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Summary

CoCr alloys have been used for orthopedic implants as they allow combining high strength,
corrosion resistance and biocompatibility. Since 1985 metallic implants coated with calcium
phosphates have been widely studied to improve the biocompatibility and adequate bonding to
the adjacent bones, but despites of advances and development of many technologies, rate of
failure of such implants still are a problem. In the present work, a novel and simple route was
developed to obtain hydroxyapatite (HAp) coating on CoCr alloy from a slurry of eco-friendly
pine oil (PO) mixed with HAp particles. The HAp coating was deposited onto CoCr substrates
using a paint brushing followed by heat treatment at 800°C for 1 h in order to improve the
adhesion between the substrate and coating. Several substrate surface morphologies made by
polishing, passivation, heat treatment and remaining the substrate untreated were tested, and
then coated to evaluate the influence of the roughness on the interaction between substrate and
coating. Wettability tests were carried out by sessile drop method; the contact angle of water on
the metal implant surfaces was much higher (68°) than that of PO (23°), allowing a more
homogeneous coating process when PO was used for HAp suspension. Scanning Electron
Microscopy (SEM), X-ray diffraction (XRD) and Fourier-transform infrared spectroscopy (FTIR)
analyses indicated a substrate fully covered by pure HAp. The interaction between substrate
and coating was analyzed by SEM, optical profilometer and pencil scratch tests. Good particle
distribution and tight bonding to the substrate were found for all surfaces morphologies tested.
The bioactivity tests in vitro performed in simulated body fluid (SBF) showed high resistance to
degradation and a decreased formation of cracks was observed on the surfaces after 21 days of
soaking. Potentiodynamic polarization and cyclic voltammetry analyses corroborated that the
coated and uncoated samples showed good corrosion resistance. The HAp coating on the
passivated substrate presented a superior corrosion resistance compared to uncoated ones and
it can be assumed that the HAp coating improve the surface protection against corrosion.
However, the high temperature treatment promoted decrease of corrosion resistance in case of
the coated polished substrate, which also affected the growth of human primary bone-derived
cells which were used for in vitro cytocompatibility tests of the different surface modifications. In
order to overcome the high costs and complexity of the conventional deposition methods and
the risk of phase transformation of HAp, related to those, this thesis presents a straightforward
and efficient route to coat HAp onto metallic substrates as a potential alternative for

improvement of bone implants.
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Zusammenfassung

CoCr-Legierungen wurden und werden fir orthopadische Implantate verwendet, da sie eine
Kombination aus hoher Festigkeit, Korrosionsbestandigkeit und Biokompatibilitdt ermoglichen.
Seit 1985 wurden metallische Implantate umfassend untersucht, die mit Calciumphosphaten
beschichtet sind, um die Biokompatibilitat und die Anindung an das angrenzende
Knochengewebe zu verbessern. Trotz des Fortschritts und der Entwicklung vieler Technologien
ist die Ausfallrate solcher Implantate immer noch ein Problem. In der vorliegenden Arbeit wurde
ein neuer und einfacher Weg entwickelt, um eine Hydroxylapatit (HAp) -Beschichtung auf einer
CoCr-Legierung vermittels einer Suspension aus umweltfreundlichem Kiefernél (PO), das mit
HAp-Partikeln gemischt ist, zu erhalten. Die HAp-Beschichtung wurde unter Verwendung eines
Pinsels auf den CoCr-Substraten aufgebracht, gefolgt von einer Warmebehandlung bei 800°C
fur 1 Stunde, um die Haftung zwischen dem Substrat und der Schicht zu verbessern.
Verschiedene durch Polieren, Passivieren und einer Warmebehandlung hergestellte
Oberflachenmorphologien sowie ein unbehandeltes Substrat wurden getestet und dann
beschichtet, um den Einfluss der Rauheit auf die Wechselwirkung zwischen Substrat und
Beschichtung zu bewerten. Die Benetzbarkeit wurden wurde durch Kontaktwinkelmessungen
bestimmt. Der Kontaktwinkel von Wasser auf den Metallimplantatoberflichen war viel hdher
(68°) als der von PO (23°), was einen homogeneren Beschichtungsprozess ermdglichte, wenn
PO fir die HAp-Suspension verwendet wurde. Rasterelektronenmikroskopie- (REM),
Roéntgenbeugungs- (XRD) und Fourier-Transform-Infrarotspektroskopie (FTIR) -Analysen
ergaben, dass die Substrate vollstdndig mit reinem HAp bedeckt waren. Die Wechselwirkung
zwischen Substrat und Beschichtung wurde mittels REM, optischem Profilometer und Bleistift-
Kratztest analysiert. Es wurde eine gute Partikelverteilung und fir alle getesteten
Oberflachenmorphologien eine stabile Bindung zum Substrat nachgewiesen. Die in vitro in
simulierter Korperflissigkeit (SBF) durchgefuhrten Bioaktivitatstests zeigten eine hohe
Bestandigkeit gegen Abbau und es wurde eine verringerte Bildung von Rissen auf den
Oberflachen nach 21 Tagen Auslagerung beobachtet. Potentiodynamische Polarizations- und
Cyclovoltammetrieanalysen bestatigten, dass die beschichteten und unbeschichteten Proben
eine gute Korrosionsbestandigkeit zeigten. Die HAp-Beschichtung auf dem passivierten Substrat
zeigte im Vergleich zu unbeschichteten Proben eine Uberlegene Korrosionsbestandigkeit, und
es kann angenommen werden, dass hierbei die HAp-Beschichtung den Oberflachenschutz
gegen Korrosion verbessert. Die Hochtemperaturbehandlung férderte jedoch die Abnahme der
Korrosionsbestandigkeit im Falle des beschichteten, polierten Substrats, was auch das

Wachstum von menschlichen primaren Zellen aus Knochengewebe beeinflusste, die fir in vitro-
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Zytokompatibilitatstests der verschiedenen Oberflachenmodifikationen verwendet wurden. Um
die hohen Kosten und die Komplexitdt der konventionellen Abscheidungsmethoden und das
damit verbundene Risiko einer Phasenumwandlung von HAp zu Gberwinden, bietet diese Arbeit
eine einfache und effiziente Moglichkeit, HAp als mdgliche Alternative zur Verbesserung von

Knochenimplantaten auf metallische Substrate aufzutragen.
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Resumo

Ligas de CoCr tém sido empregadas em implantes ortopédicos por permitirem a combinagéo de
alta resisténcia mecanica, resisténcia a corrosdao e biocompatibilidade. Implantes metalicos
revestidos com fosfatos de calcio tém sido estudados desde 1985 devido a sua capacidade de
aumentar a biocompatibilidade e promover a ligagdo adequada com os ossos adjacentes. No
entanto, apesar de todos os avangos e o desenvolvimento de muitas tecnologias, a taxa de
falha destes implantes ainda € um problema. No presente trabalho, uma nova e simples rota foi
desenvolvida para revestir a liga de CoCr com hidroxiapatita (HAp) a partir de uma mistura 6leo
de pinho (PO) ecoldgica com particulas de HAp. O revestimento de HAP foi depositado sobre o
substrato de CoCr usando uma pincel de pintura seguido de tratamento térmico a 800 °C por 1
h a fim de aumentar a adesao entre o substrato e o revestimento. Foram testadas diversas
morfologias de superficie do substrato, sendo estas polidas, passivadas, tratadas termicamente,
além de um substrato ndo tratado, e em seguida foram revestidas para avaliar a influencia da
rugosidade na interacdo entre substrato e revestimento. Testes de molhabilidade foram
realizados pelo método de gota séssil; 0 dngulo de contato da agua na superficie metalica do
implante foi muito maior (68°) que os com PO (23°), permitindo uma maior homogeneidade no
processo de revestimento quando utilizado PO na suspensao de HAp. Analises por Microscopia
Eletronica de Varredura (MEV), difracdo de raio-x (DRX) e espectroscopia infravermelha por
transforma de Fourier (FTIR) indicaram que o substrato foi completamente coberto com a HAp
pura. A interacio entre o substrato e o revestimento foi analisada por MEV, perfildmetro 6ptico e
teste de arrancamento, os quais demonstraram uma boa distribuicdo de particulas € uma
préxima ligagéo para todas as morfologias de superficie testadas. Testes in vitro de bioatividade
foram realizados com fluido corpéreo simulado (SBF) e apresentaram alta resisténcia a
degradacéo e uma redugao da formagao de trincas na superficie foi observada apds 21 dias de
imersao. Analises de polarizacédo potenciodindmica e voltametria ciclica comprovaram uma boa
resisténcia a corrosdo nas amostras revestidas e nao revestidas. O revestimento de HAp no
substrato passivado apresentou uma resisténcia a corrosao superior aos nao revestido e pode
ser assumido que o revestimento de HAp melhorou a protegcao da superficie contra corroséo.
No entanto, o tratamento térmico com alta temperatura promoveu uma diminuicdo da
resisténcia a corrosdo no caso do substrato polido revestido, no qual afetou o crescimento de
células primarias derivadas de osso humano que foram usadas nos testes de
citocompatibilidade in vitro nas diferentes superficies modificadas. A fim de solucionar o alto
custo e a complexidade no método convencional de deposigdo, além dos riscos da

transformacéao de fase da HAp, esta tese apresenta uma direta e eficiente rota de revestimento
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de HAp em substratos metalicos como uma potencial alternativa para o melhoramento de

implantes 6sseos.
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CHAPTER 1
1. Introduction

Metallic biomaterials were introduced in the 19" century and their main application was
designated to bone repair, typically internal fracture fixation of long bones. Over the years, a
range of metallic materials have been developed for orthopedic surgery as temporary devices
(e.g. bone plates, pins, screws and permanent implants (e.g. total joint replacements) and in
orthodontic procedure (e.g. tooth filling and roots) (Chen and Thouas, 2015).

The aging of the population is growing rapidly and it has been resulted in an increasing of the
healthcare demand, where more than 21% of adults in the United States, more than 100 million
people in Europe, and about 16.7% of the population in Australia, have arthritis or have suffered
from arthritis (Zhang et al., 2009). In 2017, it was estimated that the number of total hip
replacements could increase in 174% (572.000 procedures) and the number of total knee
arthroplasties would reach in 673% (3.48 million of procedures) only in the U.S. by the end of
2030 (Kurtz. S et al., 2007). In order to attempt replacing the arthritic hip joint with an artificial
one, thousands of hip joint prosthesis have been implanted around the world every year.
However, many efforts have been carried out to improve both biological and mechanical
properties, and prevent aseptic loosing.

Aiming at an achieving successful of an implant, both bulk and surface properties are crucial.
Bulk properties of an implant are chosen according to the functional characteristics, such as,
high mechanical strength, flexibility, optical transparency and surface properties are modified in
order to improve biocompatibility and biofunctionality. Thus, several metals and metallic alloys
have been studied as bulk biomaterial, where among them the most used are: (a) titanium and
their alloys that applied for dental and orthopedic implants; (b) CoCr alloys for bearing surfaces
and used in hip and knee joint replacement, heart valves parts and stents; (c) Nitinol (Ti-Ni
alloys) for shape memory applications and stainless steel for stents and orthopedic implants
(Tiwari et al., 2016).

In order to improve osseointegration, in the late 1970s, porous coatings were added to
implant surfaces, but high incidence of thigh pain, bead shedding and loosening were diagnosed
(Herrera et al., 2015). Thus, researches to find a coating capable of enhancing implant
osseointegration boosted the interest in calcium phosphate ceramics (Herrera et al., 2015), but it
was only in 1985 that Fulong and Osborn began developing clinical trials with hydroxyapatite
coating on Ti-6Al-4V substrate (Furlong and Osborn, 1991). Biomedical coating is a relatively

new area in the biomaterial field and in the last two decades the medical industry has



experienced a rapid growth, which improved the quality and expectance of life of thousands of
people.

Hydroxyapatite (HAp) is the most common and well-known calcium phosphate, mainly due to
its similarity with the mineral phase of bone, and its osteoinductive ability to promote bone
ingrowth, osseointegration and bone bonding (Shojaee and Afshar, 2015). However, artificial
HAp is brittle, while metallic implants have better mechanical properties due to their suitable
mechanical strength. Several deposition techniques have been employed looking for combining
the good mechanical strength and ductility of the metal with outstanding biocompatibility and
bioactivity of the HAp. Among these techniques, sol-gel (Romonti et al., 2016), biomimetic
coating (Habibovic et al., 2002), pulsed laser deposition (Capuccini et al., 2008), hot isostatic
pressing (Onoki and Hashida, 2006), sputter coating (Chen et al., 2006), electrochemical (Eliaz
et al., 2009), electrophoretic deposition (Wei et al., 2001) and plasma spray (Vahabzadeh et al.,
2015) have been extensively studied. However, plasma spray is the only technique approved by
the Food and Drug Administration (FDA), therefore it is a dominant coating technique for implant
application due its good adhesion between metal-coating, high deposition rates, low substrate
temperature and variable coating porosity (Mohseni et al., 2014).

Plasma spray is a thermal spray coating technique that consist in using high temperatures,
such as 20.000 °C or more (Gomez et al., 2009), high heat source, a relatively inert spraying
medium (argon, hydrogen or helium) and high particle velocities (Crivella, 2018). The need to
use these complex parameters may result in limited coatings for biomaterial applications. The
main limitation of plasma sprayed HAp coatings is the formation of amorphous calcium
phosphates, which promote degradation and compromise the integrity of the bone-implant
interface (Furlong and Osborn, 1991). The dissolution of unstable phases is undesirable
because it leads to decrease in the mechanical strength and biocompatibility. One of the most
important parameters of hydroxyapatite coatings for orthopedic implants is adequate wear
resistance, allowing for stable, secure bone attachment and promoting elasticity and strength.
Furthermore, the use of nanotechnology with hydroxyapatite coating might enhance bioactivity
and provide good implant-bone adhesion (Yang et al., 2005). Although HAp coatings have been
more widely studied on titanium substrates, CoCr alloys are of great interest due to their superior
mechanical properties. Until now, there has been no consensus about which material is more
suitable, (Shojaee and Afshar, 2015) or a coating technique that ensures the integrity of the
implant for different metallic materials.

However, more than 30 years have passed since the introduction of HAp coating as

biomaterial, and still nhumerous researches have been performed to improve HAp coating,



combining good coating-metal adhesiveness, mechanical properties and biocompatibility. Thus,
this work aims at contributing to the field of biomaterials, seeking to employ an environmentally
friendly coating technique based on pine oil mixed with HAp in order to promote the interaction
between substrate and coating as an alternative to complex and expensive, already established

techniques.

1.1 Objective

The main objective of this work was to coat a CoCr alloy using a mixture of environmentally
friendly pine oil (PO) with HAp via brushing method and to assess the effect of the oil on the
interaction between the metallic substrate and ceramic coating as a novel and simple alternative
coating method for biomedical applications.

Specific objectives were:

a) To prepare the slurry of the HAp/PO and to coat the metallic substrate via brushing
method, testing different proportions and heat treatment temperatures, in order to achieve the
best interaction between substrate and coating and to obtain a pure HAp;

b) To employ PO in order to improve wettability of the coating and to evaluate its influence on
adhesiveness properties of different surface morphologies of the CoCr alloy;

c) To determine the adequate morphology and to evaluate the influence of the metallic
substrate roughness on the metal-coating interaction by the scratch resistance using different
treatments for modification of metallic surfaces;

d) To evaluate the in vitro bioactivity of the coatings during soaking in SBF (simulated body
fluid) solution at 37 °C for 3, 7, 14 and 21 days;

e) To investigate the influence of heat treatment on the corrosion resistance by
potentiodynamic cyclic polarization test;

f) To determine the biological effects of the obtained coatings on human primary bone-

derived cells (OB10) by investigating cell proliferation and osteogenic differentiation.



CHAPTER 2

2. Literature review
2.1 Metallic biomaterials

In 1984, the National Institute of Health Consensus Development Conference defined
biomaterial as being “Any substance (other than a drug) or combination of substances, synthetic
or natural in origin, which can be used for any period of time, as a whole or as a part of a system
which treats, augments, or replaces any tissue, organ, or function of the body” (Patel and Gohil,
2012).

The history of biomaterials started with ancient civilizations, where registers of Egyptian
mummies showed that artificial eyes, ears, teeth, and noses were already used by them.
Registers of Chinese and Indians civilizations revealed the utilization of waxes, glues, and
tissues for reconstruction of missing or defective parts of the body. With century’s, synthetic
materials advancements, surgical techniques, and sterilization methods have been introduced to
improve the quality of life of patients and to allow the use of biomaterials in several ways (Patel
and Gohil, 2012).

Metallic materials have been used since the 19" century, when the metal industry began to
expand during the industrial revolution, and its development started due to demands for bone
repair and internal fracture fixation of long bones (Zheng et al., 2017). Currently, a few metals
and alloys such as stainless steels, cobalt-based alloys, titanium-based alloys, NiTi shape
memory and magnesium-based alloys have been used in medical industry as orthopedic
implants, in dental applications, as intravascular stents and prosthetic heart valves due their
biocompatibility and long-term capacity as an implant material (Fig 1) (Yang et al., 2005). The
key requirements for biomaterial design involve excellent mechanical properties, corrosion
resistance and biocompatibility. Metallic biomaterials compared with non-metallic biomaterials,
possess superior mechanical properties such as yield strength, fatigue strength and fracture
toughness, which results in the use of these biomaterials in different applications in the body, as
for example in artificial hip and knee joints, bone plates, and dental implants (Zheng et al.,
2017).

For metallic biomaterials, good corrosion resistance is one of the most important parameters
determining their biocompatibility (Chen and Thouas, 2015). However, when a metallic
biomaterial (inert or passive) is implanted, the physically and chemically conditions inside the
human body are different from ambient conditions, which can promote a severe corrosion. The

degradation of metallic products (release of metallic ions) during the post-implantation period,



different pH values and oxygen concentration in the body can compromise the integrity and life
of an implant device through its corrosion (Zheng et al., 2017). According to Jacobs. J et al
(Jacobs et al., 1998) there are two main reasons that determine why and how a metal corrode.
The first are thermodynamic forces that conduct the oxidation and reduction reactions (corrosion
reactions) and correspond to the energy required or released during a reaction. The second are
the kinetic barriers, which limit the rate of the oxidation and reduction reactions to prevent

corrosion.
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Figure 1. Metallic materials and their applications in human body as biomaterial devices
(Hiromoto, 2008).

2.1.1 Co-based alloys

In the early 1900s, Elwood Haynes (Yao et al., 2005) was the first researcher to investigate
cobalt alloys for biomedical applications. Initially, he discovered that a strengthening effect and
corrosion resistance could be achieved by usage of Cr in Co. Then, he discovered that the use
of tungsten (W) and molybdenum (Mo) in CoCr alloys increase its strengthening effect, and so

the first ternary cobalt alloys got patented (Disegi et al., 1999). Co is an allotropic element at
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temperatures below 417°C and it presents a compact hexagonal crystalline structure (HC),
whereas between 417°C and 1193°C (melting point), Co presents a face centered cubic
structure (FCC) (Royse, 2010). Co-based alloys exhibit a dendritic a-FCC metastable matrix due
to the sluggish nature of the FCC—HCP (hexagonal close-packed) transformation and the
addition of alloying elements such as Cr and W increases the transformation temperature
(Giacchi et al., 2011). For the application of Co-based alloys, they are classified into three
groups: (i) wear-resistant alloys: Co-Cr-W are characterized by the carbon content and tungsten
(W); (i) high temperature resistant alloys: low carbon amount and nickel addition (establish FCC
structure) and W (promotes hardening of the solid solution and formation of carbides); (iii)
corrosion resistant alloys: they exhibit high tenacity and low carbon amount to the minimize
formation of carbides (Royse, 2010).

The high mechanical properties of these alloys are due to the solid-solution strengthening
(with Cr, W and Mo) and the formation of metal carbides, while the good corrosion properties
result from the addition of chromium in the alloy (Favre et al., 2013). In the CoCr alloys the
combination of solid-solution hardening and carbine precipitation by the addition of carbon,
chromium, molybdenum, tungsten or nickel in the pure cobalt matrix are introduced to improve
their mechanical properties (Matkovic¢ et al., 2004). On the other hand, heat treatment is also
responsible for an improvement of the mechanical properties by dissolving the large network and
producing a homogenous structure (Giacchi et al., 2011).

According to ASTM four types of Co-based alloys are recommended for surgical implant
applications: (i) F75: cast CoCrMo alloy, (ii) F90 wrought CoCrWNi alloy, (iii)) F562: wrought
CoNiCrMo alloy and (iv) F563: wrought CoNiCrMoFe. Among these alloys, only cast CoCrMo
and CoCrWNi are extensively employed in implants fabrication (Jabobs et al., 1998). Thus, the
Co-Cr alloys have a long history consisting of more than 80 years of use as dental and medical
materials, and when compared to steels, these alloys exhibit both higher mechanical properties

and corrosion resistance (Kadlec and Onderka, 2013; Niinomi et al., 2015)].

2.1.1.1 L605 alloy

Co-20Cr-15W-10Ni alloy L605, well-known as “Haynes 25”, is a non-diamagnetic Co-based
alloy with Cr , W and Ni as main alloying elements and its high temperature-resistance,
corrosion-resistance mechanical-resistance make it an attractive material for biomedical
applications as well (Favre, 2012). In 2004, Guidant Corporation introduced a vascular stent
manufactured from L605 and it opened a wide opportunity for L605 applications in vascular
implants (Aihara, 2009).



Such as the other CoCr alloys, the CoCrWNi alloy is also primarily strengthened by carbide
precipitation and the mechanical properties are strongly affected by their deformation
microstructure and high performances are results of its microstructural characteristics (Lee et al.,
2011). The microstructure of the L-605 alloy is composed of a single FCC y-phase with alloying
elements in solid solution. Commercially, the L-605 alloy has a grain size between 50 and 100
pMm and its homogeneous microstructure is obtained by plastic deformation at high temperature,
followed by a treatment solution above than 1200 °C, in order to remove precipitates, undesired
phases, and to give the final shape of the product. For this alloy, laves phases are predicted to
be formed during aging treatment below than 700 °C and between 700 °C and 1100 °C carbide
formation is expected. Above than 1100 °C precipitates are dissolved, and hence the material
becomes a single FCC phase. Co-20Cr-15W-10Ni alloy has two main FCC carbides: the first
one is MsC and the second one is M23Cs, being M is one or several metallic elements of the alloy
(Favre et al., 2013).

2.1.2 Corrosion of CoCr alloys

CoCr alloys have been widely used as metallic biomaterial due to their beneficial combination
of superior wear behavior and corrosion resistance, good mechanical properties and suitable
biocompatibility (Luo et al., 2013). However, when a metallic material is implanted its find
conditions non-environment in the body as highly oxygenated saline electrolyte at a pH of
around 7.4, temperature of 37°C, chloride solutions (high corrosive to metals), ionic composition
and protein concentration in body fluids that contribute to accelerate the corrosion process of
metal (Hansen, 2008).

Failures and loosing of the artificial joints and bone fixation devices are often evidenced after
5-10 years of implantation. It occurs due to the mechanical degradation that is caused by the
fatigue, fretting fatigue and wear. The contact of the material surface to the surrounding tissue
influences the corrosion of the material over the year, which accelerates material degradation
even further (Hiromoto, 2008).

Corrosion is defined as being a destructive attack of a metal by chemical or electrochemical
reaction with its environment (Niinomi, 2010; Revie, 2008) and its occurrence in metallic
biomaterials results in the loss of the structural integrity and surface function in the metallic
biomaterials and a very small amount of released metallic ions may promote allergic response
and carcinogenesis in the human body (Niinomi, 2010). For these reasons, many attempts have
been performed to evaluate corrosion resistance of implant materials using quantitative

electrochemical test such as potentiodynamic polarization and impedance spectroscopy (Legat
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et al., 2006; Reclaru et al., 2005 Tsyntsaru et al., 2007), and qualitative in vivo implantation of
devices in animals (Hansen, 2008). Metals and their alloys (usually, except for gold) have a
tendency to react with the environment and form a native oxide layer thin on surface that
protects the material against corrosion. However, some metals and alloys are more resistant to
corrosion and it is due to phenomenon of passivity that protects the surface, which prevents that
the metal corrode earlier or when it would be expected (Al-Subai, 2011). CoCr alloys have
superior corrosion resistance due to the addition of chromium in the alloy (Favre, 2012).
Chromium is the most important element added to alloys to improve the corrosion resistance,
which also increase the resistance to pitting, oxidizing environments and crevice attack through
the forming of a passive film on the surface (Al-Subai, 2011).

When a metallic alloy is implanted, the body fluid corresponds to electrolyte, which contains
negatives ions (anions) that migrate towards the anode, and the positive ions (cations) that
migrate toward the cathode in solution. This solution is an electrolyte that is used to complement
the circuit, as shows Figure 2. The electrical potential is measured by an electrical component
(Figure 2), which can be a voltmeter or a battery, which is an unwanted corrosion cell for a
biomaterial in the body (Park and Lakes, 2007).
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Figure 2. Electrochemical cell shows how the chemical reaction occurs on the metallic

biomaterials exposed to an aqueous environment (into human body).

2.1.2.1 Biological effect of CoCr alloys
In the biomaterials field, CoCr alloys have been used in different applications such as artificial

hip, knee joints, dentistry (Lu et al., 2015) and cardiovascular stent applications (Sojitra et al.,
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2009). However, for each application, these alloys have a particular cellular response, which has
been studied extensively. One the most concern of a material implanted is about the soluble
metal ions release, like aluminum (Al), chromium (Cr), vanadium (V), cobalt (Co) and titanium
(Ti), because these ions bind to proteins, remain in solution, and then are scattered by the
surrounding tissues, bloodstream, and remote organs (Hallab and Jacobs, 2009).

There are two ways for an implant to corrode: electrochemically or mechanically, and as
consequence metal ions or metal particles are released which may influence biological
functions: adverse tissue reaction, cytotoxicity and metal sensitivity are related as main effects
Furthermore, many studies have reported that large particles (more than 150 nm to 10 ym), can
be phagocytosed by several type of cells, such as osteoblast, fibroblasts, endothelial cells, and
macrophages (Yunpeng. J et al, 2013). Cobalt, chromium, vanadium, and possibly nickel trace
elements are essential for a normal growth, development, and physiology of the organism
(Siddiqui et al., 2014), but in excessive amounts, cobalt has been reported to promote
polycythemia, hypothyroidism, cardiomyopathy, and carcinogenesis; chromium can also
promote to nephropathy, hypersensitivity, and carcinogenesis; nickel can promote eczematous
dermatitis, hypersensitivity, and carcinogenesis; and vanadium can lead to cardiac and renal
dysfunction (Bitar and Parvizi, 2015). Also, it has been associated with hypertension and manic-
depressive psychosis (Lu et al., 2015). Figure 3 depicts a per-operative view of an old patient
(81 years) with a severe corrosion in a titanium hip joint after 4 years of implantation and
increase of Co ions release. Such corrosion promotes intermittent pain in the groin and
trochanteric area about two years post-implantation in the patient (Vundelinckx et al., 2013).

Influence of the interaction of dental cast metallic alloys with living tissues and effects of
bacterial adhesion and toxicity on target tissues (soft tissues in the mouth) were reported by
Schmalz and Garhammer (Schmalz and Garhammer, 2002). Controlling bacterial adhesion is
essential in dental applications, since inadequate oral hygiene may lead to plaque accumulation
and cause gingival inflammation. However, high levels of free energy surface and rough
surfaces of dental metallic alloys may also influence oral bacterial adhesion (Schmalz and
Garhammer, 2002). The toxicity of dental metallic is the main requirement to determine toxic
potential of metal ions in cell culture systems, since have been reported problems with
inflammations of the gingiva in patients with excellent oral hygiene (Schmalz and Garhammer,
2002). Co-based alloys have proved as pursuing different biological responses, which were
reported by Berstein et al. (Berstein et al., 1992) to inhibit the growth of the primary fibroblasts,
but tests performed with permanent cell cultures (human lymphoma cells) showed no inhibition

and alteration of cell growth (Berstein et al., 1992).



Figure 3. (A) Revision surgery of a hip joint with soft tissue reaction to metal ions around the
implant. (B) Photograph shows the base of the modular neck with severe wear and (C) parts of a

hip prosthesis with severe signs of wear at the base of modular neck (Vundelinckx et al., 2013).

Tsaousi et al. showed that CoCr alloys promote dose-dependent cytotoxicity and genotoxicity
on human fibroblasts. In patients exposed to worn CoCr hip replacements an increase of
chromosome anomalies in the bone marrow adjacent to the implant was observed as well as
chromosome translocations and aneuploidy in the peripheral blood. Behl et al., 2013 evaluated
the response of porcine dural fibroblasts and epithelial cells to CoCr nanoparticles and ions.
These studies showed a decrease of viability of the dural epithelia after one day of culture, but it

was not observed for dural fibroblast.
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On the other hand, Savarino et al. (Savarino et al., 1999) analyzed levels of Co and Cr and Ni
in serum of several patients and the variation among some white blood cells, namely leucocytes,
myeloid cells, lymphocyte subpopulation in patients with aspect loosing of hip prostheses and
toxic effects from implant metal ions were observed. According to the authors, among 22
investigated patients, 54% presented normal levels of Co and Cr ions and 18.2% presented high
levels of Co and Cr ions and the number these cell cultivated had a higher decrease when both
ions were increased. The cell behavior of the Co, Cr and CoCr alloy was studied by Allen et al.
(Allen et al., 1997) using osteoblast cell lines. Tests with Co presented toxicity (0.1 mg/mL) and
inhibited the production of type-I collagen, osteocalcin and alkaline phosphatase by osteoblast
both cell lines cell lines (Sa0S-2 and MG-63), while for the Cr (1.0 mg/mL) and Co-Cr alloy (1.0

mg/mL) there was no cytotoxicity or inhibition of type-I collagen synthesis of both cell lines.

2.2 Surface of metallic implants

Metallic materials, such as stainless steel, titanium and cobalt-chromium and their alloys with
appropriate surface modification have been suggested for biomedical application, in order to
accelerate bone healing (Liu et al., 2015) and promote direct attachment to bone (Vasilescu et
al., 2011).

The implant surface, which is the first component to interact with the host and surface
modification, has been extensively studied and modified in order to increase the biocompatibility
and osseoconductive properties, which in turn may enhance the bone healing and apposition,
and consequently, ensure a rapid biological fixation of implants. Surface modification of
biomaterials is an important parameter in the development of biocompatible coating and metal
oxides. It has been widely recognized that the native oxide layer (chemically passive surface)
confers corrosion resistance and is usually less reactive than the biological media, which results
in enhanced biocompatibility of the metallic surfaces (Silva-Bermudez and Rodil, 2013).

Adhesion is a surface phenomenon, in which two surfaces are kept in contact by interfacial
forces (valence forces and/or interlocking actions) and the substrate adherent determines the
adhesion conditions. Surface preparation is the most critical step to control the adhesive
bonding (Wegman and Twisk, 2012) and in order to achieve a strong adhesive bond, some
features are essential, such as: surface roughness, contact angle, good wetting and cleaning of
the surface (Marshall et al., 2010).Independent of the coating technique cleaning, roughening
and condensate elimination are essential to ensure the adhesive bonding and bond durability.

Cleaning is the first step that consist to remove the contaminants, such as oil, greases, paint,
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rust, scale and moisture (Fauchais et al., 2014). As a second step, the roughening provides
asperities or irregularities to enhance coating adhesion to the substrate (Fauchais et al., 2014),
whereas the surface roughness is achieved by abrasive or mechanical blasting (Paredes et al.,
2006). Third step is the elimination of adsorbents and condensates, which consist in a pre-
heating of the substrate, being responsible for volatilization and burning of oil, greases, paint,
rust, scale and moisture retained on the metal surface (Paredes et al., 2006). Pre-heating may
contribute to residual thermal stress reduction to improve adhesion of the layer. To occur the
substrate heating in the plasma spray process there must be absorption of the kinetic energy of
the impact and also of the energy transferred by the flame/plasma, however, this pre-heating
can promote a negative influence on the tensile stresses of the substrate—coating interface
(Paredes et al., 2006).

2.3 Interface between substrate and coating

One of the main requirements for a coated metallic implant to be successful is enhancing the
bonding strength between the substrate and the coating. The overall bonding effectiveness is
determined by combining adhesive and cohesive forces in every situation involving a substrate
and the adhesive (Fig 4). Adhesion is defined as an attraction process between different
molecular materials, which when in direct contact promotes that the adhesive “clings” or binds to
the applied surface or substrate (Fraunhofer and Anthony, 2012). Whereas the cohesion is the
internal strength responsible to keep the particles attached within of the adhesive (Harun et al.,
2017). Therefore, separation of the adhesive from the substrate is necessary to prevent, which
could occur from bond fail or internal breakdown of the adhesive, e.g. arising from cohesive
failure (Fraunhofer and Anthony, 2012).

Many theories have been proposed to explain the adhesion phenomenon, but they are at the
same time complementary and contradictory. For instance, mechanical interlocking, electronic
theory, diffusion theory, theory of boundary layers and interphases, adsorption (thermodynamic)
theory, and chemical bonding theories are considered. Among these theories, chemical bonding
represents the best explanation of adhesion phenomena, which consist in the formation of
covalent, ionic or hydrogen bonds across the interface (Marshall et al., 2010; Roa et al., 2011),.
Hence, it is understood that the chemical bond formed across the adhesive—substrate interface
may greatly participate on the adhesion between the materials (Roa et al., 2011). These bonds

are categorized as primary bonds and present strong bonding forces (Marshall et al., 2010), but
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when compared to physical interaction with weak bonding (van der Waals), it is called secondary

interaction forces (Marshall et al., 2010).
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Figure 4. Representation of the adhesion and cohesion forces within an adhesive and between

an adhesive and substrate (Adhesives.org, 2017).

2.4 Cell-surface interaction

As already mentioned in the requirements above, a successful orthopedic implant has to
provide suitable mechanical properties and good biocompatibility to allow osseointegration.
According to Huliang (Cao and Liu, 2013), osseointegration refers to as being a structural and
functional connection between bone tissue and the surface of an implant for load carrying, which
involves a cascade of cellular and extracellular biological events that take place at the
bone/implant interface.

Although the material surface properties have been studied intensively, there is still the
necessity of a better understanding about cytocompatibility of an implant, which is influenced by
its chemical composition, since surface topography plays a vital role for cell-surface interaction
(Jager et al., 2007).

Another important aspect when a material is implanted into the body is the protein adsorption,
because the protein would be instantaneously adsorbed by its surface and can significantly
influence its biocompatibility (Wang et al., 2017). Figure 5 presents a scheme of the sequential

reactions that may occur at the interface of the implant after implantation. Initially, the interaction
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of proteins with the metallic surface occurs immediately upon the metal contact with the blood,
and then platelets attach the surface (Tanaka et al., 2009). When a biomaterial is implanted,
within a few seconds a thin layer of proteins is formed on its surface and consequently the cells
will respond to these proteins. This film is important responsible to control the bioreaction, in
which the cells multiply and organize into several forms of complex tissue (Paital and Dahotre,
2009).
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Figure 5. Demonstration of the sequential reactions that occurs after the implantation of a

biomaterial into a living system (Paital and Dahotre, 2009).

Biomaterials and medical devices, prior to interacting with host cell, immediately and
spontaneously form a layer of host protein (Anderson et al., 2008) and it can be determinant for
the osseointegration process, because proteins encountered by the cells must support or
actively promote activities for the attachment and proliferation (Wilson et al., 2005). Furthermore,
protein adsorption can influence the corrosion rate, bone cell attachment and proliferation of a
metallic implant surface (Tanaka et al., 2009). The rough surface is also determinant for metallic

implants, because it promotes its friction and bacterial adhesion process. Surfaces irregularities
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can lead to bacterial adhesion and colonization. For metallic implants, a rough surface is usually
below than 10 nm and for CoCrMo alloys it is established that minimum level is around 12 nm
(Tan, 2016).

Surface wettability is a property to enhance cell response and it is widely observed that cells
have superior adhesion on hydrophilic surfaces (Wilson et al., 2005). According to Voglers
(Vogler, 1998) definitions, hydrophobic surfaces are those where attractive forces are detected
exhibiting water contact angles above 65° and hydrophilic surfaces repulsive forces are detected
exhibiting water contact angles below 65°. Moreover, cleaning and sterilization might promote
significant changes, such as, changes in surface chemistry or energy, and ion release,
subsequent to affect cellular activity. Thus, the use of ethanol or butanol to disinfection the
material can create a more hydrophobic surface and autoclaving contributes to (non-biological)

surface contamination (Wilson et al., 2005).

2.5 Calcium phosphates (CaP)

The first recognized CaP was the apatite in 1786, when Abraham Gottlob (Canillas et al.,
2017), well-known as father of geology, discovered this mineral, but Nicolas Louis Vauquelin
(Dorozhkin, 2013) is the one who discovered the acidic calcium orthophosphates. Apatite as a
mineral group name corresponds to minerals with the same crystallographic structure and the
term “apatite” involves CaP ratio within 1.5-1.67 for the calcium phosphate group (Canillas et al.,
2017; Dorozhkin, 2013; Eliaz and Metoki, 2017). CaP are the main inorganic constituents found
in bone (=60% w.t.), principal constituent of enamel in the tooth (ca. 90%) and its name presents
a common family of minerals containing calcium cations (Ca?*), together with orthophosphate
(PO+*), metaphosphate (PO3*) or pyrophosphate (P.O7*) anions, and occasionally hydrogen
(H*) or hydroxide (OH") ions (Eliaz and Metoki, 2017). The applications of biomaterial based on
CaPs were introduced in 1920 for fracture treatment. However, it was in the 1970s that research

about CaPs had a large growth in the orthopedic and dental fields (Habraken et al., 2016).

2.5.1 Hydroxyapatite

Among CaP’s, hydroxyapatite (HAp, Ca1o(PO4)s(OH)2) is the most common phase due to its
quite similar chemical composition to the mineral phase of bones (Chen and Thouas, 2015) and
excellent biocompatibility with hard and soft tissues, such as skin and muscle (Shi, 2006). The
structure of pure HAp belongs to the monoclinic system with space group P21/b, and at

temperature above than 250°C there is a monoclinic to hexagonal transition (space group
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P63/m). However, some impurities, like partial substitution of hydroxide by fluoride or chloride
ions, stabilize the hexagonal structure of HAp at room temperature and due to this, the very rare
single crystals of natural HAp presents a hexagonal space group (Dorozhkin and Epple, 2002).
Bone is a ceramic-organic bio-nanocomposite with a complex structure that is composed
mainly by a major mineral phase of calcium phosphate (ca. 69% w.t.), an organic matrix (ca.
22% w.t.), mostly collagen type | [66] and water (ca. 9% w.t.) (Kattimani et al., 2016). The main
function of collagen is to provide elasticity and support, whereas the CAPs (HAp and amorphous
calcium phosphates) provide stiffness to the bone tissue (Shi, 2006). HAp is widely used as a

coating for orthopedic (hip-joint prosthesis) and dental implants (Dorozhkin and Epple, 2002).

2.6 HAp coating

Metallic materials have good mechanical properties and corrosion resistance, however, their
biocompatibility is limited. Thus, bioactive materials such as HAp have been used to coat
metallic substrate surfaces to enhance the implant bioactivity (Asri et al.,, 2016). In the late
1960’s, the use of bioactive HAp and CaP coatings was proposed for biological fixation of load-
bearing as an alternative to cement fixation (Yang et al., 2005). Nevertheless, it was only in
1985 that Furlong and Osborn (Yang et al., 2005) began employing clinical trials with HAp
coated implants, which were successful from the clinical point of view, having a failure rate less
than 2% during a mean follow-up study of 10 years.

HAp coatings allow a faster, more stable and stronger implant-to-bone fixation. They
generate a uniform bone-implant interface and act as a protective layer to prevent the release of
metal ions from the implant to the body (Lu et al., 2004). HAp coatings have a common level of
crystallinity of about 60-70% and thicknesses between 30-300 um are considered suitable for
biomedical applications . High degrees of crystallinity show low dissolution rates in vitro, less
resorption and more direct bone contact in vivo. Coatings with high amorphous contents
promote a rapid weakening and disintegration of the coating, which can result in an inflammatory

response from surrounding tissue(Tsui et al., 1998).

2.6.1 HAp coating methods

2.6.1.1 Plasma spray

A large number of techniques have been developed to produce HAp coatings on metallic
implants, such as sol-gel dip coating, electrochemical deposition, electrophoretic deposition,

plasma spray process, hot isostatic pressing, pulsed laser deposition and biomimetic deposition.
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Among these techniques, only plasma spray is commercially approved by the FDA from USA for
use as biomedical coating on implants (Asri et al., 2016). Figure 6 (A) shows the process of
coating by plasma spray of prosthesis with HAp and (B) metallic implants coated with HAp for

different applications.
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Figure 6. (A) Coating of joint prostheses by plasma spray process on titanium substrate

(Medicoat, 2018.) and (B) commercial coatings of HAp obtained by plasma spray process (APS
Materials, 2018).

Plasma spray coating has been widely used to coat mainly titanium alloy with HAp in
orthopedic surgery to reconstruct hip and knee joints. This is a complex process that involves
several parameters, which achieves temperatures around 13 000 K. It is based in the deposition
of a stack of successive melted HAp particles on the substrate that are transported by gas
(hydrogen and/or argon), followed by cooling that allows obtaining thickness between 15 and
200 ym with a lamellar structure (Demnati et al., 2014).

Despite the plasma spray coating process has shown excellent clinical performance, some
intrinsic drawbacks resulted in limitations of this method (Yang et al., 2005), including poor
coating-metal adhesion strength, non-uniform thickness, and changing of structural and
chemical properties (Chen et al., 2006). Likewise, this process requires high temperature, which
can lead to partial decomposition of the HAp, resulting in the limitation of this process (Demnati
et al., 2014). The most common limitation of plasma sprayed HAp coating is the formation of
secondary phases, such as tricalcium phosphate (a/f form), calcium oxide (CaO), and
tetracalcium phosphate (TTCP) along with amorphous calcium phosphate (ACP) and the

presence of these undesirable phase increases dissolution of the coating (Vahabzadeh et al.,
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2015). Due to these limitations associated to plasma spray process, experimental deposition

procedures have been investigated to overcome them.

2.6.1.2 Electrodeposition
Another coating technique that has been drawing attention is electrodeposition, essentially
due to the possibility to be conducted at mild temperature and its applicability to complex
substrates. The electrodeposition technique allows a high production rate (Shadanbaz and Dias,
2012) and the thickness and chemical composition can be controlled by adjusting
electrodeposition conditions (Song et al., 2008) (current density, temperature, pH and electrolyte
composition) (Mali et al., 2016).

Electrodeposition method has been used to coat different metallic alloys for biomedical
applications (Coskun et al., 2014; Manso et al, 2000; Thanh et al.,, 2013), due to their
homogeneity and among other characteristics mentioned above (Coskun et al., 2014). This
technique is carried out using a negative charge against a substrate in a three-electrode
electrochemical cell (Arshanapalli, 2013) coupled to a galvanostat/potentiostat system, which
allows to control the thickness of the coating by controlling the deposition time (Mali et al., 2016).
The system of an electrochemical cell is shown in Figure 7, where for HAp coating, a SBF
solution with near-physiological conditions is used as an electrolyte for conduction of ions to
carry out the deposition of the CaP coating, and CaP phases are precipitated out of solution on
the substrate (Shadanbaz and Dias, 2012). The counter electrode (cathode) and working
electrode (anode) are where the electrochemical reactions take place.

Cogskun et al. (Coskun et al., 2014) deposited HAp on a CoCrMo substrate by
electrodeposition using different solution concentrations and a computational technique was
proposed to optimize electrolyte concentrations. A simple and cost-effective method was
established by Thanh et al. (Thanh et al., 2013a), investigating the influence of experimental
conditions (precursor concentration, temperature and H2O2 content) on the electrodeposition
process of the HAp coating onto 316L stainless steel. For coating metallic substrates like the
316L stainless steel by electrodeposition process, it is important to investigate the
electrochemical reactions that generate gaseous hydrogen which can attack the surface and

reduce the adhesion of the HAp coating to the substrate surface (Thanh et al., 2013a).
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Figure 7. Schematic of an electrochemical process for deposition of HAp on 316L

nanostructured stainless steel (Mali et al., 2016).

The effects of low constant voltages on coating morphology, micro-structure and composition
of HAp deposition on Ti substrate were studied by Manso et al. (Manso et al., 2000), resulting in
a well-crystallized HAP coating through electrical activation of spontaneous deposition.
However, this technique has two main limitations: the first one is the low adhesion and second

one is the high dissolution rate of the formed coating.

2.6.1.3 lon beam-assisted deposition

lon beam assisted deposition (IBAD) technique utilizes an ion beam to coat the surface of a
material with a thin film (Paital and Dahotre, 2009a). lons are accelerated to a determined
energy and directed toward the surface of the target material (Cui and Luo, 1999). This
technique is a vacuum process that combines physical vapor deposition with ion beam
bombardment (Hamdi and Ide-Ektessabi, 2003), allowing the production of coatings with exact
processing control, low temperature, versatility of ion species and a good adhesive bond. For
making coatings by IBAD method, many parameters, such as evaporation rate or sputtering rate,
ion species, ion energy and ion beam current density can affect the composition, structure and
chemical properties of coating, with the ion bombardment being the key factor (Hamdi and Ide-
Ektessabi, 2003). HAp coatings incorporated with different concentrations of Ag, used as an

antibacterial component, were deposited using IBAD with in situ heat treatment. After that, and
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over a total period of 6 h, where the substrate temperature was 550 °C for the first 4 h and 450
°C for the subsequent 2 h, a coating was obtained with three different layers, showing a “mixed”
crystalline interface layer adjacent to the metallic substrate, a crystalline inferior layer and a
mostly amorphous layer on the top surface (Bai et al., 2010).

IBAD simultaneous vapor deposition was used by Hamdi and Ektessabi (Hamdi and Ide-
Ektessabi, 2003) to prepare HAp layers from CaO and P,Os powders used as Ca and P
precursors and then heated at 650 °C for 6 h and submitted to annealing for another 2 h at
1400°C. In order to increase the crystallinity and, hence, biostability, post-deposition heat
treatments at 700, 1000 and 1200 °C for 2 h were performed on the deposited films. Luo et al.
(Luo et al., 2000) studied the in vitro and in vivo degradability of Ti surfaces coated with HAp by
IBAD in rabbits, and after 12 weeks no significant degradation of the coating was observed.
Furthermore, post deposition treatment has been applied to improve the crystallinity of the
coating. Nonetheless, IBAD process is expensive and involves a vacuum chamber and plasma

treatment based on ionized particle bombardment (Paital and Dahotre, 2009a).

2.6.1.4 Sol—gel deposition

Sol-gel is a method that allows sintering ceramic and nanostructured materials at a relatively
low temperature, using simple equipment. Furthermore, dense and uniform coating layers with a
thickness lower than 1 mm can be obtained from sol-gelled materials (Salehi et al., 2015). This
deposition technique involves a series of steps: (i) preparation of a homogenous solution; (ii)
aging of the sol/gel at a suitable temperature to achieve desired properties (e.g. optimum
viscosity); (iii) the sol/gel is submitted to casting, spinning, drawing, coating, emulsification,
dipping, or spraying, for example for obtaining the required gel form coating through sol—gel
transition; and (iv) the specimen is submitted to drying, followed by heating to obtain the desired
product. In addition, each step is guided by a set of experimental parameters in order to control
the chemistry of the process and the quality of the final product (Paital and Dahotre, 2009). Sol-
gel deposition technique was introduced as a promising alternative to coating methods such as
plasma spraying, electrophoretic deposition, sputter coating, pulsed-laser deposition and dip
coating into a powder suspension to produce thin bioactive layers (Chai and Ben-Nissan, 1999),
which was combined with dip-coating technique to coat metallic biomaterials to improve
adhesion (substrate/coating) (Asri et al., 2016).

Many researchers developed new alternatives to improve the adhesion strength and
biocompatibility properties of the sol-gel coating. For instance, Romonti et al. (Romonti et al.,

2016) prepared fluorohydroxyapatite and fluoroapatite coatings and deposited those on CoCrMo
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substrates by the sol-gel method looking for achieving a better performance of fluoro-substituted
apatite on the optimization of biocompatibility properties. A study reporting the synthesis of
hybrid (silica and organic chains) networks with a mixture of two alkoxysilanes (methyl-
trimethoxysilane and 3-glycidoxypropyl-trimethoxysilane) in different proportion via sol-gel
method was proposed by Diaz et al. (Juan-Diaz et al., 2016). In this study, they proposed to
develop a coating for complex surfaces which promotes good adhesiveness, biodegradability
and biocompatibility on titanium dental screws. The results showed that it was possible to coat
the dental screws, however, when changing the composition of the sol-gel coating the
biodegradability was highly affected. On the other hand, Burnat et al. (Burnat et al., 2017)
studied titanium dioxide (TiO) to improve anticorrosion and bioactivity properties, which proved
that coating doped with the highest concentration of calcium ions showed the best anticorrosion

properties.

2.6.1.5 Electrophoretic deposition

Electrophoretic deposition (EPD) allows production of relatively homogeneous coatings with
controlled microstructure, thickness and morphology on complex shaped materials (Besra and
Liu, 2007; Jugowiec et al., 2017). EPD technique is a colloidal process applied in ceramic
production (Besra and Liu, 2007) and also offers advantages in relation to high purity of deposits
and room temperature processing. There are two key steps required: (i) electrophoresis, where
the charged particles dispersed in a colloidal solution or suspension moves through an electric
field; and (ii) deposition, which occurs with accumulation and coagulation process of charged
particles on the surface of opposite charged electrodes (Jugowiec et al., 2017). Despite these
advantages, EPD involves parameters that influence the process and are grouped into two
categories: The first category is related to suspension parameters (dielectric constant, viscosity,
temperature, particle size and morphology, content of the dispersant in the suspension,
electrokinetic properties of particles), and the second category includes parameters referent to
the electric field of EPD (applied voltage, deposition time, distance between electrodes, area of
electrodes submerged in the suspension, as well as material of the counter electrode) (Jugowiec
et al., 2017).

In the EPD process, the use of additives is necessary to obtain stable suspensions and to
promote the desired level of electrophoretic mobility. However, Zhitomirski and Gal-Or
(Zhitomirsky and Gal-Or, 1997) deposited HAp on Ti6Al4V surgical alloy substrates by EPD
technique and pointed out a problem associated to the use of additives, which can increase the

chance of contamination and decrease chemical stability of HAp. As an alternative, many
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studies have reported the addition of different organic solvents to HAp suspensions. Isopropyl
alcohol as a suspension medium was studied by Zhitomirski and Gal-Or (Zhitomirsky and Gal-
Or, 1997) to coat metallic substrate. Afterwards, Xiao et al. (Xiao and Liu, 2006) developed
optimum conditions to prepare a dense, uniform and adherent coating using primary aliphatic
alcohols (C1-C4) as medium. The addition of polyvinyl alcohol and N,N-dimethylformamide to
HAp suspensions was also reported in order to improve the adherence and strength of the
coatings and to prevent cracking of the deposits after drying (Boccaccini et al., 2010). Figure 8
shows nano-HAp coatings obtained by EPD process with variation of the potential and the

deposition time (Drevet et al., 2016).

Figure 8. Nano-HAp coating on Ti6Al4V substrates obtained by EPD process: Fig 8-A shows
the deposition at a time of 10 min. at different potentials: (A) 5V, (b) 10V, (C) 15V and (D) 20 V
and Fig 8-B shows the deposition at 10 V at different time points: (A) 5 min, (B) 10 min. (C) 15
min. and (D) 20 min (Drevet et al., 2016).

Looking for optimization of the EPD technique, numerical simulation has been employed
providing insights into local variations of particle interaction processes during deposition
(Boccaccini and Zhitomirsky, 2002). Particularly, numerical modeling seems to be a promising
way to understand the lack between predictive models linking EPD process parameters and
deposit properties (Boccaccini and Zhitomirsky, 2002), but then a robust mathematical model is
required. Moreover, disadvantages include difficulty to produce crack-free coatings and suitable
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bonding strength between the coating and metallic implant are frequent in this process (Asri et
al., 2016).

2.6.1.6 Pulsed laser deposition

Pulsed laser deposition (PLD) has been used to create thin films through energetic
condensation of atomic and molecular species (Koch et al., 2007). In the PLD deposition, a laser
is used to vaporize a target that contains materials of the desired film. Thus, the surface of the
target absorbs the radiation and electromagnetic energy is converted into electronic excitation,
chemical energy, mechanical energy, and thermal energy (Koch et al., 2007). Gyorgy et al.
(Gyorgy et al.,, 2004) proposed a PLD deposition of HAp enriched with carbonate and
manganese ions on Ti substrate, using high vacuum, oxygen pressure at 10 Pa and post
treatment for 6 h at 300 — 400°C in a water flow of vapor to promote crystallization. A pure,
adherent and crystalline HAp coating was reported by Dinda and Mazumder (Koch et al., 2007),
using PLD deposition followed by post annealing for 4 h at different temperatures (290, 300 and
310°C) to restore the initial crystalline structure. Despite this technique is a promising method to
produce pure, crystalline and adherent HAp coatings (Dinda et al., 2009), several parameters
and requirements, such as vacuum control (like medium vacuum (10 -10"° Torr), high vacuum
(10 -10® Torr), or ultra-high vacuum (<10 Torr) (Koch et al., 2007), high temperature of
substrate, laser radiation, laser operational frequency (Kassing et al., 2006) and post deposition
heat treatment (to improve the crystallinity and adhesion) are necessary to be controlled and
achieved (Dinda et al., 2009; Kassing et al., 2005).

2.6.1.7 Biomimetic coating

Biomimetic coating process was developed between the 1990s and 2000s (Surmeneyv et al.,
2014) and consist in the immersion of metal implants in SBF at physiological pH conditions,
temperature and ion concentration approximately equal to the human blood plasma (Surmenev
et al., 2014). Initially, a substrate surface preparation involving alkali, acid or heat treatment is
required. Then the substrate is soaked into SBF and several reactions occur. As an example,
titanium and their alloys may be used to describe this process in five steps: (i) during the alkali
pre-treatment a layer of amorphous sodium titanate is formed on the Ti surface; (ii) sodium
titanate layer allows the formation of Ti-OH groups on its surface during SBF soaking; (iii) a layer
of amorphous calcium titanate is formed with the interaction of the Ti-OH groups and local
calcium ions from SBF; (iv) conversion of amorphous calcium titanate takes place to amorphous

calcium phosphate with a Ca/P ratio of approximately 1.4; and (v) as the last step, the
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amorphous calcium phosphate is converted into bonelike calcium deficient carbonated
hydroxyapatite with a Ca/P ratio close to the value of mineral bone (=1.65) (Koju et al., 2017).

The biomimetic coating process involves low temperatures to produce coatings (Rigo et al.,
2004) with high bioactivity, good resorption characteristics which allows deposition on porous or
complex geometries (Habibovic et al., 2002) and for this reason many studies have been
published on this method.

Bharati et al. (Bharati et al., 2005) developed a CaP coating by biomimetic process through
immersion of Ti substrate into a concentrated SBF with and without the use of CaO-SiO; glass
as a source of nucleating agent for apatite formation. The results showed that it is possible to
obtain a uniform and relatively thick coating with the surface of the substrate completely
covered. Titanium substrates were coated with HAp by a new biomimetic route proposed by
Habibovic et al. (Habibovic et al., 2002). The authors obtained a thick and homogeneous
calcium phosphate coating after a few hours (4-48 h) of immersion and without any chemical
pretreatment, using two biomimetic procedure steps: (i) the substrates were soaked in a solution
that was 5 times more concentrated than normal SBF, (ii) the substrate was soaked into another
solution with similar composition of the initial solution, but with decreased contents of crystal
growth inhibitors (i.e., Mg?* and HCOs). Figure 9 shows SEM micrographs of the coating
morphology obtained after soaking in SBF solution on titanium substrate. Table 1 shows a brief
summary of the main characteristics and parameters of the deposition techniques described in

this chapter.

Table 1. Different deposition techniques of HAp and some main characteristics and process

parameters.
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Figure 9. Morphology of the HAp coating fabricated by biomimetic method, using two SBF
solutions (SBF-A 5x more concentrated than solution SBF-B): (A) SBF-A coating, (B) SBF-B
coating after 5 h of soaking, (C) SBF-B coating after 6 h of soaking, and (D) SBF-B coating after
24 h of soaking on a Ti6Al4V plate (Habibovic et al., 2002).
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CHAPTER 3

3. Materials & methods
3.1 Synthesis and characterization of HAp powder

The HAp powder synthesis was carried out by precipitation technique through a wet chemical
route using phosphoric acid (HsPO4, Vetec 85%) and calcium hydroxide (Ca(OH)z, Synth®)
according to the protocol described by Ramesh et al. (Ramesh et al., 2007). The Ca(OH), was
added to water under mechanical stirring and heating; when the temperature reached 90 + 2 °C
the HisPO4 was added. The solution obtained by mixing the reagents was maintained at a
temperature of 90 + 2 °C for 24 h. After this period, the resulting precipitate was filtrated and
dried in an oven at 110 + 2 °C for 24 h and calcined at 1100°C for 1 h. Then, the reaction
product was crushed using a pestle and mortar and then sieved a # 325 (<45 um).

The crystalline phases of the resulting powder were identified by XRD using a Phillips X'Pert
diffractometer MPD with copper tube (Ka radiation = 1.5418 A). The voltage and current used in
the tube were 40 kV and 40 mA, respectively, and XRD patterns were recorded in the 26 range
of 20°—- 60° with a step duration of 0.05 °/s.

FTIR was carried out with a Perkin EImer model Spectrum at room temperature in the range
of 400-4000 cm™" with the HAp powder being dispersed in a KBr matrix, in order to determine the
functional groups PO.,* and/or OH-. Particle size distribution analysis was performed through
laser particle size analysis, using a laser diffractometer Cilas 1180 with a detection range of the
instrument from 0.04 to 2500 um. The particle morphology of the obtained powder was observed
by SEM (JOEL - model JSM 6060).

3.2 Preparation of metallic substrate

A Co-15Cr-15W-10Ni alloy (Fort Wayne Indian Company, USA), according to ASTM F-90,
was used as substrate for coating of HAp/PO by brushing method. The substrates were cut by
wire electroerosion from the as-received raw material in discs with a diameter of 11.00 mm and
a thickness of 1.00 mm. Four types of surfaces modifications were prepared to investigate the
interaction of the coating with different substrates of varying roughness: polished, passivated,
heat treated and untreated. Untreated samples served as a control and one untreated sample
with a diameter of 24.62 mm and a thickness of 14.16 mm was used to perform XRD analysis
and for a better substrate observation, in order to attend the size dimensions of the XRD device.

The polished substrate were ground using SiC paper with different grit sizes including 400, 600,
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800, 1000, 1200 grit and then polished using 3 pm and 1 ym diamond pastes. The samples
were polished before passivation and heat treatment to remove an oxide layer and impurities
formed during the wire electroerosion cut. Passivation treatment was carried out in a solution of
20% nitric acid for 30 min at room temperature, following the practice for surface preparation of
metallic surgical implants (ASTM F86-13). The “heat treated® samples were prepared by
treatment in a furnace (NABERTHERM) at 800 °C for 1 h with a heating rate of 5 °C/min under
N2 and O; atmosphere, followed by cooling to room temperature. Untreated samples served as a
control and samples untreated with a diameter of 24.62 mm and thickness 14.16 mm were used
as received for a better observation of the coating and substrate. Finally, all samples were

cleaned in each solution of acetone, ethanol and distilled in a water ultrasonic bath for 15 min.

3.3 Thermal behavior of the Pine Qil

Thermogravimetric analysis (TGA) analysis was performed using a TA Instruments, model
TGAQ5000.IR with a rate of 10 °C/min, in the range from 30 °C to 650 °C under N, atmosphere
and a gas flow of 25 mL/min. Differential scanning calorimetry (DSC) analysis was performed in
a TA Instruments DSC (Q20) under nitrogen flow of 50 mL/min within the temperature range
between —-60 °C and 60 °C and a heating rate of 10 °C/min.

3.4 HAp/pine oil slurry preparation and coating process

The HAp powder and pine oil (proportion of 1:5 w:v) were mixed using a magnetic stirrer for
24 h at room temperature to achieve a homogeneous slurry. From preliminary tests, obtaining
coating with different proportions (e.g. 1:2 w:v and 3:3 w:v) is also possible. PO was provide
from Quimicamar-Brazil and its characteristics are summarized in Table. 1. Then, the metallic
surfaces were completely coated with slurry using a paint brush (Condor - Brazil) of synthetic
bristle and a width of 4 mm. A preliminary study was performed using temperatures in a range of
400 °C — 800 °C (in intervals of 100 °C) in order to determine the optimum temperature to
promote adhesiveness between alloy and coating. Based on the results, the coated samples
were heat treated in a high vacuum using a Graphite hot Zone furnace (Model 1000-2560-FP20)
at 800 °C for 1 h, with a heating rate of 5 °C/min. The temperature used was chosen based on
previous work by Khalid (Khalid et al., 2013), who reported about an improved adhesion and
crystallization of HAp between 800 °C and 900 °C.

28



Table 2. Characteristics of the Pine oil 65% for the slurry preparation.

Commercial name Chemical name Composition Extracted

Pine oil 65% Alpha Terpineol or mix Terpene alcohols (total terpene From gum-
of terpene alcohols and alcohols 40%) and terpene resin of the
terpene hydrocarbons hydrocarbons (alpha-pinene, beta- pine tree

pinene, limonene, terpinolene and

others).

3.5 Characterization of the coating

After burnt out of PO under heat treatment, the crystalline phases present in the coating were
analyzed by XRD using an Ultima IV type lll diffractometer (Rigaku, Tokyo, Japan) equipped
with cross beam optics (CBO) with Cu Ka radiation and scanning speed of 0.05 °/s and in the 26
range of the scan interval from 10 to 70 °/s. The HAp/PO coating was removed from the
substrate and dispersed in a KBr matrix for the FTIR investigation before and after sintering to

evaluate its chemical structure in a range of 4000-400 cm-.

3.6 Surface topography and wettability

Surface topography and roughness were examined by SEM (Camscan Series 2, Obducat
CanScan Ldt., Cambridgeshire, United Kingdom) and optical profilometer (Ply 2300, Sensofar
Technology, Terrassa, Spain) in ftriplicates to measure the surface roughness value (Ra) for
uncoated and coated samples. The surface tension of the coated and uncoated samples was
measured by sessile drop method using a digital microscope (Keyence, VHX 600 dso) and then
evaluated in the Imaged software. Five liquid drops (diameter 10 um) of water, PO and HAp/PO
were deposited on each sample and the contact angle was measured using a video camera
linked to a microscope. The contact angle was measured by calculating the slope of the tangent

to the drop at the liquid-solid interface.

3.7 Scratch resistance of the coating

The hardness and scratch resistance of the coating (Fig. 10) were measured by a pencil
hardness tester (PH-5800, BYK-Gardner GmbH, Geretsried, Germany) following the ISO 15184

standard recommendations (Pardun et al., 2015). The pencil hardness tester is a constant-load
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scratch test that deals with different scale of hardness grades (9B-9H). The test starts from soft
grades (9B) to harder grades (9H) and the same load is applied on the surfaces of the coated
samples with indenters of different hardness grades. The hardest pencil grade that did not cause
damage to the coated specimen was considered as the pencil hardness of the coating (Lakshmi
etal., 2011).

scale of hardness

AN RN SRR RN GRS
6B-5B-4B-3B-2B-B-HB-F-H-2H-3H-4H-5H-6H

softer harder

Figure 10. Pencil hardness tester (PH-5800, BYK-Gardner GmbH, Geretsried, Germany) and

scale of hardness from softer to harder pencil.

3.8 Corrosion tests

In order to evaluate the effect of heat treatment on corrosion resistance, samples uncoated
and coated with different surface and heat treatments were investigated. Table 3 shows
specifications of the samples studied. CoCr disc samples were used as working electrode and
electrically connected by using a sample holder for sheets with O-ring isolation and Cu back-
contact. Electrochemical polarization tests have been performed by means of a Solartron SI
1287 electrochemical interface which was connected to a three-electrode cell with a saturated
calomel electrode (SCE) reference electrode (E= 0.241 V vs. normal hydrogen electrode (NHE)
and a Pt net as counter electrode. The measurements were conducted in Ringer’s solution (8
g/L NaCl, 0.2 g/L KCI, 0.2 g/L CaCl, and 1 g/L NaHCO3) with pH = 7.4 at 37 °C. After immersion
of the samples under open circuit potential (OCP) conditions for 30 min for establishing steady
conditions, for cyclic voltammetry the potential was swept at a rate of 5 mV/sec from the OCP
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firstly in anodic direction up to a value of 1 V vs. SCE, then in cathodic direction up to the OCP
value and two 2 cycles were recorded. Linear potentiodynamic polarization measurements were
conducted after 30 min of OCP adjustment with a slow sweep rate of 0.5 mV/s starting from the
cathodic regime (OCP-150 mV) and sweeping up to 1 V vs. SCE. Electrochemical

measurements on uncoated samples were repeated to ensure a high level of reproducibility.

Table 3 Description of the surface treatment and coating parameters of the CoCr disc samples.

Sample Surface treatment Coating Heat treatment (°C)
Pol Polshed
Pol_Pas Polished & Passivated®* @ -—-—— = -
Pol_Pas_coa 300 Polished & Passivated HAp + PO** 300
Pol_coa_ 800 Polished HAp + PO 800
Pol_Pas_coa 800 Polished & Passivated*® HAp + PO 800

* Polishing and passivation of the CoCr disc were carried out as described in section 3.2.

** Preparation and coating of the CoCr disc were carried out as described in section 3.4.

3.8.1 Cyclic voltammetry

Cyclic voltammetry (CV) is a useful technique for acquiring information about electrochemical
reactions (reduction and oxidation), where reversible and irreversible oxidations are investigated.
This method consist in applying a time varying potential to an electrochemical system and as
response the current is measured (Ornberg, 2007). The circuit system is formed by a three
electrode cell: working, counter and reference electrode that are placed close to each other in an
electrolytic solution under an inert atmosphere (Brubaker, 2014). During CV analysis reduction
and oxidation events are measured through the recording of the current between the working
and counter (or auxiliary) electrode, which results in a data plotted as current (i) vs. potential (E).
Reduction events occur with the reduction potential and are measured by increasing current
values. Oxidation events are observed at potentials that favors the loss of electrons by decrease

of current values (Jove Science Education, 2018).

3.8.2 Potentiodynamic polarization
Potentiodynamic polarization is a direct current technique usually highly to determinate
corrosion rate, passivity and breakdown, and susceptibility to pitting (localized corrosion)

(Ornberg, 2007). In this technique normally three electrodes are used: (i) working electrode that
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is the metallic sample to be investigated; (ii) reference electrode is a conductor with a well-
known potential that complete the system and; (iii) counter electrode is responsible to provide
current to the working electrode (Bakrachevska, 2014). To perform the measurements,
electrochemical potential (voltage) is applied between the electrodes (Bakrachevska, 2014) and
a potentiostat device controls the driving force of the electrochemical reactions that occurs on
the working electrode (Ornberg, 2007). During potentiodynamic polarization, the potential
applied to the working electrode increases with time and measured variable is the current. Thus,
a graph is plotted as result: current vs. potential (Bakrachevska, 2014). A typical
potentiodynamic polarization curve is shown in Figure 11. This OCP circuit corresponds to the
corrosion potential Ecorr, Wwhere two features also are important for analysis: Breakdown potential
(EBreakdown) Occurs when the potential applied increase significantly the anodic current. The
repassivation potential (Erepass) COrresponds to the protection potential at which hysteresis loop
is completed when a reverse polarization scan is applied (Ornberg, 2007). In Figure 11 a dashed

line represents where the local corrosion occurs.

E(V) . :
¢ - Transpassive region
EBreakdown <
> Passive region
ERepass
<
Econ (OCP) - —_— :____ \L— i i
e ‘ Active region
T
Start

v

logi(A cmz)

Figure 11. Representation of a potentiodynamic polarization curve (Ornberg, 2007).

Fig. 11 shows a potentiodynamic polarization curve with three regions: active, passive and

transpassive region. When the potentiodynamic polarization scan stars the potential progress for
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a positive region and three regions (Fig. 11).The active region corresponds to the susceptible
corrosion in which the metal begins to corrode with an increase of the potential that increase the
current density and which is observed above Ec.r. The current density has a sharp decrease
with the increase of potential and then the passive region starts and a critical state for the
formation of the oxide film. These regions will reclaim until a complete oxide formation, where
the current density is stabilized and a low or no increases of the current density are observed
with a further increase of the potential. The metal will keep passivated until a determined high
potential that causes a significantly increase of the current density, which affects the

transpassive region and the corrosion enables again (La, 2014).

3.9 In vitro bioactivity analyses

The coated polished and passivated substrates were immersed in SBF solution and
incubated (CO- incubator/Queue Stabil Therm) at 37 °C for 3, 7, 14 and 21 days. The SBF
solution was prepared according to Oyane et al. (Oyane et al., 2003) and buffered to pH 7.4 with
1 M NaOH at 37 °C. The composition of the SBF solution is similar to human blood plasma and
its composition for 1 L can be seen in Table 4. The SBF solution was refreshed every 2 days.
For analysis, the samples were rinsed with deionized water to remove the inorganic ions and
dried in a desiccator for 24 h. Then, the samples were characterized by SEM (Leica EM

SCDO005, Leica Microsystems) in order to assess bioactive behavior of the coated samples.

Table 4. Purity and reagents quantity to prepare 1000 mL of SBF (Oyane et al., 2003).

Reagent Purity % Amount
NaCl >99.5 5.403 g
NaHCOs >99.5 0.504 g
Na>COs3 >99.5 0.426 g
KCI >99.5 0.225g
K>HPO, . 3 H.O >99.0 0.230g
MgCl, . 6 H.O >98.0 0.311g
1.0 M HCI - 100 mL
HEPES >99.9 17.892 g
CaCl, >95.0 0.293 g
Na>SO; >99.0 0.072 g
1.0 M NaOH _ 15 mL
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3.10 Cell culture

Osteoblast progenitor cells were isolated from human femoral heads of osteoarthritic patients
undergoing total hip replacement at the University Hospital Carl Gustav Carus Dresden
(Germany) after informed consent (approval by the ethics commission of TU Dresden, EK
303082014). The uncoated and coated polished substrate were sterilized by gamma irradiation
(minimum 29.9 KGy) (Gossla et al., 2016). The coated and uncoated samples (control) were
placed in a 12-well plate and covered with 1 mL of alpha-Medium (a-MEM, Biochrom AG, Berlin,
Germany) and supplemented with 9% fetal calf serum (FCS) (Biochrom AG, Berlin, Germany),
1% Penicillin/Streptomycin (LifeTechnologies), and 1% L-Glutamine (LifeTechnologies). Then,
the OB10 cells were seeded in pre-incubation for 24 h at a density of 2 x 108 cells/well at 37 °C
in a humidified atmosphere with 8% CO..

For indirect setup of the coated and uncoated polished substrates, 1 x 10* OB10 cells were
seeded into 48-well tissue culture polystyrene plates in medium (o-MEM with FCS and
osteogenic supplements (B-glycerophosphate/10 mM, ascorbic acid-phosphate/0,05 mM and
dexamethasone/10” M) and cultivated for 24 h. Tissue culture polystyrene plates were used as
group control. To obtain substrate extracts the samples were immersed in culture medium and
kept under cull cultures conditions for 24 h. After 24 h of initial incubation, 1 ml cell culture
extracts from the samples was added on each sample. The experiments were performed from
the first day of immersion and repeat every 3 to 4 days. After cell cultivation for 1, 7, 14 and 21
days the cells were washed with phosphate buffered saline (PBS) and stored at —-80 °C for
further biochemical analyses.

Direct cell culture setup was carried out directly on the coated and uncoated polished
substrates. 2 x 10 cells suspended in a-MEM with FCS and osteogenic supplements were seed
into 24 wells on each coated and uncoated polished substrate. After 24 h of seeding the cell
culture medium was supplemented with 107 M dexamethasone (Sigma-Aldrich GmbH), 0.05 mM
B-glycerophosphate (Sigma) and 10 mM ascorbic acid 2-phosphate (Sigma). The cell culture
medium was changed every 3 to 4 days. After 1, 7, 14 and 21 days the medium was removed
and the substrates were washed in PBS, following freezing at -80°C until biochemistry analysis.

Biochemical analysis of alkaline phosphatase (ALP) activity, DNA content and total
intracellular lactate dehydrogenase (LDH) activity of the OB10 on coated CoCr substrates were

determinate according to previous studies (Bernhardt et al., 2009) and polystyrene cell culture
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plates were used as control group. The cell proliferation was analyzed after 4, 7, 14 and 21 days

by optical microscopy (LSI, Macro Confocal, Leica, Germany).
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CHAPTER 4

4. Results & Discussion
4.1 Characterization of HAp powder

The identification of the crystalline phases of the HAp powder was performed using XRD, and
the results are presented in Figure 12. The diffraction peaks show that no secondary phases
were found and all peaks could be attributed to the HAp phase (Li et al., 2016). The main
diffraction peaks characteristic of HAp were observed at 206 values of 28.9° for reflection (002),
at 31.9° (triplet) for reflections (211), (112) and (300), and at 34° for reflection (200) (Barbosa et
al., 2013).

*HAp
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Figure 12. X-ray diffraction spectrum of HAp powder obtained by wet route and sintered at
1110 °C (PDF 01-072-1243; 01-084-1998).

As observed in the FTIR spectra (Fig. 13), the bands characteristic for OH, PO*, CO3? and
H.O are present in the sintered HAp powder at 1110 °C. Absorption bands at 3433 cm™ and

1639 cm™" were found, correspondent to adsorbed water (Guo et al., 2013) or resulting from the
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KBr matrix. The peaks around 3570 cm™ and 630 cm' are characteristic peaks of stoichiometric
HAp (Latifi et al., 2017). The band between 564 cm' and 604 cm' is corresponding to triplet of
the phosphate group (PO.*) (Bakan et al., 2013). Around 1094 cm' appeared a major peak of
phosphate group referent to P-O stretching peak, which is the most intensified peak among the
phosphate vibration modes (Wen et al., 2016). The bands between 1400 cm™ and 1450 cm™
correspond to stretching modes of the CO3% ion (Shu et al., 2005; Cai et al., 2013; Chaudhuri et
al., 2013).
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Figure 13. The FTIR spectrum of the HAp powder sintered at 1110 °C.

Figure 14 (A) presents the particle size distribution of the HAp powder. An average diameter for
the particles of 14.82 ym was found and the presence of smaller particles were observed by
evaluating the smaller peaks at around 0.8 ym and 3 um, since 10% of HAp particles revealed
an average diameter of 1.66 um. The HAp powder obtained in this work showed the presence of
two major peaks with different particle size ranges, which suggests agglomeration in the
micrometer size range, resulting in primary agglomerations (first peak), and in the second peak
the particles keep agglomerating until they reach the micrometer size range higher than 5 ym

(Fig. 14 (A)). This agglomeration is related to the wet chemical methods used to produce the
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HAp powder that usually produces a highly agglomerated structure, in which agglomerated sizes
up to a few hundred microns can be obtained. The first peak is referent to the primary
agglomeration of the HA primitive crystallites that occurs during the precipitation or aging
process. The agglomeration identified in the second peak is attributed to the isothermal
treatment, such as hydrothermal treatment or calcination at temperatures between 120 °C to
1100 °C up to 24 h. The SEM analysis (Fig. 14 (B)) shows that the morphology of the HAp
powder is highly agglomerated and particles are composed of individual fine crystallites
(Lakshmi et al., 2011).
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Figure 14. Particle size distributions of the HAp powder sintered at 1100 °C for 1 h (A) and

appearance in scanning electron microscopy (B).

4.2 Thermal characterization of the pine oil

The thermal behavior of the PO was evaluated through TGA and DSC analyses, and these
results are shown in Figures 15 and 16. Figure 15 presents the thermal stability of the PO:
already at room temperature the oil began to lose mass and at 100 °C 99.3% of its mass had
lost. Above 100°C, no vestiges of PO could be found due to its low viscosity and surface
tension, which facilitate its evaporation (Suntar et al., 2012; Zeng et al., 2012).

Figure 16 presents the DSC thermogram of the PO, where a peak referent to the flash point
is noticed at 57 °C. Thus, PO mixed with HAp will easily evaporate during the heat treatment at
800 °C.
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Figure 15. Weight loss of the PO (TGA).
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Figure 16. DSC thermogram of the PO.



4.3 Characterization of the coating surface

In order to obtain a clean surface and to allow even coating of the metal surface by the
painting method, the substrates were polished to remove the oxide layer and impurities from
electroerosion cut. Figure 17 shows the metallic substrate before and after complete coating with
the PO/HAp slurry by brushing. It was shown that the PO allowed the HAp particles to fully
disperse on the substrate, which indicates a good wettability of the substrate.

HAp coating obtained after sintering showed a homogeneous, dense and crack-free surface,
however the SEM micrographs revealed the presence of micro pores (Fig. 18 (A,B)). The cross-
section of the coated substrate showed that the substrate was completely covered by the
coating and a close contact between the interface of substrate and coating with a layer thickness
of about 20 um can be observed, as demonstrated in Figure 19. The hydrophilic character of
metallic substrate increases the wettability, allowing a better dispersion of the HAp particles and

an intimate contact on the metallic surface.

—

10

Figure 17. (A) Metallic substrate with slurry before to be fully brushed and (B) after brush
coating with HAp/PO slurry.

The interaction between substrate and coating is related to hydrophilic character of PO that
allows a better dispersion of HAp particles and an intimate contact with the substrate. The high
surface energy of the metallic substrate improves the wettability with the PO/HAp slurry and their
chemical bonds of the PO could be bind with the substrate. PO/HAp slurry coating process via
brushing shows a similar behavior like other paint coatings (Fig. 17). Paint coatings are
deposited on a surface as a liquid (as vehicle to deposit solid material, made of resin dissolved

in a solvent) that contains a pigment. Afterwards, by drying a tough coating is formed that binds
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the pigment to surface (Encyclopedia Britannica, 2018). In the present study, the slurry has a
similar behavior like a paint, because the slurry is the vehicle to disperse the HAp particles in a
solvent (PO) on the substrate, using brushing to coat the surface. The low surface tension of PO
improves the ability of the slurry to wet the substrate and after thermal removal of the PO, the

coating is bound to the surface.

Figure 18. (A) Optical microscopy and (B) SEM images of HAp coating after sintering.

The close contact of the coating and the substrate (Fig. 19) suggests that attractive forces
were developed, forming interfacial bonds (adsorption). The adsorption process occurs from
molecules in the paint film wet or freely flowing over the substrate and making intimate contact
with the substrate, resulting in interfacial bonds. The bonds developed from the adsorption of
paint molecules on the substrate, which are resulting in attractive forces or usually designated as
secondary or van der Waals forces (Materials Today, 2012), since physical adsorption or wetting
happens when the molecules in the wet coating make intimate contact with the substrate (Harun
et al., 2017). Figure 20 presents the coated surface after scratch test with a pencil. The results of
the pencil scratch showed that HAp coating showed resistance to soft pencils. When the coating
was scratched with 4H pencils the coating was complety removed, as demonstrated in Fig 20
(A). SEM revealed (Fig. 20 (B)) a complete damage of HAp coating due to intermediate coating—
substrate adhesion that allowed removal of the coating by 4 H pencil, since a close contact
between substrate/coating is necessary to promote adhesion bonding.

Figure 21 shows the SEM micrograph of a selected coated surface. It is observed (Fig. 21
(A)) a dense, compacted coating with some pores on the surface. The energy-dispersive X-ray
spectroscopy (EDS) analysis (Fig. 21 (B)) suggests that there is coexistence of Ca, P and W,

indicating inter-diffusion of the elements from the substrate (Lu et al., 2004).
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Figure 19. Coated metallic substrate (A) after sintering and (B) SEM micrograph of the cross-

section.

Figure 20. (A) Coated metallic substrate and (B) SEM micrograph of the coating after scratch
test with 4H pencil.
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Figure 21. SEM micrograph of the HAp coating (A) and EDS spectra of the coating (B).

4.3.1 X-ray diffraction and FTIR analyses

The XRD patterns of HAp coating and dried and sintered HAp slurry are shown in Figure 22.
All diffraction peaks can be ascribed to those of the HAp phase. The XRD patterns of HAp
coating deposited on metallic substrate (Fig. 22) showed diffraction peaks similar to those of
pure HAp, which suggested that the use of PO allowed obtaining a coated substrate with similar
crystallographic properties of HAp. The diffraction peaks at 26=26°, 32°, 34° and 54° correspond
to the (002), (211), (200) and (004) crystal planes respectively (Barbosa et al., 2013; Huang et
al., 2016), confirming the absence of any other calcium phosphate phase or impurities except
the Cr peaks from the substrate.

*HAp
+ Cr
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Figure 22. XRD pattern of HAp coating on CoCr alloy prepared by brushing method (PDF 01-
072-1243; 01-084-1998).
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Figure 23 shows FTIR spectra of the HAp/PO coating before heat treatment. Absorptions at
567 cm™', 602 cm™, 628 cm™', 957 cm™, 1045 cm™1, and 1090 cm™ corresponding to presence of
PO.* group from HAp were observed (Singh et al., 2011). The bands around 3578 cm' and
2913-2970 cm™ are due to stretching vibrations of OH and C-H aliphatic groups (Duce et al.,
2015; Xiao et al., 2015). The broad peak around 3400 cm™ is associated to the vibration of
hydrogen bonded OH groups. The peak at 1381 cm™ is related to C-H bonds and at =1600 cm™
a strong peak is attributed to aromatic rings or C=C double bonds (Liu et al., 2012). FTIR
spectra before thermal treatment confirm that the groups C=C, C-H and OH are referring to
chemical groups from PO. The spectra of HAp/PO coating after thermal treatment confirmed the
existence of bands at 567, 601, 634, 1045 cm™ that can be attributed to the symmetrical
stretching and bending mode of PO, and band at 3569 cm'" is attributed to the OH- stretching
mode (Zeng et al., 2012b). The bands observed between 3300-3600 cm™ and =1628 cm' are
referring to absorbed water. All peaks identified after the thermal treatment of the coating at
800 °C correspond to HAp, which indicates the elimination of both water and organic materials,
since no peak was found for PO or another chemical group from a possible PO-HAp reaction.
The XRD and FTIR analysis corroborated that the pure HAp coating can be easily obtained from
the precursors PO and HAp by brushing and subsequent heat treatment at 800 °C for 1 h.
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Figure 23. FTIR spectra of the HAp/PO slurry before and after sintering.
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4.4 Surface properties

4.4.1 Topography, roughness and wettability

Surface roughness and wettability are key parameters to understand the adhesiveness
phenomena. Physical characteristics of the substrate surface (e.g. roughness, microcavities,
cracks, coatings, adsorbed layers, prior thermal or ionic cleaning etc.) can change, often
dramatically, the spreading and wetting behaviors of metal-ceramic coatings (Sobczak et al.,
2005). There is no doubt that roughness is a primary cause of contact angle hysteresis (Ae) and,
on coatings, the roughness ensures a good wetting of the surface, allowing an intimate contact
with the substrate.
Figure 24 depicts HAp coatings with four differently rough surfaces (passivated, polished, heat
treated and uncoated). HAp coatings deposited on these different surfaces showed that it is
possible to obtain a homogeneous coating for all substrates and similar and homogeneous
coatings without significant differences among the samples were observed (Fig. 24). Surface
topography of the uncoated and coated samples with different surface treatments characterized
by profilometer can be seen in Figures 25 and 26. The untreated and heat treated uncoated
samples, as expected, showed higher roughness (Fig 25 (A,B)). The first sample (untreated) is
associated to fabrication process and to the spontaneous formation of a passive oxide layer.
The second sample (heat treated) is attributed to heat treatment, which results in the formation
of an oxide layer. The smooth nature of the polished samples was confirmed by profilometer
analyses (Fig. 25 (C)) and the roughness associated to passivated sample is due to the
passivation process (Fig. 25 (D)). Coated samples (Fig. 26 (A-D)) showed a similar behavior of
roughness as the uncoated samples, where the rougher substrate resulted in coatings with
higher roughness (Fig. 26 (A,B)) and smoother substrates had a tendency to better disperse the

slurry, resulting also in a smoother coating (Fig. 26 (C,D)).
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Figure 24. Image of brushing coated samples on surfaces with different treatments (passivated

(A), polishing (B), heat treated (C) and untreated) (D) after heat treatment.

Figure 25. Surface roughness images for uncoated samples: (a) heat treated surface (Ra =
0.825 + 0.060 pm); (b) surface untreated (0.550 £ 0.009 um); (c) polished surface (0.274 + 0.033
pm); (d) passivated surface (0.477 £ 0.018 um).
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The relation between the measured roughness values (Ra) and the wettability with water, PO
and PO/HAp slurry of the uncoated metallic substrates are shown in Figure 27. The heat treated
specimen showed rougher, more irregular surface and higher value of surface roughness (Ra
0.82 um) is expected due to heat treatment which leads to formation of valleys. The measured
roughness values (Ra) confirmed that the polished (Ra = 0.28 ym) sample showed smoother
surface, because the polishing treatment was responsible to remove the oxide layer and
contamination from cut and fabrication process.

Surface wettability is one the most important parameters of an implanted material and in
combination with other surface characteristics, such as the micro- and nanotopography, surface
energy, charge and functional groups (Rupp et al., 2014), determine a biological cascade of
events responsible for example for protein adsorption, platelet adhesion/activation, blood
coagulation and cell and bacterial adhesion (Xu and Siedlecki, 2007). Albrektsson et al.
(Wennerberg and Albrektsson, 2009) introduced the concept of a possible role of surface finish
on the biological response to an implant. Tremendous efforts have been made to understand the
influence of surface topography on biological response (Rosales-Leal et al., 2010; Rupp et al.,
2014). At cellular level, the surface topography is responsible to directly influence biological
responses, such as the orientation and migration of cells. Also cytoskeletal arrangements are
directly influenced by the surface topography (Rosales-Leal et al., 2010). According to the
Wenzel model roughness added to a flat surface allows the liquid to fully wet the surface. If the
contact angle on the respective flat surface is < 90° the roughness makes the surface become
more hydrophilic, while for liquid contact angles > 90° the roughness makes the surface more
hydrophobic and consequently there is surface repellence towards the liquid. Both processes
are multiplied by the magnitude of surface roughness (Cassie and Baxter, 1944; Rodrigues et
al., 2017).
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Figure 26. Surface roughness images for brush-coated samples: (a) coated heat treated surface
(Ra = 2.20 £ 0.14 um); (b) coated untreated surface (1.47 + 0.12 ym); (c) coated polished
surface (1.48 £ 0.03 um) and (d) passivated coated surface (1.05 £ 0.06 um).

Metallic substrates (uncoated, polished, passivated and heat treated) were tested with water,
PO and HAp/PO in order to assess the wettability on differently rough substrates. All metallic
substrates exhibited a more hydrophobic character (contact angle > 90°) when measured with
water (Fig. 27). A significant increase of the hydrophilic character was observed for all samples
measured with PO and this is attributed to its low superficial tension, since their molecules have
weak attraction to each other allowing that PO wets the surface better. Figure 27 shows that the
PO allowed a better wettability on rougher surfaces (untreated 0.55 ym and heat treated 0.82
pm) than smooth surfaces (polished 0.28 pym and passivates 0.48 um), but no significant
differences were observed in contact angle values. HAp/PO slurry showed an improved
spreading, because the PO has a lower superficial tension than water that allows an excellent

wettability and a close contact of the particles with the substrate.
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Figure 27. Evaluation of the wettability tested with different liquids (water, PO and HAp/PO) on
roughness properties of the uncoated substrates: polished, passivated, untreated and heat

treated.

Figure 28 presents the values and relation between contact angles measured with water and
roughness of the coated samples with different surface treatments. Regarding surface
interactions the adhesion of proteins on biomedical implants is mainly dependent on wettability
of the biological substrates, because the hydrophobic/hydrophilic properties are the mechanism
responsible for cell immobilization (Aronov et al., 2006). As expected the heat treated sample
showed higher roughness values due its irregular oxide layer and no differences were observed
between untreated and polished samples. However, the passivated sample showed decreased
roughness and it could be associated to an adhering surface oxide formed by passivation, which
creates a more homogeneous surface and allows that greater roughness promotes exposure of

more surface area for interaction and dispersion of the HAp particles.
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samples.

4.5 Scratch resistance of the coating

Different surface treatments (polished, passivated, heat treated and untreated) were studied
by SEM to understand the influence of the roughness on the resulting coating morphology. SEM
pictures (Fig. 29 (A-D)) showed that substrates were completely covered independent of the
surface treatment and that the roughness influenced the morphology of the coatings. The
polished and passivated substrates with lower roughness exhibited a homogenous and dense
coating with similar morphologies (Fig. 29 (A,B)). The coating deposited on heat treated and
untreated substrates (with higher roughness) exhibited a more porous and less homogeneous

morphology.
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Figure 29. SEM micrographs of the coated CoCr substrates with different surface treatment: (A)

heat treated, (B) untreated, (C) passivated, (D) polished.

Figure 30 (A-L) shows the coating surfaces of the polished, passivated, untreated and heat
treated substrates after scratch test with a pencil. The pencil scratch test demonstrated that the
HAp coatings were resistant to soft pencils and achieved a scratch resistance of up to 4H. The
coating deposited on the smoothest surface (polished) showed a higher adhesion than that of
the rougher surface (heat treated). Figure 30 (A,B,C) revealed increase of scratch resistance to
4H, when compared with polished (3H), untreated (3H) and heat treated (2H) substrates. As
expected the heat treated substrates (Fig. 30 (J,K,L)) showed lower values of scratch resistance
due to surface treatment (heat treatment) that led to formation of valleys on the surfaces. This
occurs because the valleys (consisting of oxide layers) prevent a better wettability of the PO in
their inner regions (rough grooves) and consequently a close contact to the surface. Thus, a
poor distribution of the slurry on the surface promotes agglomeration of the HAp particles,
resulting in a non-uniform coating with lower adhesion. However, such adhesiveness was
achieved, because the PO allowed a good dispersion of HAp particles on the metallic substrate

due to low surface tension of the PO that resulted in an increase of wettability. The HAp coating
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by brushing from HAp/PO slurry suggests a similar behavior like “paints” that adhere to metals

by physical, chemical or mechanical bonding.

Figure 30. Optical microscopy and SEM images of surface morphology after pencil scratch with
different types of surface modification: Polished (A,B,C), passivated (D,E,F), untreated (G,H,l),
heat treatment (J,K,L).

The two first occur by interactions between functional groups presents in the molecules of the
resins (PO) with the metal surface. For that physical adsorption or wetting to occur it is
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mandatory that an intimate contact with the substrate and both the adhesive or coating promotes
the bonding hydrogen atom with the substrate (electrostatic force), which lead to development of
van der Waals forces between the molecules (Harun et al., 2017). Mechanical bonding is
associated with one of the other two to the penetration of the coating film on the roughness of
the substrate surface. The result of pencil scratch tests showed that independent of the
roughness a determinate adhesiveness was observed that suggests the formation of
interbonding between the coating and substrate. The close contact of the HAp/PO slurry on the
metallic substrate is achieved due to interaction of groups of molecules present with the metal

surface that allows the improvement of wettability.

4.6 In vitro bioactivity and morphology

In order to evaluate the degradation behavior of the coatings, the passivated and polished
substrates coated by brushing method were immersed in SBF at 37 °C for 3, 7, 14, and 21 days.

Figure 31 shows the coated passivated and polished substrates before soaking in SBF.

Figure 31. Coated passivated (left) and polished (right) substrate before of immersion in SBF.

In bioactivity tests, the samples presented some cracks that were not observed before. It can
be associated to the non-uniform HAp particles dispersion that can promote agglomeration of
the particles by brushing method. This agglomeration is related to the fine HAp particles that in
presence of oil (bridging liquid) and mechanical stirring allow colliding with each other forming
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agglomerates due the to the interfacial tension of the oil and capillary attraction of the oil bridges
between particles (Albayrak et al., 2008; Encyclopedia Britannica, 2018).

For both samples, a full coating of the substrate and cracks are observed in the
microstructures. Concerning Figures 32 (A) and 33 (A), dense and homogeneous coatings were
obtained and both substrates (polished and passivated) exhibited cracks, which are related to
release of PO during the heat treatment. These cracks observed in the bioactivity tests samples
are related to the brushing method that not allows a uniform control of the dispersion of the
slurry and is influenced by particles agglomeration. This situation increases the porosity of the
deposited HAp layer, and leading to higher susceptibility for crack formation. Other possibility
that could influence the occurrence of the cracks is the temperature, because the PO is very
volatile and already at about 22 °C the TGA confirms a weight loss. However, ceramic coatings
on metallic substrates often result in cracks of the coatings as a consequence of the shrinkage
occurred after process of deposition, drying and sintering. Thus, the PO may has started to
evaporate before the heat treatment and the sharp shrinkage of the coating led to a tendency for
crack formation (Albayrak et al., 2008).

Figure 32 shows the surface morphologies of the HAp coating on passivated substrate before
and after soaking in SFB solution for 3, 7, 17 and 21 days. The morphologies of the coated
surfaces after 3 days of soaking (Fig. 32 (B)) showed a homogeneous coating and a decrease of
cracks can be seen. After 7 days of soaking a significant decrease of the cracks is observed.
SEM analyses of the HAp coating after 21 days showed (Fig. 32 (E)) that the coating still was
fully covering the surface and furthermore a significant decrease of cracks, resulting in a dense
and homogeneous surface. A denser surface at later time-points of soaking suggests an
increase of accumulation of an apatite-like layer or enhancement through biomineralization
(Paital and Dahotre, 2009). SEM pictures of the coated polished substrate before and after
soaking in SBF solution are shown in Figure 33. After three days of soaking a more
homogeneous coating with fewer cracks on the surface can be observed, but an increase of
dimensions of the islands between cracks were observed (Fig. 33 (C,D,E)). However, the coated
polished substrate showed a reduction of cracks with increasing soaking time when compared

with the samples before soaking (Fig. 33 (E)).
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Figure 32. SEM micrographs of the coated passivated substrate before and after soaking in
SBF solution: (A) before soaking, after (B) 3 days, (C) 7 days, (D) 14 days, and (E) 21 days of

soaking.
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Figure 33. SEM micrographs of the coated polished substrate before and after soaking in SBF
solution: (A) before soaking, after (B) 3 days, (C) 7 days, (D) 14 days, (E) 21 days of soaking.

Figure 34 depicts different morphologies of the coated passivated substrate after soaking in
SBF: less porous morphology after 21 days soaking than in case of coated polished substrates
was obtained. The coated polished substrate also showed a change of morphology after 3, 7, 14
and 21 days of (Fig. 35). However, after 21 days, an increase of porosity was observed, which is
related to a fewer amount of cracks when compared to the passivated substrate.
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Figure 34. SEM micrographs of HAp coated passivated substrate before and after immersion in
SBF: (A) before soaking, after immersion for (A) 3 days, (C) 7 days, (D) 14 days and (E) 21
days.
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Figure 35. SEM micrographs of HAp coated polished substrate before and after immersion in
SBF: (A) before soaking, after immersion for (B) 3 days, (C) 7 days, (d) 14 days and (e) 21 days.

Figures 36 and 37 depict SEM micrographs of coated passivated and polished substrates. As
shown in Figure 36, the coating morphology changed after 3 days of soaking and a leaf-like
structure was formed after 7 days. SEM observations allowed finding out that from the third day
of soaking in SBF the surface morphology presented significant changes. After 3 days of
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soaking the passivated coated substrate revealed the presence of particle agglomeration and
the surface morphology became porous as the immersion period increases. Furthermore, more
powder agglomeration can promote the formation of hard tissue that surrounds the implant,
which is important for good implant fixation (Ornberg, 2007) . This is associated with the oxide
layer formed during the passivation treatment, where the negative charge of this oxide layer
adsorbs the calcium ions (positive charge) from SBF solution and then calcium ions attract
phosphate ions from the SBF to form apatite on the surface (Narayanan et al., 2008).

After 7 days of soaking in SBF, apatite phases started to appear, which suggested that
similar structure obtained in this work could be associated with the formation of a new apatite
layer, growing over the preformed cohesive calcium phosphate coating. From 7 days of soaking
the coating achieved a leaf shaped morphology and it was also observed after 14 days, as
depicted in Figure 36 (C,D). A similar, leaf shaped morphology has been reached from other
coating methods, but it has been named differently ( e.g. flake, leaf, petal, plate and flake shape)
due to a non-uniform nomenclature of HAp morphologies in the literature (Gu et al., 2004; Thanh
et al., 2013b). Typical leaf-like apatite formation is expected between 5-7 days of soaking in SBF
solution, and it is related with calcium and phosphate ion concentrations released from the
coated surface that are still low, resulting in a preferential orientation of crystal growth. When the
soaking time increase (more than 7 days), the concentration of Ca and P ions also increase due
to the energy minimization principle that makes the leaf-like crystals no longer to be observed
after the long times of soaking because of rapid nucleation (Thanh et al., 2013b).

Figure 36 (D, E) shows the coating surface morphology with precipitates after 14 days of
soaking in SBF that are characteristic of the apatite particles that have grown on the surface
(Lindahl et al., 2015). The nucleation of these precipitates tend to occur in pores or in gaps, and
therefore the size of these precipitates are larger than on smooth surfaces and their amount
increase with the soaking time (Lindahl et al., 2015). HAp coating was deposited on CoCr alloy
by Wang and Luo , using an electrochemically-assisted deposition pretreatment followed by a
chemical immersion in supersaturated calcification solution. They obtained a similar morphology
in this work, named as flake-shaped surface structure that allowed the formation of a uniform
coating within 2 hours of immersion and that converted to HAp within 72 hours. Lindahl et al.
(Lindahl et al., 2015) prepared biomimetic HA coatings on pretreated CoCr substrates with a
morphology of plate-like crystallites forming roundish flowers after 3 days of soaking. A stability
test in tris (hydroxymethyl aminomethane) hydrochloric acid (Tris—HCI, pH = 7.4) solution after
28 days showed that half of the coating had dissolved.
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The coated polished substrate showed before the soaking a morphology with lower porosity and
homogeneity (Fig 37 (A)). After 3, 7 and 14 days agglomerated micro-structures with disordered
arrangement of particles within them were observed. From Figure 37 (E) a more porous
morphology than before the soaking can be seen, and the small splats indicate the growth of
HAp layer after 21 days of soaking. In this study, the coated substrate showed a growing of HAp
layer after 14 days of soaking in SBF and after 21 days still exhibited a fully covering coating.

tMagn Det’ p———— 2 um

Figure 36. Surface morphologies of the coated passivated substrate before and after soaking in

SBF: (A) before soaking, after soaking for (B) 3 days, (C) 7 days, (D) 14 days and (E) 21 days.
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Figure 37. Surface morphologies of the coated polished substrate before and after soaking in
SBF: (A) before soaking, after soaking for (B) 3 days, (C) 7 days, (D) 14 days and (E) 21 days.
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4.7 Metallography of the Co-15Cr-15W-10Ni alloy

Figure 38 shows an optical micrograph of the Co-15Cr-15W-10Ni alloy microstructure as
received. Co-15Cr-15W-10Ni alloy also known as L-605 super alloy is constituted of a single
FCC y-phase with alloying elements in solid solution (Favre, 2012). During manufacturing
process this alloy is normally requiring heat treatment (annealing) due to its capacity to work-
harden very rapidly. Thus, annealing heat treatment between 1175 °C to 1230 °C and rapid
cooling are important to form complex components and to restore the best balance properties
(HAYNES® 25 alloy/Principle Features, 2017).

Figure 38. Optical micrograph of the untreated (as-received) Co-15Cr-15W-10Ni alloy.

The microstructure of the heat-treated alloy is shown in Figure 39. After heat treatment, a
more heterogeneous microstructure can be observed with a large amount of continuous blocky
precipitations inside of the grain boundaries, which suggest carbides M23C¢ type. According to a
study of J. Favre (Favre, 2012) temperatures between 700 °C and 1100 °C are expected for
carbides formation. K. Euki et al. (Ueki et al., 2016) investigated the microstructure of this alloy,
heat treated at 700 °C to 1000 °C and 800 °C to 1200 °C and they found the M23Ce¢ and n-phase
precipitate. Yucuma and Satd (K Sato., 1968) were the first to propose the currently accepted
precipitation of the L-605 alloy, where they presented the precipitation at 800 °C by the follow
reaction: M;C; —M23Ce—MsC—Co0W—p-CorWe.
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Figure 39. Optical micrograph of the Co-15Cr-15W-10Ni alloy after heat treatment at 800 °C for
1h.

4.8 Corrosive behavior

Cyclic voltammetry is a method widely used to study the reduction process and mechanism of
electron transfer on modified surfaces (Valente and Célia do Rocio, 2011). This analysis aims
here to investigate the stability of the oxide layer formed during the chemical passivation. The
samples investigated are described in Table 1 (section 3.8).

Firstly the expected activity of HNO3; was investigated and the nitrogen in HNO3 presents the
*5 valence state (Fig. 40). When reacting with the metal surface, and releasing NO» and NO, the
nitrogen is reduced to a lower valence state. If one element in a reaction is reduced, the
conservation of electrons means that some other element needs to be oxidized. Nitric acid,
which is a strong acid for dissolving metals and a powerful oxidizing agent, is ideal for oxidizing
(or passivating) the surface of metals/alloys. Figure 40 shows anodic cyclic voltammetry curves
recorded for the uncoated Co-15Cr-15W-10Ni alloy samples in Ringer’s solution at 37°C. These
are conducted in order to make (fast) oxidation reactions visible. Upon immersion in the
electrolyte both sample types are spontaneously passive, therefore the anodic current densities
are very low. It can also be observed that at higher anodic potential prior to the large current
density, which occurs due to water decomposition, three characteristic oxidation peaks appear
for the as-polished state (Pol sample). These peaks (1,11, Ill) may be attributed to the further
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oxidation of constituent species to higher valence oxidation states, i.e. Co?* to Co** (Co(OH)s),
Ni2* to Ni?*** (NizO4) or Ni** (Ni2O3) and Cr®* to Cr®* (CrO.% or Cr,07%). Under these conditions,
tungsten W is only stable as WO.,?. After additional HNOj3 treatment the surface state is a bit
more activated, i.e. anodic current densities related with these further surface oxidations are
slightly higher, but peak Il is not visible. Despite, both samples presented protection character
against corrosion and no significant differences of potential and current densities were observed.

The polished sample (Pol) has a tendency to be more resistant to corrosion.
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Figure 40. Comparison of cyclic voltammetry curves for Co-15Cr-15W-10Ni alloy samples in the
as polished state (black) and after additional passivation in HNO3 (red) for the valence oxide

states (1,111l peaks), recorded in Ringer’s solution.

Figure 41 presents the OCP vs. time for coated and uncoated samples. As can be seen, all
samples presented positives values (E: potential) in relation to the immersion potential, which is
typical of passivated alloys that makes the surface more active due to the presence of a
protective oxide film (Souza, 2011). In all cases, after an initial period, OCP values stabilize until
they reach saturation values after 30 min. The potential value of the sample Pol demonstrated a
higher value than sample Pol_Pas (polished and passivated), however, the heat treatment
promoted a decrease of the potential for the Pol coa_800 sample. From the passivation

treatment, an increase on the potential (Pol_Pas_coa_800) was achieved, exhibiting a higher
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corrosion resistance than Pol_coa_800 sample. The change of the surface chemistry of the Co-
15Cr-15W-10Ni alloy samples due to additional acid treatment (Pol and Pol_Pas samples) is
reflected in small shift of the OCP value in negative direction at about 20 mV, which indicates a
slightly more active alloy state. HAp coating causes for the only “as-polished” sample (Pol) a
negative shift (Pol_coa_800), whereby after passivation (Pol_Pas samples) and additional HAp
coatings (Pol_Pas_coa_800 and Pol_Pas_coa_300 samples) a positive shift was observed.

However, there were no significant differences between the OCP values.
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Figure 41. Comparison of open circuit potentials of Pol, Pol_Pas_coa_800, Pol_Pas_coa_300,

Pol_coa_800, developing upon 30 min immersion in Ringer’s solution.

The polarization results of the passivated and polished samples (Pol and Pol_Pas) are
presented in Figure 42. The results show a similar trend of the curves for both samples. The
linear potentiodynamic polarization curves show that the corrosion potential Ecor of the
passivated sample (Pol_Pas) is slightly smaller than that of the polished one (Pol), and upon
anodic polarization slightly higher current densities are observed. Both are indicative for a
somewhat more active surface state after acid treatment. As expected, for both alloys the
corrosion current density (Ecor) values are very low, i.e. <1 yA/cm?, and upon anodization, only

small current densities are obtained. It is an indication that for a very low metal ion release rates
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and/or, a spontaneous formation of highly protective oxide films takes place. However, sample
Pol showed more positive potential values (Ecor-0.019 £ 5) and a lower corrosion density (lcor = -
0.168 £ 5) than Pol_Pas sample (Ecor -0.028 £ 5 and lcor =-0.175 £ 5), which corroborates with

OCP curves that demonstrated a better corrosion resistance of the polished sample.
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Figure 42. Linear potentiodynamic polarization plots made in duplicates for Co-15Cr-15W-10Ni
alloy samples in the as polished state (Pol) and after additional passivation in HNO3 (Pol_Pas)

recorded in Ringer’s solution.

4.8.1 Effect of heat treatment on corrosion resistance

In order to evaluate the influence of heat treatment on the corrosion resistance of the Co-
15Cr-15W-10Ni alloy, the samples coated and heat treated (Pol_Pas_coa_300, Pol_ coa_800
and Pol_Pas_coa_800) and without heat treatment/uncoated (Pol, Pol_Pas) were investigates
by potentiodynamic polarization as shown in Figures 43 and 44. The effect of the heat treatment
of the polished samples (Pol) before and after coating under heat treatment (Pol_ coa_800) is

demonstrated in Figure 43. After deposition of HAp and heat treatment (Pol_ coa_800) there is a
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decreasing of potential and slightly increasing of current density, which indicates a lesser

corrosion protection in relation to polished samples.
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Figure 43. Linear potentiodynamic polarization plots for Co-15Cr-15W-10Ni alloy samples after

HAp coating of the as polished state immersed in Ringer’s solution.

Figure 44 shows the linear potentiodynamic polarization curves of the passivated samples
before and after heat treatment. The sample Pol Pas_coa 300 exhibited less negative
corrosion potential (-0.024 V) than sample Pol_Pas (-0.035 V) and Pol_Pas_coa_800 (-0.028 V).
The coating of (passivated) metal surface with a non-conductive ceramic like HAp will in any
case decrease the surface conductivity related to the transfers of charge carriers from the metal
phase to the electrolyte and therefore, the measurable current density. Tafel plots (Fig. 44)
reveal very small shifts of the Ec.r values after HAp coating corresponding to the trends
observed for the OCP, shown in Figure 41. For both coatings corrosion current densities lcorr are
lowered up to values of ~0,1 yA/cm? and anodic current densities are also visibly reduced. For
the additionally acid treated sample, HAp coating and annealing at 300°C was more effective in
reducing the current density level. As expected, the passivating film of the Pol_Pas_coa_300
sample showed to be more protecting than Pol_Pas_coa_800 sample due the negative

influence of high temperatures on corrosion resistance. At low temperatures (up to 400 °C) the
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passivity of the alloy is still available and the decrease of corrosion resistance is also acceptable.
However, above of 400 °C occur the formation of chromium nitride (CrN) and it is difficult to
prevent. As the passivating film requires mobility to build the Cr.O3 layer at the surface and if the
chromium is bonded to the CrN there is not enough free chromium to form the oxide film (Lutz et
al., 2011). Although, the high temperatures influencing the corrosion resistance of this alloy, the
linear potentiodynamic polarization plots showed that the corrosion resistance of both samples
were not affected by heat treatment and the curves shifted to a nobler potential and a lower
current, which indicates that the coatings have a high corrosion resistance in Ringer’'s solution

and a low metal release rate is expected.
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Figure 44. Linear potentiodynamic polarization plots for Co-15Cr-15W-10Ni alloy samples after

HAp coating of the passivated state, measured in Ringer’s solution.

4.9 Cell Proliferation and osteogenic differentiation

The proliferation of primary bone-derived cells the cells on polished uncoated and coated
substrates was evaluated by determination of the cell numbers after 1, 7, 14 and 21 days using
the lactate dehydrogenase (LDH) activity quantification method (Figure 45) as well as
quantification of DNA content (Figure 46). The DNA content and LDH activity measurements

(Figures 45 and 46) revealed that the cell number between day 1 and 21 for the uncoated
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polished substrate (both direct and direct methods) showed a better seeding efficiency than
coated polished substrate. This is confirmed by determination of the LDH activity that also
indicates a reduction in cell number on these samples, which shows a behavior similar with
previous work of cells exposed to environments with transition metal ions like Cr, Co, Mo or Ni
(Ueki et al., 2016). Anissian et al. (Anissian et al., 2002) reported that cobalt ions (above 10
pm/mL) can result in DNA synthesis inhibition and reduced proliferation and osteoblast activity of
human osteoblast-like cells. In order to overcome these issues, HAp coatings have been used
as a barrier against toxic ions release, and clinical results showed an increase of coating/bone
biocompatibility. However, the biological tests showed a more pronounced decrease of cell
response and proliferation for the coated than the uncoated substrate. This fact is attributed to
oxidation of metallic substrate during the heat treatment at 800 °C and as a result, the reaction
products CoWOQ, and CoO are expected (M. E. EL-Dahshan et al., 1976). Although both coated
and uncoated substrates have been shown to protect against corrosion, the coating porosity
allows the cell contact with the presence of Co particles (CoWO,s and CoO) on substrate, which
affect human osteoclast and osteoblast survival and in a short-term exposure. The reduction of
the cell activity in vitro has been associated to high concentrations of concentrations of cobalt?*
(Co?*) chromium®* (Cr®*), and chromium®* (Cr®*) (Zheng et al., 2019). However, the uncoated
substrates showed a superior biological response, because they were not subjected to any heat
treatment, preserving the structural integrity of the substrate. Another explanation for their low
cell response for both methods (direct and indirect) is the release of calcium phosphate from the
substrate, which was reported in the in vitro bioactivity test and it may lead to change the pH of
the cell culture medium.

Specific activity of the osteogenic marker enzyme alkaline phosphatase (ALP) was
determined of cells cultivated on coated and uncoated polished substrates. ALP activity was
normalized to cell numbers calculated both on DNA content and LDH activity and showed
highest values for the direct cell seeding (Fig. 47 and 48). Specific ALP activity (normalized to
DNA) by direct setup presented a higher values than cells in control group and on uncoated
substrate (Fig. 47). However, ALP activity (normalized to LDH) of cells in the direct setup
presented a higher value for the uncoated samples than coated (Fig. 48). In the indirect cell
culture setup a high decrease overtime of the specific ALP activity was observed, where the
specific ALP activity showed a lower value for cells in presence of the uncoated substrate than

the coated one.
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Figure 45. Development of cell numbers in indirect (left) and direct contact (right) to uncoated

and coated polished substrates 1, 7, 14 and 21 days after cell seeding. Cell numbers were

determinded by quantification of the LDH activity.
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Figure 46. Cell response to the adhesion assay (DNA) on coated polished substrate after 1, 7,
14 and 21 days of culturing.
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The fact that the cell numbers and proliferation rates on the coated polished substrate have
decreased compared to the uncoated substrate suggests that the additional heat treatment
during the coating process could have influenced cell behavior. The high temperature can lead
to precipitation of Co and Cr on the surface and a decrease of the corrosion resistance (as
shown in Figures 41, 43 and 44) through the protective surface layer breaks that promotes the
release of the metal ions to the surrounding environment, resulting in the reduction of the cell
viability. It occurs, because these metal ions bind with protein sites by displacing the original
metal ions from their natural sites, which promote malfunctioning of cells and ultimately toxicity.
Also, it has been reported that these metals bind to DNA and nuclear protein causing oxidative

deterioration preliminary of biological macromolecules (Jaishankar et al., 2014).
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Figure 47. Specific ALP activity of cells cultivated in presence (indirect, left) or directly on (right)
uncoated and coated polished substrates after 7, 14 and 21 days. Enzyme activity was

normalized to the cell number using the values achieved by DNA quantification.

In order to prevent the integrity of the metallic substrate, such as oxidation and metal ion
precipitation of the implanted material, the use of a controlled atmosphere in heat treatment and
surface treatment showed good results concerning corrosion resistance and cell behavior. A

study carried out by Yang et al. (Yang et al., 2009) proved that the use of vacuum in heat
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treatment of plasma sprayed hydroxyapatite coatings improved the biological performance at 12
weeks (in vitro and in vivo results) and biological fixation in the long term clinical use. The
oxidation control by application of high vacuum or inert atmosphere keep their mechanical and
corrosion properties and, hence, to prevent the ion release. Therefore, it could lead to a more

positive cell response. However, further biological test are required for further conclusions.
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Figure 48. Cell response of the differentiation assay of ALP (LDH) activity on coated polished
substrate after 7, 14 and 21 days for the indirect and direct method achieved by LDH acitivity

quantification.
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CHAPTER 5
5. Conclusions

For the first time to our knowledge, pine oil as an eco-friendly material mixed with
hydroxyapatite was used to coat a Co-15Cr-15W-10Ni alloy using a simple brushing method. A
fully covered CoCr substrate with pure, crack free HAp coating was achieved after easily thermal
removal of the PO and no evidence of impurities or other calcium phosphate phases was found
in the coating by SEM, FTIR, XRD and DSC analysis after heat treatment. Wettability
measurements proved that use of PO improved the wettability and distribution of the slurry on
the metal alloy surface due to its low superficial tension and to functional groups that interacted
with the metal, resulting in attractive forces between coating and substrate. The cross sections
and pencil strength test confirmed a thickness of ~ 20 um and that there is a close interaction
between HAp coating/substrate.

The differently rough surfaces (non-treated and altered by polishing, passivation and heat
treatment) tested showed that is possible to cover all types and no significant differences were
observed in the scratch resistance for the polished, passivated and non-treated substrates. The
smoother substrates obtained a better scratch resistance (4H) and it suggest that smoother
surfaces allow a more uniform dispersion as well as a closer contact of the HAp particles on the
surfaces. However, the coated, heat treated substrate with high roughness (Ra = 0.82 pm)
presented a lower scratch resistance (2H) with cracks in the coating. It is attributed to the heat
treatment that promotes the formation of a non-uniform oxide layer and avoid the HAp particle
distribution and a close contact to the substrate.

Bioactivity investigations in SBF solution showed a decrease of cracks after 7 days and all
substrates kept covered until 21 days of soaking. SEM analysis confirms that coated passivated
substrates have a better behavior than coated polished substrates due to groups formed on the
substrate through the passivation treatment, which resulted after 14 days of soaking in SBF of
the growth of apatite layers with leaf-like morphology. Cyclic voltammetry measurements
indicated that the HAp coating deposited provide effective corrosion protection on CoCr
substrate and no significant differences of the results were observed for the uncoated substrates
(Pol and Pol_Pas).

The results showed that high temperature (800°C) treatment decrease corrosion resistance of
the metal alloy and this could explain the decrease of the cell growth, since high temperatures
without the control of oxidant atmosphere promote the breaking of passivating layer and it favors

the cobalt precipitation on the surface. Overall, the good results of the interaction between

73



substrate and coating, corrosion resistance, morphology, wettability and degradation resistance
suggests that further investigation as implant for bone replacement is very promising, but
additional experiments concerning different temperatures and protective atmosphere during heat
treatment are necessary in order to prevent the oxidation. With this probably the limited

cytocompatibility, observed in the present study, could be overcome.

5.1 Future perspectives

In conclusion, this study allowed the deposition of HAp coating on CoCr substrates by mixing
of HAp and PO, followed by a heat treatment for application as biomaterials in bone
replacement. To our knowledge we are the first to study the use of PO to promote the adhesion
of HAp coatings on metallic substrates. For this reason, further investigation could provide a
better understanding about the interaction between substrate and coating. For a successful
application as implants a deeper investigation of the cell behavior is needed using different cell
types and varying temperatures for the heat treatment. Also utilization of a protective
atmosphere during thermal removal of the PO and additional surfaces modifications should be
explored. Furthermore, our results also suggest a possible deposition of other calcium
phosphates mixed with PO, which can be investigated in combination with several metallic

substrates.
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