol-gel deposition of hydroxy-
apatite coatings on porous titanium for biomedical applications. Surface and Coating
Technology. 2018;333:158-162

Manso M, Langlet M, Jiménez C, Martinez-Duart JM. Microstructural study of aerosol-
gel derived hydroxyapatite coatings. Biomolecular Engineering. 2002;19:63-66

Vijayalakshmi U, Prabakaran K, Rajeswari S. Preparation and characterization of sol-gel
hydroxyapatite and its electrochemical evaluation for biomedical applications. Journal
of Biomedial Materials Research Part A. 2008;87:739-749

Ismail RA, Salim ET, Hamoudi WK. Characterization of nanostructured hydroxyapa-
tite prepared by Nd:YAG laser deposition. Materials Science and Engineering: C. 2013;
33:47-52

Pereiro I, Rodriguez-Valencia C, Serra C, Solla EL, Serra ], Gonzalez P. Pulsed laser
deposition of strontium-substituted hydroxyapatite coatings. Applied Surface Science.
2012;258:9192-9197

Rajesh P, Muraleedharan CV, Komath M, Varma H. Pulsed laser deposition of hydroxy-
apatite on titanium substrate with Titania interlayer. Journal of Materials Science.
Materials in Medicine. 2011;22:497-505

Zhong Z, Qin ], Ma J. Cellulose acetate/hydroxyapatite/chitosan coatings for improved
corrosion resistance and bioactivity. Materials Science and Engineering: C. 2015;49:
251-255

Abdal-Hay A, Hasan A, Lee MH, Hamdy AS, Khalil KA. Biocorrosion behavior of bio-
degradable nanocomposite fibers coated layer-by-layer on AM50 magnesium implant.
Materials Science and Engineering C. 2016;58:1232-1241

Lopez EO, Rossi AL, Archanjo BS, Ospina RO, Mello A, Rossi AM. Crystalline nano-
coatings of fluorine-substituted hydroxyapatite produced by magnetron sputtering with
high plasma confinement. Surface and Coating Technology. 2015;264:163-174

Molagic A. Structural characterization of TiN/HAp and ZrO,/HAp thin films deposited
onto Ti-6Al-4V alloy by magnetron sputtering. UPB Scientific Bulletin, Series B. 2010;
72:187-194



[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

Advanced Surface Treatments for Improving the Biocompatibility of Prosthesis and Medical...
http://dx.doi.org/10.5772/intechopen.79532

Urquia Edreira ER, Wolke JGC, Aldosari AA, Al-Johany SS, Anil S, Jansen JA, Van Den
Beucken JJJP. Effects of calcium phosphate composition in sputter coatings on in vitro and
in vivo performance. Journal of Biomedial Materials Research Part A. 2015;103:300-310

De Groot K, Geesink R, Klein CPAT, Serekian P. Plasma sprayed coatings of hydroxyl-
apatite. Journal of Biomedical Materials Research. 1987;21:1375-1381

Balani K, Chen Y, Harimkar SP, Dahotre NB, Agarwal A. Tribological behavior of
plasma-sprayed carbon nanotube-reinforced hydroxyapatite coating in physiological
solution. Acta Biomaterialia. 2007;3:944-951

Takahashi Y, Shibata Y, Maeda M, Miyano Y, Murai K, Ohmori A. Plasma-spraying syn-
thesis of high-performance photocatalytic TiO, coatings. In: IOP Conference Series:
Materials Science and Engineering. 2014;61:012039:1-10

Bonfante EA, Witek L, Tovar N, Suzuki M, Marin C, Granato R, Coelho PG. Physico-
chemical characterization and in vivo evaluation of amorphous and partially crystal-
line calcium phosphate coatings fabricated on Ti-6Al-4V implants by the plasma spray
method. International Journal of Biomaterials. 2012:603826

Cheang P, Khor KA. Addressing processing problems associated with plasma spraying
of hydroxyapatite coatings. Biomaterials. 1996;17:537-544

Tsui YC, Doyle C, Clyne TW. Plasma sprayed hydroxyapatite coatings on titanium sub-
strates. Part 1: Mechanical properties and residual stress levels. Biomaterials. 1998;19:
2015-2029

Tsui YC, Doyle C, Clyne TW. Plasma sprayed hydroxyapatite coatings on titanium sub-
strates. Part 2: Optimisation of coating properties. Biomaterials. 1998;19:2031-2043

Mittal M, Nath SK, Prakash S. Improvement in mechanical properties of plasma sprayed
hydroxyapatite coatings by Al O, reinforcement. Materials Science and Engineering: C.
2013;33:2838-2845

Singh A, Singh G, Chawla V. Characterization of vacuum plasma sprayed reinforced
hydroxyapatite coatings on Ti-6Al-4V alloy. Transactions of the Indian Institute of
Metals. 2017;70:2609-2628

Kumari R, Majumdar JD. Studies on corrosion resistance and bio-activity of plasma
spray deposited Hydroxylapatite (HA) based TiO,and ZrO,dispersed composite coat-
ings on titanium alloy (Ti-6Al-4V) and the same after post spray heat treatment. Applied
Surface Science. 2017;420:935-943

Gu YW, Khor KA, Pan D, Cheang P. Activity of plasma sprayed Yttria stabilized zirco-
nia reinforced hydroxyapatite/Ti-6Al-4V composite coatings in simulated body fluid.
Biomaterials. 2004;25:3177-3185

Chen X, Zhang B, Gong Y, Zhou P, Li H. Mechanical properties of nanodiamond-rein-
forced hydroxyapatite composite coatings deposited by suspension plasma spraying.
Applied Surface Science. 2018;439:60-65

217



218 Advanced Surface Engineering Research

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Rodriguez R], Garcia JA, Medrano A, Rico M, Sanchez R, Martinez R, Labrugere C,
Lahaye M, Guette A. Tribological behaviour of hard coatings deposited by arc-evapora-
tion PVD. Vacuum. 2002;67:559-566

Roman E, de Segovia JL, Alberdi A, Calvo ], Laucirica ]. Comparative study of the inter-
tface composition of TiN and TiCN hard coatings on high speed steel substrates obtained
by arc discharge. Materials Science and Engineering A. 1993;163:197-200

Guu YY, Lin JF, Ai C. The tribological characteristics of titanium nitride, titanium carbo-
nitride and titanium carbide coatings. Thin Solid Films. 1997;302:193-200

Byeli AV, Minevich AA, Stepanenko AV, Gick LA, Kholodilov OV. Wear resistance and
structure of (Ti,Al)N coatings. Journal of Physics D. 1992;25:A292-A296

Vetter ]. Vacuum arc coatings for tools: Potential and application. Surface and Coating
Technology. 1995;76-77:719-724

de Damborenea J, Navas C, Garcia JA, Arenas MA, Conde A. Corrosion-erosion of TiN-
PVD coatings in collagen and cellulose meat casing. Surface and Coating Technology.
2007;201:5751-5757

Kaufman HR. Technology of ion beam sources used in sputtering. Journal of Vacuum
Science and Technology. 1978;15:272-276

Sarakinos K, Alami J, Konstantinidis S. High power pulsed magnetron sputtering: A
review on scientific and engineering state of the art. Surface and Coating Technology.
2010;204:1661-1684

Coll BF, Jacquot P. Surface modification of medical implants and surgical devices using
TiN layers. Surface and Coating Technology. 1988;36:867-878

Buechel FF, Helbig TE, Pappas M]J. 31 year evolution of the rotating-platform total knee
replacment: Coping with “spinout” and wear. Journal of ASTM International. 2012;9:1-14

Kelly PJ, Li H, Benson PS, Whitehead KA, Verran J, Arnell RD, Iordanova I. Comparison
of the tribological and antimicrobial properties of CrN/Ag, ZrN/Ag, TiN/Ag, and TiN/
Cu nanocomposite coatings. Surface and Coating Technology. 2010;205:1606-1610

Carvalho I, Henriques M, Oliveira JC, Alves CFA, Piedade AP, Carvalho S. Influence of
surface features on the adhesion of staphylococcus epidermidis to Ag-TiCN thin films.
Science and Technology of Advanced Materials. 2013;14:1-10

Manninen NK, Galindo RE, Carvalho S, Cavaleiro A. Silver surface segregation in
Ag-DLC nanocomposite coatings. Surface and Coating Technology. 2015;267:90-97

Ziegler ], editor. Handbook of Ion Implantation Technology. North-Holland: Elsevier;
1992. ISBN: 0444897

Anders A. Handbook of Plasma Immersion Ion Implantation and Deposition. John
Willey and Son; 2000. ISBN: 0471246980



[67]

[68]
[69]

[70]

[71]

[72]

[74]

[73]

Advanced Surface Treatments for Improving the Biocompatibility of Prosthesis and Medical...
http://dx.doi.org/10.5772/intechopen.79532

Davies JA. Early ion implantation history (or “how I met Jim Mayer — and Hogsted
Phim!”). Materials Chemistry and Physics. 1996;46:111-117

Moffatt S. Ion implantation from the past and into the future. Nuclear Instruments and
Methods in Physics Research Section B. 1995;96:1-6

Kingsbury EF, Ohl RS. Photoelectric properties of Ionically bombarded silicon. Bell Labs
Technical Journal. 1952;31:802-815

OhIRS. Properties of ionicbombarded silicon. Bell Labs Technical Journal. 1952;31:104-121

McHargue CJ. Ion implantation in metals and ceramics. International Metals Reviews.
1986;31:49-76

Mello CB, Ueda M, Oliveira RM, Garcia JA. Corrosion effects of plasma immersion ion
implantation-enhanced Cr deposition on SAE 1070 carbon steel. Surface and Coating
Technology. 2011;205:5151-5156

Garcia JA, Rodriguez RJ. Ion implantation techniques for non-electronic applications.
Vacuum. 2011;85:1125-1129

Rautray TR, Narayanan R, Kwon T, Kim K. Accelerator based synthesis of hydroxyapa-
tite by MeV ion implantation. Thin Solid Films. 2010;518:3160-3163

Riviere JP, Méheust P, Garcia JA, Martinez R, Sanchez R, Rodriguez R. Tribological
properties of Fe and Ni base alloys after low energy nitrogen bombardment. Surface
and Coating Technology. 2002;158-159:295-300

Lutz ], Diaz C, Garcia JA, Blawert C, Mandl S. Corrosion behaviour of medical CoCr alloy
after nitrogen plasma immersion ion implantation. Surface and Coating Technology.
2011;205:3043-3049

Mandl S, Diaz C, Gerlach JW, Garcia JA. Near surface analysis of duplex PIII treated
CoCr alloys. Nuclear Instruments and Methods in Physics Research Section B.
2013;307:305-309

Osés J, Palacio JF, Kulkarni S, Medrano A, Garcia JA, Rodriguez R. Antibacterial PVD
coatings doped with silver by ion implantation. Applied Surface Science. 2014;310:56-61

219



ntechOpen

ntechOpen



