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Chapter 1

1.1 Background

The field ofbiomaterialsin orthopedic and dental implangpplicationhas attracted more and
more attentions, as these materials enhance the quality and longevity of humBrel$eience and
technology associated with this field has led to mmitlion dollar business nowAccording to a
research surve@, the global bieimplants market is estimated to be $94.1 billion in 2012 and is
poised to grow at a CAGR (Compound Annual Growth Rate) of 7.3% from 2012 toA9déntal
implant for examplestatistics show that 69% of adults ages 35 to 44 have lostsatolee permanent
toothbecause odin accident, gum disease, a failed root canal or tooth decay. By age 74, 26% of adults
have lost all of their permanent teeth. Recently, about 10 millions patients are treated yw&hyEar
millions implants,but thatonly covers 1% of missing teeth and the major 99% are untreated due to
lack of education of professionals at dental college as well as highf-potket treatment co@.
These obtained data indicaltet biomedical implants are becoming a personal health issue for most of
us with an increase in the number of implantation procedures.

1.2 Titanium based biomedical implants

Titanium and its alloys, as one of the important biomaterials for orthopedlideartal implants,
have been tremendously used due to their good mechanical properties, excellent corrosion resistance
and adequate biocompatibili. The use of titanium in dentistry began in the 1960s with the
Branemark system for prosthesis desigd surgical procedur@m. In parallel with this, orthopedic
prostheses of titanium for hijpint fixation or replacement were also developed. However, the
bio-inertial property of titanium and its alloys commonly cause a long osseointegramm@.
The release of ions due twrrosion and wear debrisom mechaical friction can result in the
infection/inflammation of the surrounding tiss. These disadvantages limit the development
of titanium and its alloys as biwedicalimplant materials. Thereforéo improve the wear resistance
and biocompatibility of titanium based implants is not only the focus of most implant industries and
manufacturers (see Figurel), but also research interest of scientists and engineers.
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Figure 1-1 International majomanufacturers of impla.

1.3 Aims and objectives

Wear and corrosion are considered as two important issues for titanium based implants, but few
studies have been investigated to understand tloanbined effect +tribocorrosion for loading
implants. Therefore, the aim of this work is to provide a deep insight in the area of tribocorrosion
behavior for commercially pure titanium (cp Ti). And then three different surface modification
treatments, aslj onestep thermal oxidation of titania (T#¥Dfilm, (2) onestep electvschemical
deposition of calcium phogphate (CR) bioactive film, and (3) twstep electrochemical
deposition/thermal sintering of GATiO, bioceramic film, have been prepared on cp Ti to improve its
corrosion/wear resistance, and even to give a promising method in shortening the osseointegration
processPreliminary study in the culture of NiH/3T3 fibroblast cells was done to investigate the
cell'§ proliferation on cp Ti as bioimplant materialhe main objectives of this study can be
summarized as:

< To analyze the corrosion and tribocorrosion behavior of cp Ti in simulated body fluid by
combining tribological and electrochemical tests.

< To characterize the thermal oxidized %i@m and analyze its effect on corrosion and
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tribocorrosion behavior of cp Ti.

< To characterize the @®abioactive film and analyze its effect on corrosion and
tribocorrosion behavior of cp Ti.

< To characterize the ®4TiO, bioceramic film and analyze its effect on corrosion and
tribocorrosion behavior of cp Ti.

< To study the NiH/3T3 fibroblast cel proliferation on cp Tandpropose a cell culture
procedureon cp Ti.

1.4 Qutline of the thesis

Thisthesis containaine chaptersGeneral introduction is presented here in Chapter One.

Chapter Twacoves the stateof-the-artin the area obiomaterials, basic theories of corrosion
and wear, and titanium and its alloys as biomedical implants. Related topics like the development of
biomedical implant, the current research status in surface modification of titanium and its alloys, and
the undestanding otcorrosion andribocorrosion are reviewed.

In Chapter Three, the experimental methodologies, procedures and equipments used in this study
are described. Details of a tribocorrosion protocol for cp Ti as a passivating material is also delineated

Chapter Four, which describes the corrosion behavior of cp Ti in static conditioitsand
tribocorrasion behavior under mechanidabhded condition, represents the contributions of loading
force and depassivation/repassivation phenomena in materiaiflopsTi under the guidance of the
tribocorrosion protocol.

The influences of thermal oxidized Ti@m, CaP bioactive film and GATiO, bioceramic film
on corrosion and tribocorrosion behavior of cp Ti are discussed in Chapter Five, Chapter Six and
Chaper Seven, respectively.

The preliminary study in the culture of NiH/3T3 fibroblast cells on cp Ti without any surface
modification was done in Chapter Eight and a feasible cell cytteceedurewas proposed.

The main conclusions from this study and thestlale future work which might be camied are
given in Chapter Nine
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2.1 Biomaterials andbiomedical implants

Biomaterialsare definedasthe materials of natural or manmade origin that are used to direct,
supplement, or replace the functions of living tis@ The field of biomaterials is not new and can
track back to about 2000 BC, when the Egyptians and Romans had used linen for sutures, gold and iron
for dental applications and wood for toe replacement. These were the earliest evidences in the field of
biomaterials. Now, this field is of importance for human beings in different area of medical industry
, especially for the less fortunate people who are suffering from congenital heart disease and also
for the aged population who require biomedical implants to increase their lifespan (see Table 2

Table 2-1 Use of Biomaterial.

In the case of biomedical implanthanks to the avkbility of better diagnostic tools and the
advancements in the knowledge on materials and on surgical procedures, implantology has assumec
greater. Biomedical implants now can be commonly used in dentistry, orthopedics, reconstructive
surgery, ophthalmolyy, cardiovascular surgery, neurosurgery, immunology, histopathology,
experimental surgery and veterinary medicine (see Figﬂbﬁ.
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Figure 2-1 Biomaterids for human applicatio.

As a very high boom in implant manufacturing is expected in coming years, decreasing the pain
during surgery for the patientutting down the surgical cost and increasing the success rate are
necessary and they require the collaborative eff@tiween material scientssiand engineers,
biomedical engineers, pathologists and clinicians. In order to serve for longer period vegbciian,
biomedical implants should meet the special require. The first and important requirement
is that the material must be biocompatible. That means that the device does not cause any adverse
reaction in the body and can be well integrated withtheeanding tissues. The second requirement is
that the material must be corrosion resistant in the body aggressive environment. Corrosion resistance
ensures that metal ions will not release into the body to take inflammation to human organs and/or
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tissuesFurthermore, the implantable device will retain its integrity and not degrade due to corrosion.
The third requirement is that the device must have sufficient mechanical strength and fatigue strength.
This guarantees the match of modulus between natssaletj like bones and foreign implants. The
fourth requirement is the appropriate design for the intended use. Crevices should be avoided to
provide good corrosion resistance. Implant with identified shape of each patient is recommended to
increase thesucess rate obsseointegration. The fifth requirement is the proper surface treatment.
Once the device is implanted into the bone, its surface is the part that contacts and interacts directly
with body fluids and tissues. Surface treatment controls theenaftsurface and is important to act as

a method of improving biocompatibility.

Nowadays, implantabldevices intendeth biomedicalapplicationas implantsaremainly from
bioceramicshiodegradabl@olymersand metallic materi 15-17.

2.1.1 Bioceramics

Bioceramics are generallgmployed to producebiomedical devices for the functional
replacement of hard tissuds. the use of bone tissue engineering, bioceramics can be classified as
bioinert €.g, zirconia and alumim), bioresorbablee(g, tricalcium phosphate [TCP]) and bictive
(e.g.hydroxyapatite [HA] bioactive glasses and rg!assceramic. They canbe found in
many applicationsas orthopedicand dental restorations. Ithe case obrthopedics,bioceramic
materials are mainlysed in the manufacture of prostheses for joint replacemantsalso in
osteosynthesis for the reconstruction of a bon¢éhdrcase oflensity, ceramics are used for implants
and for the production of artificial teettypically in abutment partn 1969, the first paper about the
use of zirconia in biomedical applications was repo@iand then the first paper to illustrate its use
in manufacturing of ball heads for total hgptacement was published in 1 .

When it refers to alumina, a ceramic consists of a polycrystalline monophasic structure and
possesses the highest oxidation state (49,Adllowing hydrodynamic stability, chemical inertness
and corrosion resistan . The hardness of alumina, which is about three times more than that of
metallic biomaterials, makes it resistant to scratches and wear. But its flexural strength and fracture
toughness are limited under vivobearing conditions. Comparing with aluminia, zirconia is a white
crystalline oxide of zirconium (as Z) and owes a polycrystalline biphasic structure. At high
temperatures, pure zirconia has an unstable state of tetragonal phase, but a gtatblenetaiclinic
structure at room temperature. A volume increase of the grain results from the phase transformation
from the metastable tetragonal phase into the monoclinic phase, so ageing of zirconia can result in
surface roughening. This phenomenon nsatkee zirconia ceramic with higher tenacity, density and
flexural strength, but its hardness, stiffness and grain size are lower than alumina. These properties
decrease the risk of breakage in orthopedic applicn
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2.1.2 Biodegradable polymers

Natural and synthetic polymers have shown promise as bone graft materials due to their plastic
and viscoelastic properties, degradability, and biocompati Natural polymers like collagen,
silk, fibrin, hyaluronic acid, chitosan, and alginate, are often used as bone grafts. The application of
synthetic biodegradable polymers started only in 1 in spite of the fact that the biomedical
applications of natural polymers dates back thousands of years. Due to the facility to be shaped with
desired pore morphologic features and be designed with chemical functional groups to induce tissue
in-growth, gnthetic polymers become more and more attractive in recent years. According to the
Iiteratures, the most common biodegradable polymers for boa&ggimclude poly(glycolic
acid) (PGA), poly(lactic acid) (PLA), poly(lactico-glycolic acid) (PLGA), poly(caprolactone) (PCL),
poly(propylene fumarate) (PPF), polyethydefPE), polyteafluoro ethylene (PTFE), poly(ethylene
glycol) (PEG) and ultra higmolecular weight polyethylene (UHMWPE). As a total hip replacement
device for instance, biodegradable polymers like PE, PTFE and UHMWPE are often used as
acetabular cup, mating with the metallic femoral.

However, even most of the natural and synthetigrpels are biodegradable and biocompatible,
the interior mechanical strength always limits their use in bone repair application. In the use of
acetabular cups made of PE, wear creating debris from PE articulating surfaces might accumulate in
the interfacialarea between tissue and implant, which further leads to loosening of the implant stem

|

2.1.3 Metallic materials

Metallic materials as metals and alloys are widely employed to produce many types of biomedical
devices. They are used for the manufacture of surgical instruments in orthopedaeatal
prostheses or as devices for osteosynthesis. In modern history, metals have been used as implants fc
bone fracture fixation since more than 100 years In the early development, corrosion and
insufficient strength were two main problems faced by metal imsBut after the introduction
of corrosion resistant 18 stainless steel in 1920, it solved the corrosion problem and thereafter
promoted the &t clinical use of metal implants.

Up to now, hundreds of type of metals and alloys has been used and commonly been divided into
three groups: (1) Stainless st@; (2) cobaltchromium (CeCr) aIons; (3) titanium and its
alloys . The corrosion resistance of these atigt biomaterials relies on their passivation by
forming a thin surface oxide layer, likeOg and TiQ . Table 22 shows the type of metals
which are generally used for different implants division.
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Table 2-2 Implants division and type of used me.

The first stainless steel used for implants contains ~18 wt% Cr and ~8 wt% Ni which make it
stronger than the steel and more resistant to corrosion. Further addition of Mo has improved its
corrosion resistance, known as SS316. Afterwards, the carbon tchaseipeen reduced from 0.08 to
0.03 wt% to improve its corrosion resistance to chloride solution, and named as SS308lallOys
have been utilized for many decades in making artificial joints. They are generally known for their
excellent wear resistaa. The wrought GiNi-Cr-Mo alloy has been used for making heavily loaded
joints such as ankle implants. However, elements such as Ni, Cr and Co are found to be released from
stainless steel and &or alloys in the body corrosive environment. The toxie&# of metals are
harmful and may cause local adverse tissue reactions. In addition, both stainless ste€@aliogs
possess much higher modulus than bone, leading to insufficient stress transfer to bone, which leads to
bone resorption and loosenig implant after some years of implantation. Figurg 8hows the
elastic modulus of biomedical alloys commonly used in biomedical imts
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Figure 2-2 Modulus of elasticity medical aIIo.

Comparing with stainless steel and-Cpalloys, titaniumhas lower modulus vary from 2 GPa
to 48 GPa. Furthermore, the light weight of titanium, whose density is only 4.5%¢ompared to 7.9
g/ent for 316 stainless steel and 8.3 gfcfor cast CeCr-Mo alloy, also attracts attentions from
patients and manufacturers. The early attempt to use titaniumgtant fabrication can date back to
the late 1930s, when titanium was found to be well tolerated in cat femur like stainless steel and
vitallium (a CaCr alloy). Titanium can be alloyed with many elements, like iron (Fe), aluminium (Al),
vanadium (V) andmolybdenum (Mo), to produce strong, lightweight alloys as desired by the
application of medical prostheses, orthopedic implants and dental implants. In order to get a concise
understanding about their excellent mechanical properties, cp Ti and somengbatsant alloys
employed in the field of biomedical devices are listed in Tak3e With these properties, the use of
titanium and its alloys is developed quickly nowadays.

11
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Table 2-3 Mechanical properties of biomedical titanium aII.

*ASTM: American Society for Testing and Materials

2.2 Corrosion and wear of metallic materials

Metallic materials have been used for oral implants and joint replacements due to their high
strength, ductility and toughness. There is no doubt that they are good choices foterishixation
or substitute of hard tissues. However, the electrocte#meactivity of metal components in a
physiological environment (typically as a 37 € aqueous solutiopHhof 7.4) restricts their life span
as longterm biomedical implants. The applications of metallic material rely on their stability during
continuows interactions with biochemical compositions in human body (such as dissolved gases,
electrolytes, cells and proteins). The electrochemical potential between metal components and the
surrounding corrosive body fluids causes localized anodic reactions.e Theslesired
chemical/electrochemical reaction of metallic implants is also affected by mechanical loading, which
LV FDXVHG GXULQJ WKH SDQWé[VconﬁbilnatierJeffeaﬂzw)LYLW
chemical/electrochemical and mechanical behavior ultimately incite the degradation of implants and
then significantly limit beir servicdlife in the human body. This part represents some basic theories of
corrosion and wear of metallic materials, and the synergism effect of corrosion and wear defined as
tribocorrosion in true application as biomedical implants.

2.2.1 Corrosion

Corrosionis defined as the reaction of a material with its surrounding environmenséleater,
chloride containing body fluidnd so forth) with gradualdeterioration in properties of the material.

The reaction can be chemical, electrochemical, iphlysr their combinatio. Three factors are
12
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essential to study the corrosion phenomenon: the material, the environment and the
materidenvironment interfaceAlthough corrosion can also occur in materials as ceramics and
polymers, electrochemical reactiohmetallic materiadis well referredin the most common sende.

has long been thought to occur by these three means: oxidassolution and electrochemical
interaction.

2.2.1.1 Basic processes

Electrochemical corrosion consists of two hagfl reactions: an oxidation reaction at the anode
and a reduction reaction at the cathode. The oxidation and reduction reactions wbaduareg on
the interface of metal/electrolyte during the electrochemical process can be schematically interpreted
as:

Oxidation of a metal atorvl with transfer of n electrons:

M : M™+ne (2-1q) or

M+ nH,0 : MOuz+nH" +ne (2-1b)
Reduction of the oxidizing agent

H"+2€e: H, (2-2a) or

O+ 2H,0 + 46 : 40H (2-2b)

For the passive metallic materials typically used in biomedical implants (as stainless steel,
Co-Cr-based and Tibased alloys), a sefirotected thin oxide film is formed sp@meously, as
explained by Eqz2-1b. This phenomenon of metallic passivity wescdvered early in 1790 by Keir
who found that metallic iron violently corroding in the actstate in concentrated nitric acid (HR)O
solution suddenly turned into the passive state where no corrosion was observed. But the presence of
an oxide film with several nanometers thick on the surface of passivated metals was not confirmed
until 19603. The passive films formed on stainless steel andCloased alloys are stongly
enriched in G103 oxide, whereas on Thased alloys is mostly composed of 1’. Although
the thickness of these passive films is only a few nanometers (normally < B roain temperatuye
they act as a high protective barrietween the metal surface and the aggressive environment. The
protectiveness of the passive film can be determined by the rate of ion transfer through the film, as well

DV WKH VWDELOLW\ DIJDLQVW R[LGH ILOPfV GLVVROXWLRQ
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2.2.1.2 PotentialpH diagram and corrosion potential

Thermodynamics can show that an electrode reaction is reversible at the equilibrium potential,
where no net reaction curreist observed. It provides a me#m predict the equilibrium state of a
system of metallic componentThe anodic reaction of metallic corrosion occurs only in the potential
range more positive than its equilibrium potential and the cathodic reaction of oxidant reduction occurs
only in the potential range more negative than its equilibrium potentiaedver, it is well known that
metallic corrosion in an aqueous solution depends on both the electrode potentialphuahe of
solution. In 1974 the thermodynamic prediction of metallic corrosion was firstly illustrated by
Pourbaix in the form of a pentiatpH diagram, as shown for iron corrosion in Figus8.2

Figure 2-3 PotentialpH diagram for iron corrosion in water at room temper.

(Eozmzo is the equilibrium potential for the oxygen electrode reacfipiy.. is the equilibrium potential for
hydrogen electrode reaction, angn¥is voltageon the normal hydrogen electrode sdale.

The corrosion of metallic iron occurs in the potentibll regions where ferrous ions ¥eferric
ions FE" and hydroxeferrous ions Fe(OH] are stable. In contrast, no iron corrosion happens in the
region where ratallic iron is thermodynamically stable at relatively negative electrode potentials. And
in the regions where solid iron oxides,Bg and FgO, are stable, no iron corrosion into water is
expectedand the surface of iron substrate is covered with thdgg ®ade films. From Figure -3

we also observe the equilibrium potentials of the hydrogen and oxygen electrode reactions.
14
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Dissolved oxygen from atmosphere may result in ion corrosion in the potential range more negative
than the oxygen equilibrium poteéalt Eoyr.0. While protonsin aqueous solution can carry iron
corrosion in the potential range more negative than the hydrogen equilibrium po&fitial, Here

is the potentiapH diagram measured in pure water containing no foreign species. But normally, the
presence of foreign ions in aqueous solution like chloride and su@aﬁects the corrosion and
anticorrosion regions of metallic component in the poteptiatliagram. The diagram in real system

is more complicated than in pure water. For metallic biomaterials, it is worth noting that metallic
passivity (or passivation) is caused by the formation of an oxide film on the metal in aqueous
solution. The passive @e film with a thickness of several nanometers is sensitive to the
environment where it is formed. Its formation and growth processes can be illustrated as: the oxide
ions migrate from the solution across the film to the mexale interface forming amner oxide

layer, while the metal ions migrate from the metal to the esaletion interface to react with
adsorbed water molecules and solute anions forming an outer oxide layer. The passive oxide film on
metal is either an insulator (for metallic irditanium, nickel, chromiumetc) or a semiconductor

(for metallic aluminium, tantalunetc).

Corrosion potential is the electrode potential where a metallic electrode corrodes in aqueous
solution. It stands in the range between the equilibrium poteittAke anodic metal dissolution and
the equilibrium potential of the cathodic oxidant reduct. At the corrosion potential, the
anodic oxidation current of the metal dissolution and the cathodic reduction current of the oxidant
are equal. Figure-2 shows the schematic corrosion kinetics, which is often called as the polarization
curves of corrosion reactions. The corrosion rateefals is controlled by both the anodic and the
cathodic reactions. In acidic solution, the cathodic hydrogen ion reduction controls the rate of
metallic corrosion, while the cathodic oxygen reduction controls the corrosion rate of metals in
neutral or baic solution.
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Figure 2-4 Conceptual polarization curves for metallic corro.

(ia is the anodic reaction curreitjs the cathodic reaction curreit,; is the corrosion currenk, is the
equilibrium potential of the anodic reactidf,is the equilibrium potential of the cathodic reaction, Bag is
the corrosion potential. )

2.2.1.3 Special modes of corrosiom metallic implants

Due to the corrosive environment of human body and the complicated using conditions after
implantation, the metallic implants suffer from the risks of different modes of cor.

< Pitting corrosion: Pitting corrosion is one common type of localized corrosion, which is
caused by local dissolution of the passive film and the formation of cavities surrounded by a
passivated surface. In the presence of aggressive ions in body flaidhldcide ion, the
passive film on metals breaks down and makes the underlying metals naked and directly exposed
to the aggessive environment.

< Crevice corrosion: Crevice corrosion is another type of localized corrosion closely
related to pitting corrosion. Preferentially, it occurs in regions on the metal surface where mass
transfer is limitede.g.under the deposits or irarrow crevices. In these blocked areas, surface
can be activated by the concentration of aggressive chloride ions, the decigdsalole and
the consummation of oxyg. The anodic metal dissolution in a crevice is usually
coupled with the cathodic oxidant reduction surrougdire crevice, where a local corrosion cell
forms in the view of electrochemistry.

< Galvanic corrosion: Galvanic corrosion occurs between dissimilar metals or alloys in
direct electrical contact in a conducting corrosive environment. As a bone screlwara@ate
made of different types of metallic materials for instance, galvanic couple forms in the contact
16
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interface of these two parts. Thereafter, an increase in corrosion is generally observed in the less
noble alloy and a decrease or suppressionmwésion in the nobler aIIoEI.

<  Fretting corrosion and/or weabprrosion: Fretting corrosion and/or wearrosion are in
the form of a damage occurg at the interface of two contacting surfaces under continuous
oscillating rubbing or cyclic Ioadi. Mechanical damage of the passive oxide film
resulting from fretting and/or wear can significantly change the corrosion behavior of metallic
materials. Conversely, the corrosion products (acting as thelibddefor example) maglter
the interface state of the contacting surfaces and then affect the fretting or wear mechanisms. The
synergism between mechanical friction and chemical/electrochemical corrosion always leads to
an acceleration of material degradat|64-56].

Pitting corrosion was usually found on stainless steel implant materials, resulting in extensive
damage and causing release of significant amounts of metal ions. But TtaaskTi alloys show very
high pitting potentialeeven in chloridecontaining solutions {@ut 10 V) . Almost no pitting
corrosion can be observed for -Co alloys.In simulated physiological solutions, metastable pitting
corrosion (taking place in the potential region of stable passivity which is below the pitting corrosion)
can be observed in the form @frrent transients. Even though metastable pitting corrosion does not
lead to a serious deterioration of the system, it still indicates that the metal is not completely stable in
its environment.

Stainless steel ialsothe most susceptible to creviseluced localized corrosigncomparing
with other twoalloy groups(Co-Cr-based alloys and Tased alloysused as biomedical implants
. For Co-Cr-based alloysdue to the very high Geontent in the passiviém, this kind of metallic
biomaterial an be expected to be more resistant against activation on local acidifidAfthem
referring toTi-based alloys, the crevice corrosion in chloride ions containing solutions can only occur
at elevated temperaturkke 70-80 € :

5HODWLQJ WR WKH S D WhdtthgcamdgiorOahdr @earRdfrdsiory dré\carrmonlyl
observed for biomedical implangich as hip, knee and shouldeplacementsRepetitive relative
frictional movementare inducedht the interface betwedrnomedical implants andatural bones or
betweendifferent mrtsof implants in the corrosive body fluidhe generated debris (normally the
metal oxide)accumulated at the interface may result in the loosening and failure of implantation
surgery. An increase in the hardness of biomedical implant can lead to a reduction of fretting wear,
stainless steel and &@or alloys with high value of hardness wdorind to exhibit better fretting

corrosion behavior than titaniuand itsalloys .

2.2.2 Near

Wearis defined|60-62] DV :GDPDJH WR D VROLG VXUIDFH JHQHUDO
material due to relative motion between that surface and AM@nFWLQJ VXEVWDQFH RU V
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critical issue for prostheses, implants and other medical devices. The wear mechanisms in biomedical
implants are reported to be a function of type of used materials, contact pressures, surface hardness an
roughnes, fretting/sliding/rolling velocity, number of applying cycles, environment and lubricant.

2.2.2.1 Classification of wear mechanisms

In biomedicalapplicationasimplants, wear can occur through five major mechanisms (as seen in
Figure 25):

Figure 2-5 Schematic representations of wear mechanisms in biomedical implants: (a) abrasive wear,
(b) adhesive wear; (c) oxidative wear; (d) fretting wear; (e) fatigue wear in-aretaétal mode (1)
and metaln-coating mode (2), respectively.

< Abrasive wear: Alasive wea occurs when a hard and rough surface slides across a
softer surface, resulting in the loss of material mainly on the later onebd@yoand thredody
abrasive wears are the two typical abrasive wear modes.

< Adhesive wear: Adhesive we (scoring, galling, or seizing) occurs when two solid
surfaces in intimate contact with each other, slide under pressure. It can be found between
surfaces during frictional contact and generally refers to unwanted displacement and attachment
of wear debriand material compounds from one surface to another.

< Oxidative (Corrosive) wear: Oxidative we occurs when chemical reactions
corrode a surface by forming an oxide film, which is then removed through wear. Once the oxide
film is dissipated, the implant metalseasusceptible to the releasing particles and metal ions.
The oxide particles mix with metal and form a debris layer in oxidative wear. This type of wear
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depends seriously on the environment which determines the growth rate of surface oxide films.

<  Fretting wear: Fretting wea @ is the repeated cyclical rubbing between two
surfaces, which is known as fretting, over a period of time which will remove material feom on
or both surfaces in contact.

< Fatigue wear: Fatigue We is a process by which the surface of a material is
weakened by cyclic loading and surface cyclic shear stresses or strains exceed the fatigue limit
for that material. It is produced when the wear particles are detached by cyclic crackajrowth
microcracks (either superficial cracks or subsurface cracks) on the surface.

In biomedicalapplicationasimplants, twebody abrasive wear commonly occurs at the interface
of ceramieon-metal total hip replacementherethe harder surface (usually mesaoeramic part) cuts
material away from the opposatetallic part Threebody abrasive wear occurs when the wear debris
(some small hard particleke oxide debri¥ trapped between the two rubbing surfaces. These
particles are not constrained and freerdth and slide down a surface. Due to the average loose
abrasive grain spends more time on rolling rather than abrading the sliding surfaces, abrasive wear
rates during threbody abrasion are about 10 times less than duringbtvy abrasio :

Adhesive wear is one of the major observations on surface damage and degeneratichighultra
molecular weight polyethylene (UHMWPE) used in artificial joi@. Adhesion is a function of
the counterpart material, the relative velocity, the contact pressure and the actual contact area. Becaus
of the strong affinity btween metals and carbon or hydrogen, a strong adhesion leads to transfer of
polymer to metal surface. The transfer effect can be enhanced when tests are conducted with high
loading, but be diminished in exist of lubricant.

Oxidative wear, also called a®reosive wear, is an indirect wear mechanism which occurs
commonly in metallic implantsMetallic passivity can form a thin oxide film on the surface of
biomedical metals and alloys, like stainless steelC&based alloys, Ti and Fased alloy336-3
The spall of oxidation acts as wear debris and brings in thelibag effect on the surfaces of contact
materials.

Fretting wear is the damage that induced under load and in the presence of repeated relative
surface maon, like vibration. It takes place at the contact area of rugtahetal, cerami@n-metal,
ceramicon-ceramic, polymeon-ceramic, and polymesn-metal prostheses replacements and even
the contact area between the natural bone and im@. When fretting wear happens on the
surface of metallic implants ia corrosive environment, oxidative wear occurs consequently as the
result of passivation/depassivation and repassivation.

Fatigue wear has been identified as one of the major problems associated with implant failure in
orthopedic applications like hip joilp‘rosthese. Surface fatigue is observed in metallic,
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polymeric and ceramic implant materials. It is influenced by a variety of factors, such as temperature,
surface finish, metallurgical microstructure, resitlstresses, size and distribution of internal defects,
etc

‘H VKRXOG UHFRJQL]H WKDW WKHVH FRUURVLRQ PRGHV DC
place consequently or simultaneously hiomedical application as implants. In order to know
precisely the degradation of biomaterials, one new research area combining multidisciplinary
approaches in tribology and corrosion domaidsfined as tribocorrosion, teveloped in recent

decade 73-83.

2.2.3 Tribocorrosion

Tribocorrosion is a material degradation proaissto the combined effect of corrosion and wear
. It is defined as the study of the influence of chemical, electrochemical and/or biological
environmental factors on the friction and wear behavior of surfaces of materaslianical contact
with each other, and undergoing a relative motion to each &b#r.the separated knowledge of the
tribological behavior irthe absence of any aggressive media, and the separated knowledge of the
electrochemical behavior ithe absene of any mechanical impacts are not sufficient to derive the
tribocorrosion behavioof a material couple systeﬁ.

In biomedicalapplicationasimplants friction between two components or the component and
the natural bonenay modify the sensitivity ofmetallic biomaterials to corrosion, and conversely,
metalliccorrosion may affedhefriction between two moving contadby changing the surface state.
Normally, he synergism between mechanical friction @&helctrochemicalcorrosion lead to an
acceleration of th&ibo-chemicaldegradation othe material. When it concerns to the factors
affecting tribocorrosion process and mechanism, thresid®mtions are listed as: (1) the properties
of the contacting materials, (2) the mechanics of the tribological contact, and (3) the physiochemical
properties of the solution.

In a separated tribological test, some macroscopic quantities are measured conventionally as:
the coefficient of friction based on the friction force recoriesity; the wear rate determinext situ
from a loss of material on one or both contacting nmel&e(the loss results from the formation and
escape of debris by mechanical interactions); the contact temperature measiredlue to the
conversion of mechanical energy to heat; the vibrations of the contacting parts and the noise
eventually emittedduring the test. Referring to the tribocorrosion test, complemenmtarsitu
measurement like the electrochemical potential of the contacting surfaces immersed in a
corrosive electrolyte, and/an situ measurement of the corrosion current can be performed during
the relative motionoF RQWDFWLQJ SDUWYV 7R VLPXODWH WKH SDWLHQ
a continuous one or an intermittent one, and moving mode is either a unidirectional one (sliding)
with different circumferences or a reciprocating one (fretting) witfedéht oscillation amplitudes.
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Figure 2-6 presentsheinfluencing factors otribocorrosionin the case of a sliding contact under
electrochemical control conditions.

Figure 2-6 Factors influencing the tribocorrosiﬁ.

ODWHULDOVY SURSHUWLHYV OLNH KDUGQHVV GXFWLOLW\ L
and the existence of a surface oxide filmvples good corrosion resistance for passivated metals.
The microstructure of materials like phase distribution, grain size and orientation, dislocation density
and so forth are critical for the mechanical behavior. The topography and chemical compésition o
the contacting surfaces like the roughness, the formation of plastically deformed surface layers, the
growth and mechanical properties of oxide filnet¢ also have effects on the tribocorrosion
behavior of tested materials.

Mechanical/Operational loady forces, motion velocity and the type of contact (sliding or
fretting) determine the rate of trbocorrosion for a given system. The shape and size of contact bodies
determine the area of contact zone and the alignment of the rubbing surfaces. Whilatibwe so
viscosity, conductivitypH value,temperature and so forth playportant role in tribocorrosion. In
the case of aqueous electrolyte, the concentration of dissolved oxygen, aggressive chloride ions and
thepH influence the reactivity of metals, weh further have effect on tribocorrosion behavior.
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Moreover, ¢éectrochemical parameters likehmic resistance, applied potential, passive film
growth, active dissolution, and so forth, also have influences on the tribocorrosion. The repassivation
kineticsof metal surface activated by the destruction during sliding or fretting attracts more interests
from eletrochemists.

The synergistic effect of mechanical friction and electrochemical corrosion (for passivated
metals and alloys) is schematically represdnn the Figure -Z. The fact that mechanical removal
of a surface passive layer makes the bare material directly exposed to the aggressive electrolyte
accelerates corrosion of that bare material; consequently, the corrosion of the bare material can be
weakened by the rgrowth of a passive fil@, known as repassivation phenomenon. Conversely,
the solid corrosion products (like oxide debris) resulting from the mechanical removal of the passive
layer lead to a threbody effect in triboconta@, and further induce abrasive wear on the bare
materal. The methodology for tribocorrosion te@ has evolved recently, the scientists and
engineers are trying to build up a standard system to collect and monitor the involving mechanical
and corrosion responses. (A protocol for determination of synergism in tribocorrosion of titanium
used in ths thesis will be illustrated in Chapter 3.)

Figure 2-7 Synergstic effect of corrosion on wear and vice versa: (a) Corrosion accelerated by friction;
(b) Abrasion accelerated by corrosion prod.

2.3 Titanium and its alloys as biomedical implants

Titanium is a lustrous transition metaltlv an incomplete shell in its electromic structure,
which enables it to form solid solutions with substitutional elements having a size factor within
120%. It wasdiscovered in 17®but until 1910, pure titanium was firstly produc@. To get a
deepinsight into its applicatioras biomedical implants, properties of titanium, titanium oxidation,
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corrosionwear behaviorof titanium and its alloys, and current surface modification methods to
improve their corrosiofvear resistance are reviewed.

2.3.1 Titanium properties

Titanium andits alloys can be classified tm three group@: . type (HCP: hexagonal
closedpacked crystalline structure) and neartype, (. + ) type, and type (BCC: body
centereecubic crystalline structure) and neatype. The transforming temperature of pure titanium
from the HCP (-phase) to the BCC {phase) is 882 € as -transus temperature. In this regard,
alloying elements for titanium can be d@iHG LQW R W-Zt&bilizerf 3ushvas Al, Sn, Ga, Zr,
O, N and C; and-stabilizers, such as V, Mo, Nb, Ta, and Cr. Whestabilizing elements dissolve
into the titanium matrix, they increase the phase transformation temperature, wstaleilizing
elements decrease it. It is known thaalloys exhibit superior corrosion resistance, andlloys
exhibit higher strength, good formability and high hardenability. Moreovaalloys also owns
unique possibility of both low elastic modulus and super@rosion resistanc@. Table 24
shows three groups of titanium materials and the influences of some major alloying elements on
titanium.

Commercially pure titanium (cp Ti) and-BAI-4V ELI (represenhg Extra Low Interstitia) are
most commonly used titanium materials foe replacement of hard tissues in biomedioglant
applications . It is known that T6AI-4V was originally developed for aerospace
applications, its high corrosion resistance and excellent biocompatibility led its entry into biomedical
industry. However, the lonrterm performance of T6AI-4V has raised some concermige to the
release of aluminum and vanadium, which are found to be associated witkrdonigealth problems,
such as Alzheimer disease, neuropathy and ostemomrlaé A 0.
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Table 2-4 Effects of major alloying elements on titaniﬁ.

1:room temperature; 2: high temperature.
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2.3.2 Titanium oxidation

Titanium is a highly reactive metal and a compact oxide layer is easily produced due to its
strong chemical affinity to oxygen. It was investigated that an oxide layer with a thickness greater
than 10 A can form rapidly in less than a microsecond in athme. Normally, titanium
quickly forms an oxide of -Z nm thickness in air or water at room temperature. This oxide layer,
which is primarily TiQ, adheres strongly to the titanium substrate surface. The adhesion and
adhesive strength areroolled by the oxidation temperature, the thickness of the oxide layer and
the presence of nitrogen in oxidation proc@. Referring to the primarily formedtanium
oxide £TiO; on titanium materials, three crystalline structures should be discussed: anatase, brookite
and rutile. Anatasephase TiQis a tetragonal crystalline system with=a3.78 A and g= 9.5
A; brookite-phase TiQ has an orthombic crystalline structure withwa 9.17 A, Iy = 5.43 A and
Co = 5.13 A. The third rutilephase TiQ s also a tetragonal structure and known as the most stable
phase.

When titanium materials are used as surgical implants in an aggressive environeient, th
excellent corrosion resistance is induced due to the formation of a dense, protective and strongly
adhered film, which is called a passive film. This passivity appears on cerfeallesh passivating
metals, like Fe, Cr, Zr, and Ti in the category oW UDQVLWLRQ PHWDOV" FKDUDF
group of electrons in an inner electron shell. Therefore, the chemical properties and the interface
chemistry are determined by the oxide layer rather than the metal itself. The pqidr(fadurbaix)
diagam for titanium (see Figure& shows the range where the passive oxide films form, the range
where titanium corrodes.
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Figure 2-8 PotentialpH (Pourbaix) diagram for the system titanium/water at 3y1€@1].

According to the passivity theory, the titanium material system has both the active and passive
surfaces simultaneously in contact with electrol@, and undergoes a continuous process of
partial dissolution and reprecipitation in the aqueous solution (see Fi@)rdt2vas also found that
calcium, phosphorous and sulfur are incorporated in the oxide daygtanium implanted in bones
. Calcium phosphates regarded as the main composition of natural bone cipdaped on
titanium and its alloys in simulated body fluids. The first stage of calcium phosphate formation is the
adsorption of phosphate ions on a hydrated titanium oxide with the release of protons are
schematically illustrated as folloyy&14:

Ti(OH)*'(ox) + H,PO,5 DT ¢H(@H)HPO, % (ads) + HO (2-3)
Ti**(0x)HPO,*%(ads) + OH® < 71 (ox)PO,**(ads) +H,O (2-48)  or
Ti(OH)**(ox) + HPO** DT H@)PO, % (ads) + HO (2-4b)

where (ads), (ox) and (aq) represent adsorbed ions, ions in oxide and aqueous solution,
respectively. Then calcium ions accumulated on the adsorbed phosphates to form calcium phosphate
on titanium implants. The formation of calcium phosphate can promote teeimsgration of
biomedical implants and lengthen the life span undgivo condition.
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Figure 2-9 Schematics of surface oxide film of titanium and film reconstrudtionvo |[115.

2.3.3 Corrosion andtribocorrosion of titanium implants

As mentioned above, the excellent corrosion resistance and adequate biocompatibility of
titanium materials irbiomedicalapplicationasimplants is due to the simultaneous formation of a
thin passive oxide film, mainly as TiOHowever, when titanium matels are implanted in the body
environment, corrosion happens in contact with the aggressive body fluids containing chloride ions
and proteins, even other foreign spe such as fluoride ion (J; hydrogen peroxide
(H20) and lactic acid

The F content of commercially fluoridated toothpastes or mouthrinses is known to be corrosive
for Ti. It was found that the degradation of titanium in fluoride containing artificial saliva is
corresponding to the occurrence of a localized corrosion procesglyngitiing corrosion. The
fluoride ions are aggressive ions which could cause the breakdown of the protective passivation
Iaye, which can be described as resulting from the formation of Ti oxides layerGid)Ir{,
and the salts as TiQFTiH,, NaTisFis, TiFs, [TiFe]* in the presence of HF according to the
following reactiond411§:

TiO» +) : 7TL2¥H)O (2-5a) or
TiO» +) 7L 2H0 (2-5b) or
Ti,O3 +) : 7} 3H0 (2-5¢)
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Huanget al. investigated the edtt of fluoride concentration in the additive form of NaF
on the corrosion behavior of Ti6Al4V alloy in acid artificial saliyad(= 5) at 37 €. It was found
that both the corrosion raté.d,) and the passive current density.4) increased on increasing the
NaF concentration from 0% to over 0.15%. When the concentration was increased up to 0.5%, the
lcorr Was around 70 times larger than that in the absence of NaF in the test media, and an anodic
active polarization behaviavas observed rather than an actiggpassive transition behavior.

In orthopedic implant application, especially the total joint replacements, cyclic loading is
LQHVFDSDEOH DV D FRQVHTXHQFH RI WKH SDWLHQWMd PRYF
wear and the induced ions release or corrosion/wear dabrigo are the main reasons of implant
failure. It is well known that the accumulation of these wear debris can produce an adverse cellular
response leading to inflammation, release of dangaginzymes, bone cell lysis, infection and pain,
then implant loosening eventually ensu|8d].

As the original study, Mier et al.|122 studied the friction and wear properties of titanium, the
results showed the poor wear characteristics for unalloyed Ti. Since the development of
electrochemical measurements, situ characterization methods are imposed to investigate the
corrosion andrtbocorrosion behavior of titanium materials in recent y§ag{123[124. Research
results indicated that thgH and corrosion inhibitors influenced the tribocorrosion behavior of pure
Ti under fretting. The lowering in open circuit potential (OCP) resulted during tribocorrosion
test was considered as a mixed potential of unworn and worn surfaces. The higher anodic current
measured with sliding thahe anodic current measured without sliding was due to more dissolution
of titanium in anodic potential range under sliding condi. Comparing with pure titanium,
alloying elements like Al and V in the titanium biomaterial reduced the active and passive
dissolution, but no effect of the mechanical properties was foarttie tribocorrosion response and
wear volumes. The presence of bovine serum albumin (BSA) had negligible influence on the
corrosion behavior of titanium alloys, and had only a small effect on the mechanical detachment of
particles in the continuous siid test. The containing of Hn artificial saliva decreased the
OCP under sliding conditions, ireased the wear weigloss of cptitanium with the increase of F
concentratiorj11§.

2.3.4 Surface modifications

From above we know that titanium materials are with poor wear resistant, and their corrosion
resistance loose in some cases. Further considered theehiproperty of titanium materials, which
cawses a longosseointegration process implant applications, surface modifications have been
widely applied to improve the mechanical, chemical, and biological properties such as wear
resistance, corrosion resistance, biocompatibility of titanium and its alloygjgatm reduce the
costs and improve the longevity after implantation inside the b@egeral main methods are
reviewed in this section, concerning to the corrosion resistance, wear resistance and biocompatibility
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of titanium materials with surfagaodifications.

2.3.4.1 lon implantation

lon implantation is a material engineering process by which ions of a material are accelerated in
an electrical field and impacted into a solid. The ions alter the elemental composition of the target,
since the ionsacting as foreign element stop and stay in the target. The physical, chemical or
electrical properties of the target solid are then changed after ion implantation.

Thin-film layer of titanium nitride (TiN) are of great interest in the range of biomedical
application, due to its desired mechanical (extreme hardness), thermal (high melting point), chemical
(high corrosion resistance) propert. Fernandes et al. investigated the tribocorrosion behavior
of plasma nitrided FBAI-4V alloy in a 0.9 wt.% NaCl electrolyte witin situ electrochemical
measurements like OCP and electrochemical impedance spectroscopy@S)The results
clearly showed that nitridation leads teNilayer on Ti6Al-4V surface, which resulted in hardness
HQKDQFHPHQW 7KH VDPSOHYV DIWHU QLWULGDWLRQ DW Zé&
FRUURVLRQ UHVLVWDQFH WKDQ DW Z& WKLFNQHVV &R
critical role in tribocorrosion. Hanawet al. studied than vivo early bone formation around
calcium ion (C&)-implanted titanium and found the treated titanium was superior to untreated
titanium for bone condttion. In their study, calcium ions were implanted into one side of titanium
plates at 18 ions/cnf. After ion implantation, the Gatreated titanium was surgically implanted
into rat tibia for 2, 8, and 18 days. The results showed that even at implanitate of 2 days, a
larger amount of new bone was formed on thé"@aated side and part of the bone made contact
with this C&"-treated surface. But for the untreated side, bone formation was delayed and the bone
did not make contact with the surfaaie2 days.

2.3.4.2 Chemical treatment

Due to the simplicity, cost effectiveness, bone bonding ability and being applicable to implants
with complicated shapes, surface modification of titanium materials by chemical treatment attracted
many attentions inecent years. In chemical treatment, the most commonly used reagents for
titanium biomaterials are sodium hydroxide (NaOH) and hydrogen peroxi@g)(sblutions|129.

Tamilselvi et al. found that chemically treated Ti with NaOH produced sodiitamate gel
layer, which induced the formation of a dense and uniform bone like apatite layer after immersion in
simulated body fluid (SBF) and then exhibited excellent corrosion resis@ Pan and
co-workers investigated the influence of anCH pretreatment on the cell culture proc.
They found that during the cell culture, the,Q4treated titanium surface favors the ion
incorporation and precipitation of the hydroxylcarbonated apatite (HiR&)compound, which
probably is inlaid into the oxide film. Similar phenomenon was observed by@{ who found
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that a porous coating comprising of mainly hydroxyapdtitened on the bD,-treated titanium
substrate, while a uniformed coating comprising of amorphous calcium phosphate (APC) formed on
the untreated titanium substrate by electrodeposition in a modified SBF solution. The increased
surface area of titanium subate after HO,-treatment and the Okbns released from this modified
surface during electrodeposition were considered as the attributions to this great difference.
Furthermore, chemical treatment with alkayidrogen peroxide and subsequent heat treatment at 600
€ for 1 h to improve both he biocompatibility and the corrosion resistance was investigated by
Sasikuma. A nanoporous titanate gel layer with anatase phase was obtained Toraicg
Ti-15Mo alloy after this twestep surface modification. After 7 days of immersion in SBF solution,

an apatite layer formed over the gel layer and provided the highest corrosion resistance comparing
with the untreated, alkahiydrogen peroxide tread and alkathydrogen peroxide plus heat treated
specimens.

2.3.4.3 Thermal oxidation

Thermal oxidation, as a surface modification method, has been successfully developed in recent
years. It is a thermochemical process, which is usually carried out onteolled atmosphere
containing oxygen as well as nitrogen. To solve the poor wear resistance and the loss of corrosion
resistance by then vivo removal of the simultaneous formed thin passive oxide film of titanium
biomedical implants, thermal oxidatios commonly used to form a thick oxide layer with higher
hardness, lower electrical and ions conductiaty,

In 1980s, the growth of titanium oxide overlayers by thermal oxidation of titanium was studied
by Padma and eworkers. A layered structure consisting of TOTi,03, TiO, titanium,etc
from the surface to the metakide interface was observed when the oxide is prepared by a thermal
oxidation process. A model for growth of titanium oxide \wasposed in their study: when a fresh
titanium surface is exposed to an oxygen atmosphere, oxygen is absorbed in the titanium and lower
oxides of titanium are expected to form in the first instance; with time progressing, oxygen passes
through the initialoxide layer to reach the titanium oxitl&nium interface and forms fresh oxide;
as it passes through the lower oxide, some of the oxygen is expected to be absorbed by the oxide
which is then converted into a higher oxide form. The oxygen transport arfidrthation of oxide
depend on the temperature and time for thermal oxidation process. With increase in either
temperature or time of oxidation, more and more layers from the surface become rich af th®©
rutile type. The oxide thickness increasedwiite increase of oxidation temperat|t85.

Although it is well known that thermal oxidation can improve the corrosion and wear resistance
of titanium materials, there is no one standard modification process untiBaged on the different
experimental conditions, the structural features and corrosion resistant properties for thermal
oxidized titanium and its alloys differ from each other. Tablk fummarizes some of the current
literaturesresultson corrosionand tibological behavior of titanium and its alloys after thermal
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oxidation. Recently, TiQ nanowires, obtained by thermal oxidation under a limited supply of
oxygen, was investigated as a means of improving cell adhesion and proliferation of human
osteosarcom (HOS) cells on F6AI-4V substrate. The nanowire coated samples showed
increased cell adhesion and proliferation compared to thenawostructured TiQand untreated
Ti-6Al-4V samples. This researdpered a new sightfor thermal oxidationn the fields of material
synthesis and biomedical applications.

Table 2-5 Currentstudies on corrosioand tribologicabehavior of thermal oxidized titanium
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2.3.4.4Bioactive coating

The accurate metal analysis of bone and tooth speci@ showed that human bone

consists of 24.5 wt.% Ca, 11.5 wt.% P, 5.8 wt.%;CQ.7 wt.% Na, 0.55 wt.%1g, 0.03 wt.% K,

and a number of trace elements at the ppm level, like Zn, Fe, Sr, Pb, Ba and Cu. Among them, Ca
and P as the two main inorganic constituents of bones and teeth, the most abundant mineral in humar
hard tissues is a basic calcium phosphd¢alized as hydroxyapatite (HA, 5@ Oy)s(OH),). Other
calciumphosphategCaP), such as brushite (DCPD: dicalcium phosptidgdrate CaHPORH ,0),
octacalcium phosphate, &&(PQy)s:5H20, whitlockite ( -TCP: -tricalcium phosphate, G@QOy),),

CPPD: calcium pyrophosphatiehydrate CaP.O;, and ACP: amorphous calcium phosphates have
been identified with or without association with apdtitéd.

In the field of biomedical implants, how to enhance the surface biocompatible and
osseoconductive properties is then closely related to the surface modification of implants with CaP
bioactive coatings. It is well demonstrated that CaP bioactive coatihgsiee the cellular adhesion,
proliferation and differentiation to promote bone regeneration. The osseoconductive processes
occurringat the interface of biomaterials with CaP coating and natural bone after implantation into a
living system are schematitalrepresented in Figure-20. Partial dissolution of the CaP coating
happens when the locgdH value decreases. Subsequently, the releasédl @a PQ”> ions
reprecipitate andncorporate into apatite crystals with the collagen mafppganic componenin
bone). The increased concentrations of*Cand PQ* simulate chemotaxis and promote the
osseointegration of biomedical implants and natural bones. Several commonly used CaP phases with
Ca/P ratio are summarized in Tablé,2Zcomparing with that of natal bone.
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Figure 2-10 Schenatic representation of osteoconduction induced CaP cqﬁ

Table 2-6 Summary of the CaP phases used as bioactive coatings in orthopedic devices.
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DCPD, exhibiting greater solubility &m most other calcium phosphate phases, has been used in
recent investigations as an inexpensive and relatively easy CaP to deposit on to a given metallic
substrate. It is stable in the rangepéflower than 5, but with the increase of Qbhs, DCPD starts
to act as grecursor to the more stable phadee TCP andHA . As an electrochemical
deposition process for instance, the formations of DCPD, TCP and HA can be illustrated as

followings

153(154:

H,O + 26 : Ha+ 20H
O, + 2H,0 +4€ : 40H

2H,PO, + 26 © 2HPO,” + H,
HoPOs + OH™ : HPO4 + H,0

ca?* + HPO,# #2H ,0 : CaHPOgZH -0
2HPO, + 26 : 2P0, +H;
HPO, + OH™ : PO,* +H,0

3Ca™ + 2P0, : Cag(PO.),

10C&" + 6 PO + 20H™ : Cayo(PO4)s(OH)

(2-69 or
(2-6b)
(2-79 or
(2-7b)
(2-8)

(2-99 or
(2-9b)

(2-10)

(2-11)

Numerous experimental deposition processes such as dip c¢afifd57, solgel llSQ,

electrophoretic depositio, anodizationf16Q [161]

spraying [165167] and electroclemical deposition

, micro-arc oxidation 162-16ﬂ, plasma
16§ |16§. In order to get a desired CaP

bioactive coating with other properties like good adhesion to the substrate, adequate mechanical
stress loading and eellent corrosion and wear resistance, composibatings like CaP
bioceramic/titaniaf150 [168177, carbon nanotube reinforcedAH Al,0s-TiO, nanoparticles/HA

173 are obtained by the combination of different processes.

bilayer

167

The corrosion behdor of some CaP bioactive coating modified titanium biomaterials is

summarized iMable 27.
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Table 2-7 Corrosionresistance of bioactive coating modifigénium

! simulated body fluid: carbon nanotubeg; saturated calomel electrodenanotubular.

Until now, a huge number of studies have concentrated on the corrosion and biocompatibility of
CaP bioactive coating modified titanium materials as biomedical implants, but fevx@kwas
published on their tribocorrosion behavior, which is commonly investigated under mechanical
loading conditions in an aggressive environment. It is important to study the tribocorrosion behavior
of CaP bioactive film coated titanium as biomedical implants.

35



36



Chapter 3: Materials and Experimental
Methods

37



Chapter 3

In this chapter, chemicakomposition/mechanical propms$ of Ti, thermal oxidation
pretreatment, electobemical depositionof CaP bioactivefilm, proceduresto prepare CaP/Ti©
bioceramic filmand electrolyte used faon situ electrochemical characterization will be introduced.
Electrochemical and tribological techniques used in the analysis of corrosion and tribocorrosion
behaviorwill be described as wellsaphysical characterization techniques to determine the surface
properties. One protocol for the quantitative calculatiomaferial lossof metals and their alloy in
tribocorrosion test will be interpreted in the case of untreated cp Ti. For the smdddesd Ti by
thermal oxidationelectrachemicaldeposition of CR bioactivefilm before and after sintering at high
temperaturen this work, ssimplified assessment criterion in tribocorrosion test will be also proposed.

3.1 Materials and electrolyte

Commercially pure titanium (cp Ti grade 2) (Goodfellow Cambridge Limited, UK) samples
were cut into square shape of 20 mm x20 mm x 2 n@hemical composition of this material is
shown in Table 4. Its mechanical properties are summarized in Tal2leAdl samples were polished
with SiC emery papemsntil to 1200 mesHollowed by an ultrasonic cleaning in acetone and then in

ethanol for each 5 min before experimehe final average roughness is about 0.30

Table 3-1 Chemical composition of cp Ti grade 2

Table 3-2 Mechanical properties of cp Ti grade 2
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Thermal oxidation of cp T$pecimens carried out in a furnace performing at 650 € for 48 h in
air atmosphere. After thermal oxidation treatment, samples are gradually cooled to room temperature
for about 12 hin the furnace by itself

Modification of cp Ti with C& bioactive filmis achieved via an electbemicaldeposition
method in a mixed solution containing 0.042 mol/L Cagif¥ ,O and 0.025 mol/L NgH,PO, (pH
=4.2).Then sintering step is méed out ab50 € for 6 hto get the CaP/Tighioceramic film coated Ti
samples.

Electrochemicaimeasurements were performedaiphosphate buffered saline (PBS) swlo at
room temperature (22%Z). The composition ofthePBSsolutionwith apH value of 7.4 is displayed
in Table 33. All chemicals were of analytical grade and used as purchase without any further treatment.
De-ionized water was employed for the preparatiothePBS solution.

Table 3-3 Chemical composition dhe PBSsolution

3.2 Electrochemicaltechniques

3.2.1 Open circuit potential technique

Open circuit potential (OCP, also referred to as the equilibrium potential, the rest potential, or the
corrosion potential) is the potential of the working electrode relative tetkeence electrode when no
potential or current is being applied to the cell. OCP is a mixed potential determined by oxidation and
reduction reactions at the surface of a metal electrode.

The open circuit potential technique or corrosion potential mangdechnique is the simplest
and most frequently used technique in corrosion and tribocorrosion measurements. Using a
potentiostat or a multimeter and then a reference electrode (RE), the evolution of OCP of a working
electrode (WE) can be monitored dyrirmmersion inthe electrolyte orthe corrosive environment.
The potential is a basic indicator of the thermodynamic corrosion status. It can be used in conjunction
with Pourbaix diagrams. OCP can provide a useful indication of active or passive beHavior o
investigated metallic material in certain system. For example, the oxide film formation on the surface
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of a passive metal or alloy may become more protective with time, resulting of a noble shift in
potential. Such a potential shift is thus beneficidh®reduction of corrosion rate if it does not exceed

the pitting potential. On the contrary, a potential shift in negative direction may indicate a loss of
passivity, see FigureB. Curve (a) is the representative of a passivation process, theragésease in
themore noblalirection. Curve (b) is characteristic of an activation process of material that undergoes
a uniform corrosion. Curve (c) and curve (d) characterized by a potential drop on immersion indicates
the cases where a surface evolutisnrequired to achieve a film growth, like curve (c), or a
depassivation phenomenon occurs after the damage of protective film for a short immersion period,
like curve (d).

Figure 3-1 OCP evolution classically recorded for passive materials (a, ¢) aad atiterials (b, d).

Furthermore, OCP recorded during tribocorrosion tests is a mixed potential reflecting the state of
material in the unworn area and the material in the wear track area. We must be aware that a galvanic
coupling between worn and unwauarts of the material may take place. Consequently, the OCP value
depends on the following parametd&9)

< The respective intrinsic OCP of the materials in worn and unworn areas. These two OCP
are different because that the electrochemical state of the metallic material is disturbed by a
wiping of the surface films that may consist of adsorbed species, passive films, or corrosion
products in the sliding contact and by a straining of the metal.

< The ratio of worn and unworn areas. In particular, if the extent of the worn area increases,
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the OCP of themetallic material will shift depending on the controlling electrochemical
processes, being either the anodic reacteg, (the dissolution of the metal) or the cathodic
reaction €.g, the reduction of hydrogen or dissolved oxygen).

< The relative positio of worn and unworn areas. As a result of the galvanic coupling, a
current is flowing between anodic and cathodic areas. The ohmic drop may induce a
nortuniform distribution of potential and current density over the disk surface. The measured
OCP is thusn average value depending on that distribution.

< The mechanism and kinetics of the anodic and cathodic reactions in worn and unworn
areas.

Figure 32 shows the typical evolution of OCP before, during, and after loading. A noble shift in
potential before lading applied indicates the corrosion behavior of material is becoming passive with
time. When load applied, the quick drdpwn of OCP displays the disturbance of film removing, and
then the placid stage of OCP in cathodic range shows the mixed podémt@in and unworn areas
during tribocorrosion.When load stopped, OCP shifts in the noble direction, revealing the
repassivation of the worn area.

Figure 3-2 Variation of the OCP of a stainless steel disk immersed in 0.39@tbefore €.g, areas 1
and 2), during€.g, area 3), and after loading.g, area 4) against a corundum {8B].

3.2.2 Electrochemical impedance spectroscopy

Electrochemical impedance spectroscopy (EIS) is the most sophisticated technique among the
electrochemical methodshik technique normally used in a typical thedectrode system controlled
by a potentiostat which applies&C voltageamplitude(xL0 mV) imposedto the OCP of WE and

measures a current response flowing through the electrode. The AC potentials and esposrses
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are then passed to a frequency response analyzer oria ciplifier to calculate the impedance and
phase shift. By varying the frequency of the AC voltage signal, a complete spectrum can be obtained.
Explanations of EIS results are usuallydzhsn the equivalemircuit models|177].

As known tous, electrical resistanc® is the ability of a circuit element to resist the flow of
HOHFWULFDO F XU U HYdé&fine? KeBiftanod® i ErmETof the ratio between volBagad
current,l:

R=E/I (3-1)

while this is avell known relationship, its use is limited to only one circuit element as the ideal resistor.
An ideal resistor has several simplifying properties as described below:

< ,W IROORZV 2KPfV ODZ DW DOO FXUUHQW DQG YROWD.
< lts resistance value isdependent of frequency.

< AC current and voltage signals through a resistor are in phase with each other.

However, thepeal worldfcontains circuit elements that exhibit much more complex behavior.
These elements force us to use impedance in place sifipée concept of resistance. Like resistance,
impedance is a measure of the ability of a circuit to resist the flow of electrical current, but it is not
limited by the simplifying properties listed above.

Usually, electrochemical impedance is measured applying an AC potential to an
electrochemical cell and then measuring the current through the cell. We apply a sinusoidal potential
excitation and the response to this potential is an AC current signal which can be analyzed as a sum of
sinusoidal functioa (a Fourier series). In order to obtain a psdudkar response, electrochemical
impedance is normally measured using a small excitation signal. In a linear (or-peeadcsystem,
the current response to a sinusoidal potential will be a sinusdi@ agtme frequency but shifted in
phase (as seen in Figure3B

42



Chapter 3

Figure 3-3 Sinusoidal current response in a linear system.
The excitation signal, expressed as a function of time, has the form as:
E: = Eo sin( &) (3-2)

wherekE; is the potential at time Eg is the amplitude of the signal, ar&s the radial frequency. The
relationship betweeangularfrequency&(expressed in rad/sind frequency (expressed in hertz) is:

& (3-3)

In a linear system, the response sighais shifted in phased and has a different amplitude than

le=lgsin(&+ 3 (3-4)
$Q H[SUHVVLRQ D QD O®&ldvisXxiytowaruate Fhg i darce of the system as:
Z=E(/l;=[Epsin(&)]/[losin(& + 3] = Zo[sin( &) / sin(& +3]  (3-5)
The impedance is therefore expressed in terms of a magrii@ed a phase shifg
'LWK (XOHUfVY UHODWLRQVKLS
exp( 3 =cos3tjsin3 (3-6)

it is possible to express the impedance as a complex function. The potential is then described as:
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E: = Eo exp( &) (3-7)
and the current response as:
li=loexp( &+ 3 (3-8)
The impedance is then represented as a complex number:
Z(& =E/l =Zoexp( 3 =Zy(cos3+jsin3 (3-9)

When the phase angl& between the applied voltage and the induced current is zero, a pure
resistance is present. When a phase angt96fis measured between the voltage and current at the
same frequency, a pure capacitance is present. Normallgsabgtween these values mean that a
combination of a capacitor and resistor is present. The expreszip®8a$ composed of a real and an
imaginary part. Figure-38 shows the Nyquist plot and Bode plot with one time constant, which is
characterized assemicircle. The equivalent circuit is also displayed (see the insert).

Figure 3-4 Nyquist plot and Bode plot with one time constant (equivalent circuit as the insert).

On the Nyquist plot, the impedance can be represented as a vector (arrow) oZ|efmbtdngle
between this vector andthe R[LY FRPPRQO\ FDOOHG f(¥lkrigZy 8 KHoMdHbeD Q JO +
noticed that the axis is negative and each point on Nyquist plot is the impedance at one frequency. It
is annotated that low frequency data are on the right side of the plot and higher frequencies are on the
left. The limitation of Nyquisplot is it cannoshow direactlywhat frequency was used to record each
data point on the plot.

Another popular presentation method for impedance test is the Bode plot, which supplements and
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shows the frequency information in correspondence with thduaesmpedance valueZ|| and the
phase angle3

EIS data are commonly analyzed by fitting it to an equivalent electrical circuit model. Most of the
circuit elements in the model are common electrical elements such as resistors, capacitors, and
inductors To be useful, the elements in the model should have a basis in the physical electrochemistry
of the system. The common circuit elements, the equation for their current versus voltage relationship,
and their impedance are listed in Tablé.3

Table 3-4 Common eletrical elements

The mostly used elements in equivalent circuits to analyze the impedance data in this work are
shown as following:

< Rs Solution resistance. It represents the solution resistance between the reference
electrode and the working electrode. The ionic concentration, type of ions, temperature, and the
geometry of the exposed area are the main effects on the resistance of an iooit. soluti

< Ry Polarization resistance. It is the transition resistance between the electrodes and the
electrolyte. Polarization of an electrode causes current to flow due to electrochemical reactions
at the electrode surface. Hid®, values indicate high corrasi resistance at the electrode
surface.

< Rouer: Resistancef the outer porous Ti@layer for the thermal oxidized Ti samples.

< Rinner Resistancef the inner compact oxygediffused titanium layer for the thermal
oxidized Ti samples.

< Ryim: Resistance of the outer porous;@&y). layer for the CaP/Ti@bioceramic film
coated Ti samples.

< Roxige Resistance of the inner compact GaDss and TiQ layers for the CaP/Ti©
bioceramic film coated Ti samples.

< R Charge transfer resistance résditom the electrochemical reactions at the interface
of electrode and electrolyte.
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< CPE: Constant phase element. It describes aidesl capacitor when neuniform
current distribution occurs and normally models the behavior of a double layer. Themecgeda
of CPE can be expressed as:

Zepe=1/[T (1 &1 (3-10)

The corresponding equivalent circuits used in this thesis are presented in the following four
Chapters, as presented in Figus8,&igure 57, Figure 512 and Figure -B.

3.2.3 Potentiodynamic polarization technique

The potentiodynamic polarization is a tamdfue where the potential of working electrode is
varied at a selected rate by application of a current through the electrolyte. This technique is used as a
standard corrosion research method and is mainly applied to measure polarization curve to provide
significant useful information regarding the corrosion mechanism, corrosion rate and susceptibility of
specific materials to corrosion in designated environment.

Figure 35 shows a schematic anodic polarization curve in which it is possible to idengfediff
regions related to the surface behavior. In the active region, as the potential is increased from the
corrosion potential, the current increases quickly according to the normal dissolution of metal until a
critical value {.rit). This point is defing as the beginning of stability for passive films, which occurs at
the potential higher than the primary passive potertig).(Beyond this point, the current measured
can decrease several orders of magnitude to a residual current, which we call itree quassnt
density (ip). The correspondence region is defined as the passive region on potentiodynamic
polarization curve plot. At higher potentidd), breakdown of the passive film might occur with an
increase of current in anodic activity regionnastal or alloy enters the transpassive state.

A potentiodynamic anodic polarization plot can give important information such as:
< The ability of the material to spontaneously form a passive film on its surface in the
particular medium.
< The potential regionver which the specimen remains passive.
<  The corrosion rate in the passive region.
Potentiodynamic polarization technique can be also used to measure the corrosion geggntial (
and its dependent corrosion currdensity(icor) if the scan potentiatarts from more negative range

where cathodic current predominates and cannot be ignored. Tafel plot (see F&ure tBe
representative method which respects the Tafel equation:

= Eapplied *Eoc = log(i/io) (3-11)
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where is the overpotential, is the Tafel slopei the applied current density angthe exchange
current density (the reaction rate at the reversible potential for that particular reaction).

Figure 3-5 Schematic anodic polarization curve.

Figure 3-6 Experimentally measured Tafel plot in acidic medium.

The Tafel slope for the anodic and cathodic reactions occurring at open circuit may be obtained
from the linear regions of the polarization curve, as illustrated in Figaré&®ice these slopes,@nd
) have been established, it is possible to extrapolate back from both the anodic and cathodic regions
to the point where the anodic and cathodic currents are equivalent. The current density at that point is
the corrosion current densiti4;) and he potential at which it falls is the corrosion potentzlg).
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3.2.4 Potentiostatic technique

Potentiostatic technique needs a typical theleetrode system controlled by a potentiostat,
which applies an anodic or cathodic potential to the workingtrelde and measures the current
flowing through working electrode as a function of time. In this mode, the potentiostat will accurately
control the potential of the counter electrode (CE) against the WE so that the potential difference
between the WE anti¢ RE is well defined, and correspond to the value specified by the user.

This technique can be used to directly observe anodic and cathodic behaviors of a metal surface in
electrolytes by applying a constant potential. Furthermore, the investigatioa efféict of applied
electrochemical potential on the tribocorrosion behavior as well as thecargasion synergism has
taken attentions from relative research area in recent years (see in FiuMd@e information and
further details can be found j&a78 179.

Figure 3-7 Evolution of time with the current density during sliding of a smooth alumina ball against
CoCrMo alloy at several imposed potentials-@ay, (b}0.5V, (c) 0.05V, (d) 0.5V and (e) 0.75 V vs.
Ag/AgCl in NaCl and Bovine Serum. Normal loag forceof 5N, pH 7.4 and 37€[179.
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3.3 Characterization techniques

The following paragraphs will summarizéhe techniques used for thex situ surface
characterization in this work.

3.3.1 Vikers hardness test

The Vickers hardness test method consisisd&nting the test material with diamond indenter, in
the form of a pyramid with a square base and an angle of 136°between opposite faces subjected to a
test brce of between 1 g and 100.Kighe full load is normally applied for 10 to 15 seconds. The two
diagonals of the indentation left in the surface of the material after removal of the load are measured
using a microscope and their average value is calculated. The area of the sloping surfaces of the
indentation is then calculated. The Vickers hardretise quognt obtained by dividing the Kgad by
the square mfrarea of indentation, as illustrated in Figur8.3

Figure 3-8 Schematic Vickers hardness test.
The formula to calculate is:

HV = [2 F sin(13672)] / d'? = 1.854F* / d*? (3-12)
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whereF " is the load in kgd' is the arithmetic mean of the two diagonal<.(andd 2 in mm), and HV
is the Vickers hardness.

The Vickers hardness should be reported like 80@Q HWhich means a Vickers hardness of 800,
was obtained by using a 0.1 fayce.

3.3.2 3D microtopography measurement

Surface microtopography of specimen is measured by a 3D optical profilometry (Micromesure
STIL, France) in this work (see Figure 3 ,W LV D PHDVXULQJ LQVWUXPHQW )
profile by a norcontact method. The evaluation of the initial surface roughness for each specimen is
obtained by taking themean value of five squares B P 10 P VWHS RI PHDVXUHF

m and cadency frequency of 300 Hz) that are displaced in center and +4 Kuaxis and Yaxis
from the center of sample, as illustrated in Figu®3

Figure 3-9 3-D optical profilometry used in this work.
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Figure 3-10 lllustration of 5 squares for the measurement of surface roughness.

This profilometry can also be used neeasure the total wear track volume of specimen after
tribocorrosion test. In order to get a more credible value of the wear track volume, measurement is
performed on 4 parts of the wear track (0790718072709, as illustrated in FigurdB. The dimensio
of the rectangle is keeping the W K DV P D QffemVi Knd tabHingh Hép&nding on the
track length(step of measurement of In and cadency frequency of 300 Hz). All data will be
analyzed and evaluated by the software (MountainsMap Universal)

Figure 3-11 Interpretation for the measurement of wear track volume.

3.3.3 Scanning electron microscope

Scanning electron microscope (SEM) is a type of electron microscope that produces images of a
sample by scanning it with a higimergy beam of eletins. The electrons interact with atoms in the
VDPSOH SURGXFLQJ YDULRXV VLIQDOV WKDW FRQWDLQ LQIF
composition and other properties such as the electrical conductivity. The electnors lggnerally
scanned in D UDVWHU VFDQ SDWWHUQ DQG WKH EHDPfV SRVLWL
produce an image. Specimens can be observed in high vacuum, in low vacuum, and in wet conditions.
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The types of signals produced by SEM include secondary electronb&sk3cattered electrons
(BSE), characteristic Xay, light (cathodoluminescence, CL) specimen current and transmitted
electrons. The signals result from interactions of the electron beam with atoms at or near the surface of
the sample. In the most commonstandard detection mode, secondary electron imaging, the SEM
can produce very higresolution images of a sample surface, revealing details less than 1 nm in size.
Due to the very narrow electron beam, SEM nucaphs have a large depth ofldi yielding a
characteristic ® appearance useful for understanding the surface structure of a sample. A wide range
of magnifications is possible froabout 10 times to more than 5000 times.

3.3.4 Energydispersive Xray spectroscopy

Energydispersive Xray spectroscopy (EDS) is an analytical technique used for the elemental
analysis or chemical characterization of some source of a sample. Its characterization capabilities are
due in large part to the fundamental principle that eashet has a unique atomic structure allowing
unigue set of peaks on itsrdy spectrum.

To stimulate the emission of characteristierays from a specimen, a higimergy beam of
charged patrticles such as electrons or protons, or a beannayf ¥ focusd into the sample being
studied. At rest, an atom within the sample contains ground state (or unexcited) electrons in discrete
energy levels or electron shells bound to the nucleus. The incident beam may excite an electron in an
inner shell, ejecting it &m the shell while creating an electron hole where the electron was. An
electron from an outer, highenergy shell then fills the hole, and the difference in energy between the
higherenergy shell and the lowenergy shell may be released in the fornamiX-ray. The number
and energy of the Xay emitted from a specimen can be measured by an edsmgrsive
spectrometer. As the energies of thea¥s are characteristics of the difference in energy between two
shells, and of the atomic structure of ttlement from which they were emitted, this allows the
elemental composition of the specimen to be measured.

SEM coupled with EDS (FEI Quanta 200 FEG) is used to evaluate the morphology and chemical
composition of each specimen in this work, shown in Figle. It is the most versatile high
resolution lowvacuum FEG SEM, extending levacuum capabilities for the really challenging
samples with special properties such as low electrical conductivity.
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Figure 3-12 Setup of SEM coupled with EDS.

3.3.5 Xray diffraction

X-ray diffraction (XRD) is a spectroscopic technique for elucidation of structural information
relating to the crystal lattice. Because the physical properties of solid depend on atomic arrangements
of materials, determination of the crystal structurernsiradispensable part of the structural and
chemical characterization of materialsra§ patterns are used to establish the atomic arrangements of
the materials for the fact that the lattice parameter, d (spacing between different planes) is of the order
of X-ray wavelength. Further,-Kay diffraction method can be used to distinguish crystalline materials
from noncrystalline (amorphous) materials. The structure identification is made from-ridne X
diffraction pattern analysis and comparing it with theiinationally recognized database containing
the reference pattern from the Internatio@ehter for Diffraction Data (10D).

From X-ray pattern we can obtain the information as follows:

< To judge the formation of a particular material system.

< Unit cell stricture, lattice parameters, miller indices (hkl).

< Types of phases present in the material.

< Estimation of crystalline/amorphous content in the sample.

< Evaluation of the average crystalline size from the width of the peak in a particular phase
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pattern. Largecrystal size gives rise to sharp peaks, while the peak width increases with
decreasing crystal size.

< An analysis of structural distortion arising as a result of variatiorsipagting caused by
the strain, thermal disrtion.

In this work, the diffractiorpatterns are obtained using CuK A) radiation source for a
maximumscan rangérom 10%o 90°at a scan rate of 0.027s by a Xay Diffractometer (D2 PHASER,
BRUCKER).

3.4 Tribocorrosion tests

Tribocorrosion experiments were performed in a uaidional pinon-disc mode by a tribometer
(FALEX TRIBOLOGY or CSM) combined within situ electrochemical measurements, schematic
setup is shown in Figure-B3 (the diameter of rotation cycle is 1 cm in this studg)order to
investigate the influence aformal loading force on tribocorrosion behavior of specimen, three
different tribometers are used in this work. All equipments and the usage information are shown in
Figure 314. It should be noticed that the rotation mode for the first tribometer (fedatiby CSM,
Switzerland), with the smallest loading forég)(range fom10mNto 1 N, is the disc rotating with a
constant speed. The rotation mode for the other two from FALEX TRIBOL(@d&&ding force range
from 200 mN to 5 N for the second one and from 2 N to 50 N for the last @t)e pin rotating
instead.

Figure 3-13 Schematic setup for tribocorrosion test.
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Figure 3-14 Tribocorrosion setup with three different tribometers, loading force range is (I) from 10
mNto 1 N, (I) from200 mN to 5 N, and (lIl) from 2 N to 50 N, respectively.

The selection olbadingforceis based on a principle, which is generate a maximum Hertzian
contact pressure smaller than the yield strength of cp Ti (& kb avoid plasticleformation For
the cp Ti sample, we coider it as a sphere whose radisisntinity after polishing. According to the
Hertzian contact theory where contact happens between two splheresldulationof maximum
contactpressureRmay) and averageontactpressurely,) can be illustrated as follows:

Pmax=3Fn/ (2 (EZ) (3-13)
Pm=Fn/ (@) (3-14)
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where a is the radius of the Hertzian static contact area:
a’>=3F,R / (4E) (3-15)

with F,, the applied normal loa® the radius of the tip of the curved counterbody, Bnthe
equivalent elastic modulus given by:

1/E =(1-v)/E1+ (- V) /E2 (316

with v; andv, the Poissol§ ratios andE ; andE, the elastic moduli of the cp Ti sample and
zirconiapin, respectively.

The evolution of maximum and average pressures betweerpir@ith an effective radius of 10
cm and cp Ti are presented in Figur@3 from which it can be deduced that loading forces less than
20 N are reasonable in this work.

Figure 3-15 Evolution ofmaximum and average pressures as a functién fafr cp Ti.

Electrochemical measurements are performed before, during and after unidirectional sliding
tests. As working electrode, specimen is fixed in an integrated electrochesilc@ghreeelectrode
setup), a platinized titanium gauze was used as counter electrode and a Ag/AgCl (saturated KCI
solution) as reference electrode (+ 18Y vs. Standard Hydrogen IEctrode,SHE). All potentials
are given with respect to Ag/AgCI refeamnelectrode. The electrochemical measurements are done
using a Solartron 1287 Electrochemical Interface and a Solartron 1255 Frequency Response
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Analyzer controlled by a PC running Corrware ampbZ software.Further data analysis was carried
out by Griew and ZView softwares from Scribner Associates, Inc.

In the part of tribocorrosion behavior of cp Two types of sliding testare performed namely
continuous and intermittent unidirectional sliding testsdentify the depassivation/repassivation
phenanena during sliding pause periods and their effectgibocorrosion behavior @jp Ti. During
continuous unidirectional sliding tests, the pin rotgesnanentlywith a constant rate as one cycle
in to during the whole test duration. During intermmiteinidirectional sliding tests, the pin rotates
for one cyclen t,;, and then remains immobile for a given period of titge,The latency timet,,
is defined as the time between two successive contact events at a given point in the slidieg track,
thattia: = tot + tosr. In the case of continuous unidirectional sliding tests, the latency time is equal to the
rotation period;y sincetq = 0. In the case of intermittent unidirectional sliding tests, two different
values ofty; are selectedl’he total number of rotation for each tissfixed at 10000 cycles.

3.5 Tribocorrosion protocol for cp Ti

Over the last years, many studies have been undertaken to investigate the combined
corrosionwear degradation of metallic materials by electrochahmeethods in different agqueous
media. One common agreement is widespreadly recognized among the tribologists, engineers and
scientists in this domain. That is, during tribocorrosion, the synergy between mechanical wear and
(electro)chemical corrosion rdtiin a phenomenon that the totats of removed material, W
differs from the sum of material removed seperately by wear and corrosion. JfleediVen as a
function of three components:

Wy = W™+ WE + WP (3-17)

whereW" andW are thelossof material removed separately by the effects of mechanical wear and
(electro)chemical corrosiomgspectively. And\f represents the synergistic effect between wear and
corrosion. Tha\f is often expressed as the sum of twaonks

WE = WMC 4+ Wem (3-18)

with W"® the modification of the mechanical material loss caused by the effect of (electro)chemical
phenomena, like formation of oxide films, changement of roughatsyy™ the modification of the
corrosive material loss caused by the mechanical sliding effects, like destruction of surface films,
straining,etc This approach is used in the current ASTM GQQU6 WD QGDUG JXLGH IRU C
synergism between wear and tbR V[LEQ 1

Eg. 317 then can be written as follows:
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Wy = W™ + W+ WM+ W (3-19)

,Q WKLV ZRUN D WHVW SURWRFRO UHIHUHG WR 33 PHWKRC(
SDVVLYDWLQJ PHVD G design&dDivvevdluate @he ‘contribution of each component
mentioned above on tribocorrosion behavior of untreated cp Ti. It is based on the fact that the surface
state of a wear evolves with time for passivatingemals. Apart from the general wear for all
tribological conditions, another evolution also occurs in the case of tribsmrof cp Ti. This
evolutionresulsfrom the repeated removal and subsequegtoeith of a passive surface film when a
mechanicalloading is applied. The synergism effect in tribocorrosion is thus possible to be
investigated by controlling the frequency of the depassivapassivation events with respect to the
time necessary for film growth. Descriptions &ach step are illustted below

3.5.1 Electrochemicabehavior in the absence of unidirectional sliding

The first step of the test protod@2] is the measurement of electrochemical comportment of cp
Ti immersed in PBS without any sliding. Figurel@ shows the evolution @CP,E,;, and from an
electrochemical point of view, a staliig. is obtained at the point where the letegm fluctuations of
E.c are below60 mV/h. The time necessary to reach such a stationary OCP in PBS is an important
characteristic of passivating process of cp Ti. In this protocol, it is called the reactiofetip@nd a
value of 6000 s is selected for cp Ti in this work. All other thnelative parameters in this
tribocorrosion protocol are based .= 6000 s.

Figure 3-16 OCPevolutionversus time of cp Ti in PBS solution.
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After achieving a longerm stable OCP which indicates the passivation state of cp Ti in PBS, the
polarization resistance value of the passive mat&jals measured by EIS. Based Ry the specific
polarization resistance of passive materiglcanbe calculated as:

whereA is the total surface area exposed directly to the test electrolyte.

It should be noticed that specific polarization resistance values for metallic materiald of 10
.cn?’ or lower indicate the presence of an active sample surface, while value arGundri®or
higher indicate a passive sample surf§t81]. This criterion is a parallel judgment with the
fluctuation ofEy less thar60 mV/h.

The corrosion current density of cp Ti covered by a passive surfacéfilmthen calculated as:

with B a constant. For metallic materiaBnormally varies between 18V and 35mV, depending on
the nature of the material and the environment. In this tribocorrosion protocol for cp Ti in PBS, a value
of 26 mV is assumed, more details can be referred to4%auh Ref[73].

3.5.2 Electrochemicabehavior under continuous unidirectional sliding

The second step for this protocol is the determination of the corrosion ridite dépassivated
material, which means the corrosion rate of the fully active sliding track of cp Ti in PBS. In order to
keep a part of the immersed sample surface in a full and enduring active state, the passive film should
be continuously removed by mewfical sliding. It is necessary to select a rotation petigdyhich is
so small compared tipsc: that the passive film has no time to repassivate in between two successive
contact events. Generally, it is assumed that valudsg,déss than 1/10000 of te,ct reach this
requirement. In this work, the rotation period for cp Ti is thus taken as:

trot = treact/ 10 OOO = 0.6 S (3'22)

During unidirectional continuous sliding test, the whole wear track Age& in an active state,
so that it equals to the active arfgy;, as:

At = Aact (3'23)

After sliding tests, thdotal area of the sliding trackd,, and the wear voluma)\i, can be
derived from profilometric measuremen@alculations are carried out by the following formula:
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Ayr=eL=e @& (3-24)
Wy;=SL=S @& (3-25)

with ethe average track width the length of the sliding trackl the diameter of the sliding track as 1
cm used in this work, arffithe average area tife crosssection of the wear trackee in Figure-37.

Figure 3-17 A presentation of the intersecting surface of wear track siftbng test.

Despite the fact that the width of the sliding track increases gradually due to wear during sliding,
the average track width in this work is still using the track width at the end of sliding test. If we
consider the track depth, it is easyfind that the real active track area is larger than the product of
track width with the length of sliding track for each contact cycle.

In the second step, the sliding is initiated at the time of a sible achieved. Thé&, value
recorded duringlsling is a mixed potential resulting from the galvanic coupling of two types of
materials existing spontaneously on the surface of sample. One is the material inside the sliding track
with an area of\,, the other is the material outside the slidingkraith an area of4y +Ay). It is
assumed that the kinetics of the redox reactions taking place on each of these two areas, do not vary
with the real potential of the sliding track. That means the ohmic drop effect is considered to be
negligible in the glvanic coupling between the sliding track and the surrounding area.

EIS can be used to measure the polarization resistance during continuous unidirectional sliding,
Ros, Of the total surface. As the illustration Bf. during sliding, R,s can be considedeas the
combination of two polarization resistances, nanf@lyrelated to the active arég.; (equals to the
wear track ared), in this case), an&, which is related to the surrounding unworn and passive area,

(Ao *Ay).
1/Rps= 1Rt + 1R, (3-26)

where:
60



Chapter 3

Ract = lact/ A (3-27)
and:

Because, is known fromEqg. 3-20, the specific polarization resistance of the active surface can
be derived by substituting E&:27 and Eq.3-28 into Eq.3-26:

Fact= (At Rpstp) / [Ip tRps (Ao +Ay)] (3-29)

It is then possible to calculate the corrosion current density of the active matggidly
substitutingrp with raecin Eq.3-21:

lact= B/ lact (3-30)
3.5.3 Electrochemical comportment under intermittent unidirectional sliding

In this step, two extreme cases will be characterized for untreated cp Ti in the wear track area, i.e.
the repassive material and the active material. When tribocorrosion occurs under intermittent
unidirectional sliding, the surface of cp Ti undergoes sgbsntial events of depassivation and
repassivation ifbetween two successive sliding contacts. It means that a part of the wear track surface
at any given time repassivates progressively. Comparing with the continuous unidirectional sliding,
where the lancy time is defined dgn = tor = 0.6 S, the selection qftin this part can be carried out
with two different values & = tiot + torf = 6.6 S Wheréys = treact /21000 andias = tor + WkF 12.6 S
where Wk treact/500. The regrowth of a surface film between two successive contact eventsyyith
or tiarz IS not negligible anymore, and the wear track akgais thus separated by two distinct zones as
follows:

At = Agct + Arepass (3-31
whereAqis the representative of a fraction of the sliding track from which the initial passive film has

been removed during slidindvepassthe remaining sliding track area covered biepassivatediim
that is in the same state as the surface before slabntjustrated in Figure-38.
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Figure 3-18 Schematic top view of cp Ti: (a) in the absence of sliding, (b) during continuous
unidirectional sliding test a4 of 0.6 s, and (c) during intermittent unidirectional sliding test:abf
6.6 s or fz30f 12.6 s.

It should be noticed that under continuous unidirectional sliding, thes#s assumed as zero
because of the stationary electrochemical state condition by constant sliding contacts. Under
intermittent unidirectional sliding, the actiaad repassivated areas in the slidng track evolvetyyith
since a gradual increase in the coverage of the repassivated area takes place between two successi\
contact events. It is assumed that the fraction of the sliding track surface covered badbigedpm
ArepaséAyr, is constant and given by the ratiot@ftreact

ArepaséAtr = tat/treact (3-32)
and:
AacdAr = 1 Higeltreact (3-33

As a result, for the two selected values of latency tigge= 6.6 s andtyz = 12.6 s, the
corresponding relationships between the repassivated area and the total wear trackfaygasre
0.0011A; andArepasss= 0.0021Ay, and thushgero = 0.998%; andAqciz = 0.997Hy,, respectively.

3.5.4 Analysis and interpretation ofsliding test results

The procedure for analyzing the tests results obtained from these three steps above is interpreted
in the following paragraphs. For cp Ti without any pretreatment, the total volume of removed material,
Wy, is a sum of four componenslated to both types of zones on the wear track, the Zgne the
active state anflepassin the repassivated state, Bgl9 thus can be expressed as:
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Wtr = \Nmact + VVCrepass"' \Nmrepass+ VVcact (3'34)
with:
< W thetotal material lossn the weartrack
< W' the material loss due to mechanical wear of active materié wearrack
< Wepassthe material loss by corrosion of repassivated matierifle weatrack
< Wepassthe material loss due to mechanical wear of repassivated matetie wear
track

<  W,the material loss by corrosion of active materiahe weatrack

Here, the synergism effect is corresponding to the destruction of the passive/repassive film by a
mechanical sliding and the material loss due to the dissolution of active metal as:

WP = varepass‘l' Woact (3-39)

Under continuous unidirectional sliding at low latency timé.af= 0.6 s, the calculation of the
corrosion current density.; of the active material was explained in Sec8dn2 and can be deduced
from EIS measurement. The volumetric material loss due to corrosion of the active s\frifagean
be calculated by using the appropridtg; andtiay values Aact = Aact aNdtan = tige = 0.6 S) in the
following equation:

\Ncactl = [M/ (n Fd)] lact1Aact1 N tiatt (3'36)

whereM the molecular weight of cp Ti (47.9 g/mol), n the number of elctrons involved in the oxidation
process (for Ti@ n = 4), d the density of cp [.508 g/cn), F the Faraday constant (485 C/mol),
andN the totdrotation number of cycles (1@0).

In the case of continuous sliding, there is no immobile time between two successive contacts. The
components resulted fromyepass area canbe negligible in Eq3-34, from which the volumetric
material loss due to mechanical wear of active matieritile weartrack, W™, can be calculated by
subtractingthe material loss by corrosipif,., from the total material loss the weartrack, W,
measured at the end abntinuousunidirectional sliding test:

Wmactl = W1 iV\/Cactl (3'37)

For the tests performed under intermittent unidirectionalngjidt high latency timeg{, = 6.6 s
andtyz = 12.6 $, the processing of the test results for calculawig, is different from that under

continuous sliding. Due to the instability&f. under intermittent sliding, EIS measurement cannot be
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performed. The calculation @f;and the volumetric material loss by corrosion of active maierthe
weartrackW e, cannot be determined. In this case, an alternative solution is to use the following
eguation with the appropriafgc; andty values|73|:

VVcact2/3 = chactl (tlatZId tIatl) @-p) (AaCIZICJ Aactl) (3'38)

whereW ,ey, tian, andAqc are the components related to the continuous unidirectional slidinat tes
low latency time [see E@B-36]. In this formula,p is an exponent whose value varies from one
materiatenvironment system to another, but alwayspg<<l. In this tribocorrosioprotocol for cp Ti

in the PBS solution a value ofp = 0.7 is used according to previous studies on the tribocorrosion
mechanism of passivating metals and alldg&?].

Under intermittent unidirectional sliding, it is assumed that the mechanical degradation on the
active zone of the wear tradl is the same as that under continuous sliding. The duration of latency
time does not affect the mechanical wear resistance of the active material. The material loss due to
mechanical wear of active materialthe weatrack, W™, is calculated by the Bowing equation:

vaact2/3 = \Nmactl (AathIIJ Aactl) (3'39)

whereW",¢i1 and Aqcy from the previous results under continuous unidirectional sliding test at low
latency time otj;n = 0.6 s

The material loss by corrosion of repassivated materthke weatrack, Weepass is calculated by
analogy to Eq3-36 but with thecorrosion current density of initial material covered by a passive
surface film,jp,

Weiepassza= [M/(NFd)] ip Arepasszd tiazis  (3-40)

for the reason that the repassivated materidldissis assumed to have the same corrosion behavior
as the initial passive material /3. The material loss due to mechanical wear of repassivated material
in the weatrack, W"pass is then calculated dm Eq.3-34 as follows:

erepa532/3= Wtr2/3 i(V\/mact2/3 + VVCrepassZ/S"' VVCath/?) (3-41)
For the interpretation of the outcome of tribocorrosion tests, the specific material loss
components in the sliding tracks;, are calculated per unit area and per cycle, based on the material

loss and the corresponding surface area and the number of cycles:

Wi =W, / (NA) (3-42)
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with i = actor repass anj= ¢ or m. The valuev;, expressed in cm/cycleprresponds to the thickness
of the material removed by a corrosive or mechanical action from active or repassivated parts in the
wear track area.

A more detailed assessment of the tribocorrosion of a material is possible based on the ratio
between corrose and mechanical material losses, hamely:

Ke = (chact + \Ncrepasg / (\Nmact + varepas:) (3-43)
The following three cases can be distinguished based on the valge of K
< whenK; > 1, corrosion is the predominant contribution to material loss. The total wear
will be mainly controlled by the reactivity of the substrate in the test environment.

< whenK; < 1, the material loss due to mechanical removal predominates.

< whenK; << 1, the catribution due to the acceleration of corrosion induced by the
destruction of the passive film, even if it is lar§€{: >> Wepas), Will be negligible compared
to the total weatr.

The effect of the formation of the passive film on the mechanical vagave evaluated based on
the ratio between the specific mechanical wear on the active and on the repassivated part of the sliding
track:

Km = Wmact/ erepass (3'44)

< whenKp > 1, the passive film provides a protection to the material against mechanical
removal. The material will be more sensitive to tribocorrosion at low latency time.

< whenKpy< 1, the formation of the passive film accelerates the mechanical removal of the
materal. The sensitivity to tribocorrosion will increase with the increase of the latency time, tlat.

3.6 Tribocorrosion protocol for cp Ti after surface modification

After surface modificabn as thermal oxidatignCaP bioactivefilm depositand CaP/TiQ
bioceramic film modificationthe tribocorrosion protocol for cp Ti mentioned above is not suitable to
evaluate the tribocorrosion behavior of these modified materials in this work, for the following reasons
(more details will be illustrated ithe followingchapters fronChapter S0 Chapter Y.

< Itis only the oxide film CaP bioactivdilm or CaP/TiQ bioceramic filmwho directly
contacts with the counter body (Z)Qluring the whole tribocorrosion test in gn-disc mode.
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< The modificatims change the surface proped of cp Ti, such as microhardness,
corrosion resistace and wear resistance.

<  The oxide film CaP bioactivdilm or CaP/TiQ bioceramic filminhibits the passivation
and depassivation/repassivation phenomena of cp Ti, which begtegligible if the removal of
material is not sufficient to reach the substrate.

To investigde the tribocorrosion behavior of surface modified cp Ti, tests are just performed in
the absence of unidirectional sliding and under continuous unidirecsiiag.

3.6.1 Electrochemicabehavior in the absence of unidirectional sliding

Electrochemical measurements such as OCP, EIS and potentiodynamic polarization of surface
modified cp Ti are performed in PBS without any sliding. The evolution of OCP isureshat the
beginning of immersion time. After a stalig. achieving, the polarization resistance of surfaced
modified cp Ti with the oxide film or CRbioactive film 5 is measured by EIS. Based &rf] the
specific polarization resistance of moddfimaterial, U, fcan be calculated as:

UE 5581 (3-45)
with:
5 9= Routert Rinner (3-464a) for thermal oxidizedri
5J=Rp (3-46b) for CaP bioactive film coated Ti

5 5= Riim+ Roxide + Rct (3-46¢) for CaP/TiQ bioceramic film coated Ti

where $ §lis the total surface area of surface modified cfRJjerandRinner the resistancef the outer
rutile film and the inner oxygediffused titanium film for thermal oxidized TR, the polarization
resistance for CaP bioactive film coated iy, and R.yiqe the resistance of CaP bioceramic film and
oxide film between CaP bioceramic film and cp Ti substrate

3.6.2 Electrochemicabehavior under continuous unidirectional sliding

Thesecond step for this protocol is to determine the effect of continuous unidirectional sliding on
the corrosion behavior of surface modified cp Ti. The rotation peWg& 0.6 s (equals to the value of
tiat iIN Section 3.5.2), is chosen in order to gamre the tribocorrosion behavior under sliding with
untreatedcp Ti. If the oxide film CaP bioactive film or CaP/Ti@ bioceramic filmremains on the
surface of modified cp Ti and not mechanical degradation occurs on cp Ti substrate during the whole
sliding period, it can be assumed ttieg material loss of modified cp ifi the weatrack, : ¥, entirely
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corresponds to the material loss due to rmeatal wear obxide film, CaP bioactive film or CaP/Ti@
bioceramic filmin the wear track aresly™;,, asfollows:

: T = Wi (3-47)

The calculation of: Y}, is carried out by substituting e aSevith H&hd 6 fbr surface modified cp
Ti at the end of sliding test (1O cycles in totalf they can be detected with the testing equipment
The calculation is carried oas follows:

Aff=el=HWH (3-48)
W{=S1=6T& (3-49)
In this step, the sliding is initiated at the time of a stBblés achieved| ™ (o] < 60mV/h). Due to
no cp Ti substrate is destroyed during sliding, Egevalue recorded here reflects the effect of the
degradation of oxide film or Gbioactive filmon theoxidation and reduction reactions at the surface

of cp Ti substrateA cathodic shift o, during sliding indicates an enhanced anodic reactivity of cp
Ti, but an increase in threorenobledirection represents a declined anodic reactivity to the contrary.

EIS can be used to measure the polarization resistance of surface modified cp @i durin

continuous unidirectional slidingh &. For the same reason as E@tZ3it is assumed that the variation
of 5% is the product mainly due to the mechanegiradation of oxide fillCaP bioactive film or
CaP/TiQ bioceramic filmon the surface of modified cp Ti. AnS % can be still used to evaluate the
corrosion resistance property of surface modified cp Ti during continuous unidirectional sliding test as
follows:

5 HL = Router2+ Rinnerz (3'50&) fOI’ TO Tl

SE=Rp (3-500) for CaP bioactive film coated Ti

5 % = Riim2+ Roxidez+ Rer (3-50c) for CaP/TiQ bioceramic film coated Ti

with 2 the symbol of results during sliding.
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Chapter 4. Corrosion and tribocorrosion behavior
of cp Ti
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4.1 Introduction

In this chapter, corrosion and tribocorrosion behavior of opas monitored and evaluated by
electrochemical and friction measurementthePBS solutiorat room temperaturé&lectrochemical
measurementsuch asOCP, EIS, and potentiodynamic polarizatisere used to characterize the
corrosion behavior of cp TISEM coupled with EDSwas performed to analyze the surface
morphologyand chemical compositionsiside and outside the traegkeaafter sliding testsOptical
profilometry was used to characterizbe total wear volume at the end of the sliding teBlse
tribocorrosion behavior ofp Ti was investigated under mechanical loaded diban by using a
pin-on-disctribometer.Contributions of normdiorceand depassivation/repassivation in material loss
of cp Ti were determined based e tribocorrosion protocdl92]. The results showed that cp Tisva
a high corrosion resistantatal under static condin. But this capability lost when the surface was
destroyed by mechanical frictionh& appliechormal forceaffected the corrosiewear degradation
of cp Ti during continuos! unidirectional sliding tests he effect of latency time under intermittent
unidirectional sliding hadninfluence on the depassivation/repassivation behavior of passive films on
cp Ti. The high material loss after tribocorrosion tests showed the poor wear resistance property of cp
Ti, revealing the necesgy of surface modification to improve it@nti-corrosioanti-wear
performance in biomedical applications.

4.2 Experimental details

The well polished and cleanedp Ti gpecimers were covered with an electrically insulating
silicone pate and then kept in air for about 1ohdry the paste ancheanwhilea stable passiviin
film spontaneously formgrior to the start oklectochemical measuremenihe exposed geometric
surface areas were measured separately for each sathfgets were performed ithe PBSsoluion
at room temperature (221°C). Thecomposition of this electrolyteas been demonated in Chapter
3 (see Table-3).

Corrosion behavior of cp Wascharacterizedinderstaticcondition (in the absence of sliding)
In order to determine the passivation of cp Ti with immersion time, the evolution ofECWRithin
24 h was performed continuously as well as the EIS measurem#ngssinusoidal potential variation
of £10mV to OCPat frequencies from 10 kHz down 18 mHz, which were measuredt different
immersion time of 3 h, 6 h, 12 h and 24 h, respectiRrgientiodynamic polarization cungd cp Ti
was obtaine@t the immersion time of 24 h.

Tribocorrosion experiments were performatd OCPIn a unidirectionapin-on-disc tribometer
combined withthe mentioned threelectrode ell in Chapter 3 Counterbodies(ZrO, pins) were
degreased and positioned 5 mm eccentric from the rotation axis on top of the test sBatptgpes
of sliding tests were done, namely continuous and intermittent unidirectional slidingriebts.case

of continuous unidirectional sliding testsprmalloadings, F, from 1 N to 10 N, corresponding to a
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maximum Hertzian contact pressure fréniMPa to110MPa, were used witlthe latency time afgn
=t = 0.6 s;to investigate the effect d¥, on corrosioAwear degradation of cp .Tin the case of
intermittentunidirectional sliding testd;,, of 5 N was imposed witkhe latency time at,; = 6.6 S
andti,;s = 12.6 sto identify thedepassivatiomépassivatiopphenomenaluring sliding pause periods
andtheir effects on tribocorrosiorbehaviorof of cp Ti

Under mechanical loaded conditiof3CPevolutionswereperformedbefore,during and afer
unidirectional sliding tests. For EIS, a sinusoidal potential variatianl®mV was superimposed on
OCPat frequencies from 10 kHz down to 100 mHz recorded dwamginuous unidirectionaliding
tests or to 58 mHz recorded before and aftesth continuous and intermittent unidirectioshdling
tests. herotation rate was chosen at 1Qfhrand thetotal number of rotation for each test vilaed
as 10 000 cyclesThe surface morphology and chemical composition inside and outside the track
area were characterized by SEM coupled with EDBe microhardness is detected by Vickers
hardness test withfarce of 200 gf and full loadg period of 15 sThe total wear volume at the end
of sliding was oberved by optical profilometry.

The experimentw/ere carried out at least twice and the representative mean values were figured
out in this work All calculations were carried out under the guidance of the tribocorrosion protocol
for cp Ti, as illustrated in Chapter 3

4.3 Corrosion behavior of cp Ti under static condition

For the passive metallic material, the potential value during immersion time normally increased
in the noble direction with time as the gradual formation of passive film on its surface. This
phenomenois well defined as passivation of metals and alloys, such as Fe, Cr, Ni, Al, Co, Mo and
stainless steel[d83, 184. In this study, lie electrochemical reactivity of cp Ti was monitoredsyP
evolution versus time upon immersion of a fresh sampleeRBS solutiorunder static conditigras
seen in Figre4-1. At the beginning of immersiork,. is around-0.48 V vs. Ag/AgCland increases
rapidly to-0.25V vs. Ag/AgClduring the firsts h. Thenthe potentialncreasng rateis slowing down
and only a smll variation isobservedrfom-0.20V vs. Ag/AgCl at immersion time of 10tb -0.16V
vs. Ag/AgCI at immersion time of 24 h. As mentioned in Chapter 3, a dgbls obtained where
the longterm function of] "E,] < 60mV/h (see Section 3.5.1)ere, he potential variationmdicate
the quasi steadgtate of sample surface reachiagd keeping more and mostablein the PBS
solution Thisphenomenoran be further proved by tlewolutionof the polarization resistandg,, at
the interface between cp Ti atitk PBS solutionat different immersion time as 3 h, 6 h, 12 h and 24
h. Figure 42 shows the EIS plots for cp Ti specimens
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Figure 4-1 OCP evolution of cp Twithin 24 h under static conditiom the PBSsolution.

The Nyquist plot(Figure 42a)shows the imginary part of the impedanceZ;,, versus the real
part, Z., is an arc of a circle. Such an impedance plot correlpdo the equivalentircuit of
Ry(CPE|Ry) 3], whereRs is the solution resistandg; the polarization resistance of cp Ti due to the
barrier property of passive filend CPE a constant phase eleméssge Figure 8). The selection of
this circuit was a compromise between a reasonébigfof the experimental values and a minimum
of components in the equivalent circutnd the impedance of CPE is expressed by E#O 3n
Chapter 3, as followgl85:

Zere=1/1T (1 &9 (3-10)

wherej is the imaginary numbel? = -1, &is the angulafrequency( &= 2 @&f being the fequency),
T is a constant ifF-cm®-s*! and Eis related to the angle of rotation purely capacitive line on the
complex plane plots. The value & between 0 and 1, implies the CPE of the circuit to be pure

resistor and pure capacitor, respectively.
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Figure 4-2 Nyquist plos (a), Bodempedanceplots (b)and Bode phase angle plots (c)¢prTi inthe
PBSsolutionmeasured at immersion time of 3 h (black square), 6 h (red square), 12 h (green square)
and 24h (blue square).

Figure 4-3 Equivalent circuit withone time constarfor cp Ti inthe PBSsolution
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The calculated equivalent circuit elements are shown in TalileThe specific polarization
resistance (value per unit of areg),is catulated on the basis of Eq:2B. The values oftcloseto 1
at different immersion time show a near capacitive response for cp Ti in the PBS solution. This
phenomenon is indicative of a typical thin passive oxide film on the surface o{8p Ther, value
of cp Tiat immersion time of 3 his 7.6810° -cn?, which is higher thad0® -cn?” confirming the
presence of a passive surf@l, 183. And its increment with immersion time from 3 h to 24 h
reveals that the barrier property of thin passive fdecomes stronger and stronger. It should be
noticed that no obvious, value change is found at immersion time from 3 h to 6 h, but it increases
quickly after a longer immersion period, such as 12, (1.86« 10° .cn?) and 24 h o= 4.70¢
10° -cn?) in the PBS solution, where thgvalues are about 2.5 times and 6 times of nikedsured
at immersion time of 3 h.

Table 4-1 Parameters of the equivalent circuit éurTi.

Potentiodynamic polarization curvef cp Ti inthe PBSsolutionweremeasuedfrom -1V to 3V
vs. Ag/AgClat a scan rate ofhV/s after immersion for 3 h and 24 tespectively. The results are
plottedin Figure4-4. For the metals and alloys, which can spontaneously form a passive film on the
surface, the obtained potentiodynamuaarization curve is different from that of schematic anodic
polarization curve, as shown in Figure53in Chapter 3. No active region occurs for both
measurements, due to the excellent barrier property of cp Ti in the PBS solution. In this case, four
domains obtained from potentiodynamic polarization curves for cp Ti are defined as: (I)
cathodic domain; (ll) prepassive domain; (lll) passive domain and (1V) tresispadomain. From
Figure 44, it isobviously found thatimmersion time has an importanfluenceon thecomportment
of prepassive domainThe end potential for prepassive domain of cp Ti extends in the noble
direction, approximately from 0.25 V vs. Agg€l after immersion for 3 h to 0.45 V vs. Ag/AgCl
after immersion for 24 h in the PBS solution. Meanwhile, the corresponding current density in the
anodic branch after immersion for 24 h, as 0.1 V vs. Ag/AgClI for instance, decreases about one order
of magntude when comparing with that of cp Ti after immersion for 3 h. It is consistent with the
continuous increment d,. for cp Ti within 24 h (still in its prepassive domain) in Figuré 4nd
the largerr, value measured at immersion time of 24 h in Figt& In the passive domain, the
current density keeps the same for both potentiodynamic polarization curves, revealing that the
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passive current of cp Ti is not affected by immersion time in the PBS solatibigher potentials (>

2.8 V vs. Ag/AgCl), current density begins to increase and the transpassivation is induced owing to
the dissolution of titanium oxide film in suchhigh potential rangeUnder static condition, all
experimental results measured by these three mentideettioehemical methods, demonstrate the
excellent corrosion resistant capability of cprnlthe PBS solution

Figure 4-4 Potentiodynamic polarization curwef cp Tifrom -1V to 3 V vs. Ag/AgCl at a scan rate
of 1 mV/s after immersion for 3 h and 24imthe PBS solution.

4.4 Tribocorrosion behavior of cp Ti

As illustrated in Chapter 3, the tribocorrosion behavior of cp Ti is investigated under the
guidance of the tribocorrosion protocol for cp Ti. The influences of loading fBrcand latency
time, ti5;, are studied under continuous unidirectional sliding tests and intermittent unidirectional
sliding tests, respectively. More details can be seen in Section 3.5. Under mechanical unloaded
condition, the surface state of cp Ti becorpassive quicklyt{eact= 6000 s as illustrated in Figure
3-16, where the surface state of cp Ti is depassivatetl@tv vs. Ag/AgCI for 5 min previous to
OCP measurement) in the PBS solution. In order to get eongdhized procedure for tribocorrosi
test, the whole measurement is divided into three parts: (1) before unidirectional sliding (OCP
evolution with immersion time of 3 h and EIS measurement at immersion time of 3 h under
mechanical unloaded condition); (2) during continuous unidirectisiidihg (OCP evolution in 40
min and after that EIS measurement) or during intermittent unidirectional sliding (OCP evolution in

75



Chapter 4

the whole mechanical loaded period); (3) after unidirectional sliding (OCP evolution in 3 h and after
that EIS measurement undaechanical unloaded condition as that before sliding).

4.4.1Electrochemicalbehavior of cp Ti before unidirectional sliding test

Figure 45 shows theOCP evolution curves of three different cp Ti specimens before
unidirectional sliding. The results shdkat in spite of the different start potentials and end potentials,
the evolution tendencies for these three curves are similaaige in the noble direction. The
difference might result from the influence of test conditions, such as the teroperatue, the
amount of dissolved oxygen and the passive state of srfEice.

Figure 4-5 Comparison of OCP evolution curviesfore unidirectional sliding tests, measuneth
three different cp Tigecimensn the PBSsolution.

Here, thered line (curve 1)is chosen as the representative and discussed as folloWieg:
electrochemical reactivity of cp Tinder mechanical unloaded conditisras monitored byYDCP
evolution versus time upon immersion of a frepecsmenin the PBS solution for 3h. At the
begiming of immersionE,is around-0.45 V vs. Ag/AgCland increases t®.26 V vs. Ag/AgCl at
the end ofOCP measurementwfiere the variation of potential,” (od, is less thar60 mV/h). It
indicates a quasi steadyate of sample surface reaching after immersiagharPBS solution for 3 h.
The passive statean be further proved by the measurement of the polarizasistanceR,, at the
interface between cp Ti artle PBS solution EIS spectra of thredifferent cp Ti specimens are
plottedin Figure 46. The corresponding equivalent circuit is still as presented in FigBreJfder
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the guidance of the tribocorrosion protocol for cp Ti in Chapter 3, the calculated equivalent circuit
elements on the basis of Eq28 and Eq. 21 are then summarized in Table4

Figure 4-6 Comparisorof Nyquist plos (a), Bodeampedancelots (b)and Bode phase angle plots (c)
for cp Ti before unidirectional sliding tests, measured with three different specimens at immersion time
of 3 hbefore slidingn the PBS solution
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Table 4-2 Specific polarization resistance and corrosion current density of cp Ti immettbedPBS
sdution at stable OCP under mechanically unloaded condition

The average valuesf the specific polarization resistanag, andthe corresponding corrosion
current densityip, in Table4-2 demonstratéhat a stable passive surface stateashied orcp Tiin the
absence of mechaniclading. The surface of cp Tean be considered as covered by a passive TiO
film andi, is linked to he dissolution of Ti througthis passiveilm in the PBS solution.

4.4.2 Tribocorrosion behavior of cp Ti during and after continuous
unidirectional sliding test

Tribocorrosion behavior of cp Ti under continuous unidirectional sliding will be discustad
section Electrochemical measurements such as OCP and EIS are imposed to characterize the
reactivity and polariation resistance of cp Ti duris§jding at different normal forces of 1 N, 2 N, 5 N
and 10 N When sliding test stops, OCP evolution and EIS spactralso measured to investigate
the repassivation ability of cp Ti under mechanical unloaded condition

Figure 47 shows the representative OCP evolutions of cp Ti during continuous unidirectional
sliding tests. Measurements were performed at different loading férceS1l N, 2 N, 5N and 10 N
with a fixed rotation rate of 100 rprfian = tor = 0.6 S) The results indicate that although the
potential at the start of slidin§max is different from each test, the potential ddgwn " ( = [Emax £
Eminl (Emin representsghe minimum potential duringach continuousunidirectional sliding test)
during cantinuous unidirectional sliding tests increases vesugom 1 N to 5 N and then keeps
similar from 5 N to 10 N, as seen in Figur&4At the loading force of 1 N or 2 N, OCP evolution
during unidirectional sliding is stable in the test period of 40. @ut at the loading force of 5 N or
10 N, the variation of OCP during sliding becomes larger after ~1508,986 N and after ~1200 s
atF,of 10 N.
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Figure 4-7 OCP evolution of cp Ti during continuous unidirectional sliding tests performed at
differentF,of 1 N, 2 N, 5 N and 10 N

Figure 4-8 Potential dropdown during continuous unidirectional sliding segtrsusk.
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EIS measurements were carried out dugogtinuous unidirectional sliding tests due to the more
or less constari, value. Figire4-9 shows theepresentative ElSpectreof cp Ti duringcontinuous
unidirectionalsliding testat F, of 1 N andthefitting results with thecorrespondingequivalen circuit
(inset of Figire 4-93). In this equivalent, a polarization resistance during slidityg, was obtained
instead of the initial polarization resistangg, before sliding.More details have been explained in
Section 3.5.2. It should be noticedatliR,s can be considered as the combination of two polarization
resistancesn paralle| namelyRq related to the active aréf& andR, related to the surrounding
unworn and passive aredy(+Aac), WhereAa is equal toA, [92, 183, as shown in Figure-B8.

Figure 4-9 RepresentativeNyquist plot (a), Bodémpedancelot (b) and Bode phase angle plot (c)
for cp Ti measured during continuous unidirectional sliding teiSt at 1N in the PBS solution and
the fitting results (red line) with the corresponding gglént circuitas the inset dyquist plot
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At F, of 1 N, three measurements were carried out with different cp Ti specimens. The
measured sliding track ared;, calculated specific polarization resistangg, and corrosion current
density,i,c, related to the active area of cp Ti on baesis of equations from E¢:2Z5 to Eq. 330 are
summarized in Table-3.

Table 4-3 The sliding track area, specific polarization resistance and corrosion current density of cp Ti
under continuous unidirectionsliding test af, of 1N.

The average valuesf ra (1160 -cnv) andiae (2.34 x 10 A-cm®) in Table4-3 demonstrate
that an activesurface stateccurson cp Tiunder mechanical loaded conditidrhe formed passive
film i s destroyedby thecontinuously mechanical sliding of Zg@in on cp Ti surface and meanwhile,
iactiS linked to he dissolution of Tsubstratehroughthis active arean the PBS solution.

When continuous unidirectional sliding test ends,Bkeof cp Ti increases quickly due to the
repassivation of thin oxide barrier film on the sliding track, as seen in Figl@e After continuous
unidirectional sliding af, of 1 N, the state of cp Ti surface on the sliding track returns back to
passive undemechanical unloaded condition, resulting in a potential valu@.2fV vs. Ag/AgCI at
immersion time of 3 h, which is even higher than the valu®.@2 V vs. Ag/AgCl at the beginning
of sliding in Figure 47.
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Figure 4-10 OCPevolution of cp Ti aftecontinuous unidectional sliding tesatF, of 1 N.

Another evdence to support this repasaion phenomenois the specific polarization resistance,
r symeasured when the-sgabilization ofE,. reackes after 3 h immersion in the PBS solution from
theend of continuous unidirectional slidimg F, of 1 N (see Figre 411). The measured, qvalue of
near 16 -cm? was obtainedThis order of magnitude ofs gnsures the repassivative surface of cp Ti
after continuous unidirectional sliding test
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Figure 4-11 Representativdlyquist plot (a), Bodémpedanceplot (b) and Bode phase angle plot (c)
for cp Ti measured after 3 h immersion in the PBS solution from the end of continuous unidirectional
sliding atF, of 1 N and the fitting results (red lingjth the corresponding equivalent circuit as the
inset of (a).

4.4.3 Characterization and interpretation of the wear track on cp Ti after
continuous unidirectional sliding test

Surface morphologsof cp Ti after continuous unidirectional slidingdatferent F, from 1 N to
10N wereobtained by SEMas shown in Figure-42. The average track widths, e, are 2.21 mkyat
of 1 N, 2.67 mm aF, of 2 N, 2.78 mm aF, of 5 N and 3.09 mm &, of 10 N, respectivelyThe
regular pattern of grooves and agemumber of attached debnside each of the four tracks in
Figure 412ad indicate that both abrasive wear and adhesive wear took place interactively during

continuous unidirectional sling tests on cp Tirhe chemical compositions inside (site 1) antside
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(site 2) the track areabtained at~, of 5 N were analyzed by ED@nd the results are preseniad
Figure4-12e and 412f.

Figure 4-12 SEM of the trackafter continuous unidirectional sliding ihe PBSsolutionat different
Fn,of 1 N(a), 2N (b), 5 N(c)and 10 N (¢)EDS analysis of the chemical composition inside (site 1, e)
and outsidésite 2, f) the track areaf (c).

84



Chapter 4

Chemical composition analysis of site 1 shows the appee of small amount of phosphs (P,
0.6 wt%, originally existingin the PBS solution) inside the track area. Combined witthtgk content
of oxygen (O, 1@ wt%), corrosion is obviously accelerated in the presence of mechanicaDuear.
to the limitations of EDS analysis, it is impossible to identifg forms ad valences of Tiso the
corrosion productimside the track are indistinctly considered to considitafium oxide, titanium
phosphateor trace amount of claddingptassiunsodiumphosphateChemicacomposition of site 2
(O, 66 Wt% and Ti, 93.4wt%) reveals titanium oxide formed spontaneously when cp Ti was immersed
in the PBS solution This passive film inhibits the corrosive attacks and provides hoglosion
resistance under meaheally unloaded conditions.

Figure 413 shows the profile of thigack and the corresponding microhardness outside/inside
the track area after tribocorrosion tesFabf 1 N. Comparing with thenitial microhardness before
immersion(176 £ 2 HV, ), there isno change for the value outside the track &i§& + 7 HV ).

But for the microhardness inside the track area, it increases slightly to 2:33d4& to thancrease
of the roughness in the wear track andekistence otorrosion products likétanium oxide, which
is harder than thep Ti substrate.

Figure 4-13 Profile of the track (a) and mircohardness (b) of cp Ti outside (red line), inside (green
line) the track area after tribocorrosion tesFabf 1 N.
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Under the guidance of tribocorrosion protocol in Chapter 3, the experimental outcomes and
calculated two tribocorrosion components, obtained on cp Ti under continuous mechanical loaded
condition at differenfF, of 1 N, 2 N, 5 N and 10 N, are summarized in Tabke Bihe wear results
versus normal forcare plotted inFigure 414. All wear values ge expressed in volumetric material
loss.

Table 4-4 Experimentabutcomes and calculated two tribocorrosion components obtained on cp Ti
undercontinuousmechanical loding condition differentF,from 1 N to 10N in the PBS solution.

Figure 4-14 Contribution of two different tribocorrosion components to the total volumetric material
loss irside thesliding trackof cp Ti undercontinuousmechanical loaded conditiat differentF,
from 1 N to 10 N in the PBS solution.
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In accordance with the trackidth, the calculated track area enlarges with the increagg of
from 1 N to 10 N. The increases of both the material loss by corrosion of active msitgagnd
the material loss due to mechanical wear of active matékidls, are also observed when the
loading force increase, which can be mainly related to the increase of active area in the sliding track.
For all results performed at differeRf,, W"a¢ keeps its dominant contribution to the total volumetric
material loss insie the sliding trackrevealing the poor wear resistant property of cp Ti

4.4.4 Tribocorrosion behavior of cp Ti during intermittent unidirectional
sliding test

From Figure 410, the repassivation ability of cp Ti after continuous unidirectional sliding
occurs quickly in the PBS solution. In order to understand the effect of latencyttignen the
depassivation/repassivation behavior of passive films on,épt&rmittent unidirectional sliding tests
are imposedSuchintermittenttests consist of sequences of one sliding cycle (duratifn ©0.6 s)
followed by a pause for a given tintg;. It can be used to analyze the periodic removal afgplaeth
of surface films, reflected by a cyclic evolutionit. The immobile timetqs, Is imposed immediately
after each sliding cycle to allow the reaction of bare material irathige areawith surrounding
electrolyte resulting inpartial orfull re-growth ofpassivefilm. More details can be seen in Chapter 3
(Section 3.5.3 an8ection 3.5.4).

In the case of intermittent unidirectional sliding tests, thgrosvth of a surface film Hbetween
two successive contact events cannot be ignored as that in the case of continuous unidirectional sliding
tests. The immobile timé,; wasselected ageas/1000 andaq/500in this sectionCorrespondently,
the latency timetjy; = tor + tof Was set aap= 6.6 S andjaz = 12.6 s

Theexperimentabutcomes of these two intermittent unidirectional sliding tests are compared to
the data from continuous unidirectional sliding test whgiie 0 s(astj;n = 0.6 s) All three tests were
performedon cp Tiat F, of 5N in the PBS solution. The evolat of E,c during continuous and
intermittentsliding tests is shown in Rige 415, demonstrating the effect of latency ting,

During the studied sliding period between 1400 s and 1500 s, in the casatiouous
unidirectional sliding test&ith tj5;; of 0.6 S, the value oOE,.is stable around0.8 V vs. Ag/AgCl In
the case ofntermittent unidirectional sliding tests with, of 6.6 s, Eoc drops during the eperiod,
and then rises during the gieriod with a fluctuation betwee#0.73 Vvs.Ag/AgCl and +0.53 Vvs.
Ag/AgCI. A similar trendis noticed attjy3 of 126 s with a lager fluctuation betweerx0.71 V vs.
Ag/AgCl and +0.46 Vvs. Ag/AgCl.These fluctuations d&, indicate the capacity of cp Ti to reform
its surface passive film gde the sliding track irfbetween successive sliding contagteenimmersed
in the PBS solutionThis selthealing property incress with prolonging, from 6.6 s to 12.6 &y
observing the higheE fin (the minimum value oE,. during intermittent unidirectional sliding) for

the blue line measuredigiz=12.6 s
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Figure 4-15 Variation of OCP during continuousy, = 0.6 s, black line) and intermitterit6= 6.6 s,
red line and,;3= 12.6 s, blue line) unidirectionaliding tests of cp Ti performed Bt of 5 N.

The increase dE fax (the maximum value o, during intermittent unidirectional slidipgvith
prolongingtiy from 6.6 s to 12.6 mdicatesthat therestoration of the passive surface filngigethe
sliding track during oftime periodis just partial, sincéheE fax(even at, = 12.6 $ is still below the
stabilizedE, (about £0.23 V vs. Ag/AgC) recorded before sliding happened. The full restoration of
passive film isidethe sliding trak needsmore time than one hoyras previouslynvestigatedE,.
evolution aftessliding test in Figure 4.0.

The fact that bth E {,, valuesfor intermittent unidirectional sliding tests are higher than the
value ofE,c during continuous unicectional slding illustraesthesignificant restoration ability of the
passive filminsidethe sliding track during the offime period Therepassive film is thepartially
destroyed during thmtermittent unidirectionakliding on-period. The difference betweé&nf,, and
E fhaxfor tiaz =12.6 s is 0.25 V and fdg, = 6.6 s is 0.2 V, respectively. This comparison reveals that
surface passive film formation happens faster at the beginning cithieg off-period. With time
going on, this selhealing ability dereases gradually until a full restorationpafssivefilm insidethe
sliding track. Similar evolutions & ¥, andE faxwith off-time augmentation were also found in the
case of stainless stﬁS] and Alk1CuoFesCrio complex metallic alloy184].
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4.4.5 Resultsinterpretation of corrosion and mechanical wearon cp Ti after
intermittent unidirectional sliding test

Under the guidance of tribocorrosion protocol in Chapter 3, the experimental outcomes and
calculated tibocorrosion components, obtained on cp Ti for continuous unidirectional sliding and
intermittent unidirectional sliding testsi&t of 5 N in the PBS solution, are summarized in Takte 4
The wear results versiletency time are plotted iRigure 416. As previous results llavear values
are expressed in volumetric material loss.

Table 4-5 Experimentabutcome and calculatedribocorrosion componentsbtained on cp Ti for
continuous unidirectional slidin@a: = 0.6 s)and intermittent unidirectionaliding (ta; = 6.6 s and
tias = 12.6 S) tests performed &t of 5 N inthe PBS solution.

Figure 4-16 Contribution of different tribocorrosion components to the total volumetric material loss
inside the sliding track of cp Ti for continuousidirectional slidingt{z; = 0.6 s) and intermittent
unidirectional slidingtiz, = 6.6 s andi;is = 12.6 S) tests performed&giof 5 N in the PBS solution.
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At F, of 5 N, the track areand all calculated tribocorrosion componealdained on cp Ti
enlarge with the increase of latency time. In order to well identify the interpretation of the outcomes
of tribocorrosion tests under intermittent sliding condition, the specific material loss components
inside the sliding tracky/;, are calculated per itrarea and er circle, based on the Ec42. More
detailed assessment of the tribocorrosion of cp Ti is possible based on th& et the effect of
the formation of the passive film on the mechanical wear can be also evaluated based orkihe ratio
as explained in Section 3.5.4.

From the data in Table-3, the specific material loss components, the rafipand K, are
calculated and summarized in Tabté.4

Table 4-6 Calculated specific wear components &g@ndK, ratios from Table 5.

The increase ofi°;tWith ti5 is linked to the increase of the corrosive wear volume on the active
area with time. As a result of assumptions in Se@iéu, thevalue ofw s is canstant and showts,
has no effect on the mechanical wear resistafcthe active material. The value ®f epass is
proportional toty, revealing that the increase of the latency time increases the corrosion of
repassivated materialdidethe wear trackFinally, theincrease in thealue ofW repasswith tiar might
be related to theéecrease in theechanical wear resistance of the passive, fivhich can further
result inthe abrasive wear of debts remove more material inside the track.

The value oK obtained for continuous unidirectional sliding{ = 0.6s) test indicates that the
contribution of mechanicahaterial losss dominant in total material loss of cp &tiF, of 5 N in the
PBS solutionAlthough K. increases from 0.0118 to 0.0225 with, = 6.6 sandty, = 12.6 § the
contribution of corrosivematerial lossesinder intermittent mechanical loaded conditiomsstill
smaller tharthat of mechanical material loss@fe small valu&,, (< 1) indicates that thirmation
of the passive filmaccelerates the mechanicahroval of cp Ti. And the sensitivity of the passive
film to mechanical material logs higherthanthat ofthe active bare material. Due to the constant of
W'y, the decrease ¢fy, with ti, can be explained by the increasevBfepassdue to the decreasn the
mechanical wear resistance of the passive film.
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45 Conclusions

The corrosion behavior of cp Ti wanvestigatedunderstatic condition by electrochemical
measurements like OCP, EIS and potentiodynamic polarizatienOCP evolution and EIS results
obtained at different immersion time in the PBS solution inditeenhancement of passivatioh
cp Ti with immersion time Moreover, immersion time has effect on the reactivity of cp Ti in its
prepassive domain whereQP sites, but it doedhchange the current densities in the cathodic and
passive domains in this studyneseresults showhat the corrosion resistance of cp Ti is excellent in
the absence of mechanitehding

Continuous unidirectional sliding and imteittent unidirectional sliding tesisere imposed to
study the tribocorrosion behavior of cp Ti, under the guidandledfibocoriosion protocolas
illustrated in Chapter 3)Electrochemical techniques like OCP and EIS combined with friction
measuremds was applied to characterize situ the surface state before, during and after
unidirectionalsliding. OCP evolution and EIS measurement results during sliding tests show the
degradation of passive film when mechanical loading started, resulting sigthcantdrop-down
of potential and huge decreadethe specific polarization resistance.

The quantitative analysisresults based on the tribocorrosion protocol indicate that
contribution of mechanicahaterial losss dominant in the total matetidoss of cp Ti for both
continuous and intermittent unidirectional tests. In the caserdfnuous unidirectional sliding tes
the materials losgicreaseswvith the increaseof F, from 1 N to 10 N. In the case ointermittent
unidirectional sliding testthe extension of.f increases the material losskgatof 5 N. Theformation
of thepassive filmaccelerates the mechanical removal of cp Ti and the sensitivity of the passive film
to mechanical material losshigherthanthat ofthe active bare matet.
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Chapter 5: Effect of thermal oxidation on corrosion
and tribocorrosion behavior of cp Ti
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5.1 Introduction

The use of cp Ti has been limited by its poor resistance to surface degradation processes under
mechanical loaded conditiom this chapterthermal oxidatiormethod is employed to improve the
wear resistance and corrosion protective property of cp Tinglgontinuousunidirectional sliding
test. Anoxide layemwithout anyspallationis obtainedat 650 € for 48 h. Theoxide layer consists of
rutile (TiO,) and oxygerdiffusedTi (Ti/TiOy, x <2) asthe predominant phases by the characterization
of XRD. Electrochemical and friction meagments irthe PBS solution indicate thateloxide layer
with an enhancedurface microhardness proegdistinguishedarrier propest to the corrosion and
weardegradatiorof cpTi. During continuous unidirectional slidirag F, of 5 N, the variation of OCP
is small and the value of polarization resistance obtained by EIS measurement decreases but still
keepsin the order of magnitudef passive state. Opticafgfilometrywas used to characteritiee
initial surface roughess and théotal wear volume at the end of the sliding tests. SiBNpled with
EDS wasperformed to analyze theitial surface morphologghemical composition antthe surface
morphologychemical compositiomside and outside the traekeaafter slidingtests.Results show
that hermal oxidation is an efficient way to modify the surface of cad furtherto improve its
corrosion andribocorrosion resistanaa biomedicalapplicationas implants

5.2 Experimental details

The wellpolished and cleanech Ti ecimers werefurther oxidizedby using a furnace in air
atmosphereat 650 € for 48 h, following by a slow cooling rate to the room temperature in the
furnace itself.Optical profilometry was used to measure gurface topography of sampkesd he
average roughnessaluewas FDOFXODWHG RQ VTXDUH UHJLRQV ZLWK O
Vickers microhardness test wperformed with a test force of 200 gf and full load period of 15 s.

The phase constituents of the untreated Ti and thermal oxi@if@® Ti) samples were determined
by XRD using aCuK A) radiation sourcever a scan rangedim20°to 80°at a scan rate of
0.027s. Surface morphology and chemical composition of tixéde film were observed bysEM
coupled withEDS.

Electrochemical and tribocorrosion measurements were performed atnGQkhidirectional
pin-ondisc tribometercombined witha threeelectrode ell in the PBSsoluion at room temperature
(22 £1 °C) as mentioned in Chapter @nder static condition corrosion behavior ofTO Ti was
characterizedThe evolution of OCPE,, within 3 h was performed continuouslilS measurements
with a sinusoidal potential variation 810 mV to OCPat frequencies from 10 kHz down td8mHz
were measured as well as thegntiodynamic polarization cursdrom-1 V to 3 V vsAg/AgCl at a
scan rate of ImV/s under static conditiorat immersion time of 3 land 24 h, respectively.
Tribocorrosion experiments were performadler continuous mechigal loaded condition &, of 5
N, with a rotation rate of 100 rpm. The total number of rotafar each test was fixed at D00

cycles as thesamevalue in Chapter 4. During continuous unidirectional sliding @§tPevolution
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was recorded followingvith EIS measurement at frequendiesn 10 kHz down to 10 mHZriction
coefficient was recorded in the whole sliding period. When sliding ended, OCP evolution was
performed for 3 h, and EIS measurement was carried out at frequencie$Ofiditz down to 558

mHz under static conditioas that before sliding-he surface morphology and chemical composition
inside the track area were characterized by SEM coupled with EDS. The topography after
tribocorrosion test was observed by optical profilometry.

In this chapter, atreated Ti was used #se reference materighroughout the experimenall
experiments were repeated at least twice to ensure the reproducibility and the representative mean
values were figured out in this work.

5.3 Surface characterization

The surface topograps of TO Ti preparedat 650°C for 48 hand untreated Ti arghown in
Figure 51. Comparing with the untreated Ti, TO Ti keeps the initial polishing groove on the surface
and the average roughnastains andnly changes from the i@l value of 0.39 m to 0.40 m
after thermal oxidation at 658 for 48 h in the furnace, as seen in Figuf2. The increase of
microhardness value froi76 HV, for untreated Tito 747 HV, for TO Ti indicates that thermal
oxidation has significantnfluence on the mechanical property of cp Ti due to thedtion of
titanium oxide. The higher value of microhardneassone important reason the&an improve the
wear resistance of titanium and its all¢yd5, 186, 18]
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Figure 5-1 Profilesof TO Ti prepared at 650 € for 48 (g) anduntreated Ti (h

Figure 5-2 Microhardness&nd surface roughness of TOpFepared at 650 € for 48 hnd untreated
Ti.
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As GarciaAlonso et al[188 have reported, the surface of@Al-4V alloy can be fully covered
with oxides in just one hour at 76Q. But considering the influence of treatment time of thermal
oxidation on the corrosion resistance of cp Ti, Kumar gt4l] have found that thermal oxidation at
650 °C for 48 h is thebest surface treatment among thermally oxidized samples for different
treatment time. In this work, thermal oxidation at different temperatures for different time was also
investigated, and the experimental results showed that TO Ti & 70 48 hor & 650°C for 96 h
results in poor adhesioaf the film to cp Ti substraterevealing the importance of optimized
condition in thermal oxidation treatment of cp Ti.

Figure 5-3 shows the XRD patterns afO Ti and untreated Ti The untreated Ti is entirely
composed of hexagonalphase (denoted a¥i *, ICDD card No. 06005-0682). Compared with
untreated Ti,rutile (TiO,, denoted asR ", ICDD card No.01-089-4920 peaks were clearly
identified in the pattern ofO Ti sample andthe presence aixygendiffusedTi (TiOy) [144] as well
as .-Ti indicated that the CK . radiation could penetrate through the thick rutile layer to the cp Ti
substrateThermal oxidation process in this study contains the nucleation of oxidderregion of
athin oxide layer and the growth to a thick scale. Hence, the sample weight will gain after thermal
oxidation. The weight gain value of cp Ti after TO 6%D for 48h is0.5% + 0.0 mg/cnf,
confirming the adsorbance of oxygen on sample surface.

Figure 5-3 XRD patterns of TO Tprepared at 650 € for 48 fred line) and untreated Ti (black

line).
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Surfacemorphologyand chemical compositiosf TO Ti and untreated Twere characterized by
SEM coupled with EDS analysis, as seen in Figufie Bhe chemical cmposition of TO Ti shows
a higher oxygen containing statu3:= 36.7 wt% and Ti =63.3 wt%. The atomic ratio o©O/Ti is
1.73 (< 2.00, aghe standard molar ratio in rutile), revealing thestenceof oxygendiffused Ti as
mentioned in Figure-8. For untreated Ti, Bhough it is well known that a thin passive oxide film
(of several nanometers thick) can spontaneously form on cp Ti surface, but it is so small that cannot
be detected in the EDS analysis. So the chemical composition of untreated T igaomim as
100 wt%. It should be also noticed thaftexr thermal oxidation at 650C for 48 h, some
aggregations can be found on sample surface, which might result from the favorite of nucleation of
oxides in special sites like the grain boundariegystallites.

Figure 5-4 SEM and EDS analysis of chemical composition of the surfat®dfi prepared at 650
€ for 48 h (a, c) and untreated Ti (b).

5.4 Corrosion behavior of TO Ti under static condition

The OCP evolutiorcurves of TO Tianduntreated Tin the PBS solution under static condition
are shown in Figure-5. Like untreated Ti, OCP evolution of TO Ti also shifts in the noble direction
but ownsa much highervalue of-0.08 V vs. Ag/AgCI at the beginning of immersion time. The

potertial value,Eq raises up quickly during the first 6 minutes fref08 V t0-0.015 Vvs. Ag/AgCI
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and then increase smoothly to 0.04/&/ Ag/AgCl after immersion in the PBS solution for 3For

untreated TiE, raises ugrom -0.45 V t0-0.26 V vs Ag/AgCl after immersion for 3 frevealing the
stronger extent of anodic shift than TO The OCP of both TO Tand untreated Tin the PBS
solution are in the Ti@stability region of the TH,O Pourbaix diagram (see Figureg]111]).

Figure 5-5 OCP evolution of TO Tprepared at 650 € for 48 [red line)and untreated Ti (black line)
in the PBS solution

The Nyquist plotgor TO Ti anduntreated Timeasured at immersion time of 3 h and 24 h in the
PBS solution under static conditicsre shown in Figure-6a. The untreated Ti exhibits only a single
semicircle in the entire frequency range, which corresponds to the eqtigatiit with one time
constant as illustrated in Figurera (the same as Figure3), whereRs is the solution resistance and
R, is the polarization resistance of cp Ti due to the barrier property of passive film. But TO Ti
exhibits an irregular arc &t can be divided into two semicircles: one inhigh frequency range and
another in the low frequency range. Such two semicircles can be illustrated by the equivalent circuit
in Figure 57b, whereR,,ter andRinner CcOrrespond to the resistance of théeoyporous rutile layer and
the resistance of the inner compact oxygdfused titanium layer [4, 1, respectively. As
illustrated before, the use of CPE rather than a pure capacitance can be expressed1y igq. 3
Chapter 3.

Figure 56b and 56¢ show the Bode plots for TO @nduntreatedTi after immersion for 3 h
and 24 h in the PBS solution. From the Bode impedance plots, it is clearly observed that the specific

polarization resistance,, of untreated Ti increases from 7.840° -cn¥ at the immersion time of
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3 hto4.70<10° -cn? at the immersion time of 24 h, indicating the barrier property of passive film
on cp Ti becomes stronger. Correspondingly, the Bode phase angle plot shows a broader frequency
range close te85°. But for TO Ti,r, value, the sum of theyer andrine, decreases from 6.07107

.cm? measuredt immersion time of 3 h to 4.0810° -cm” measuredt immersion of 24 h. This
phenomenons due to the solutioperetration though the oxide layers, which weakens the barrier
property of oxide layers. The phaaegle keeps in the entire frequency range for TO Ti, revealing the
corrosion mechanism of TO Ti doe$nhange within 24 h immersion in the PBS solution.

Figure 5-6 Nyquist plot (a), Bodempedanceplots (b)and Bode phase angle plotsfa) TO Ti
prepared at 650 € for 48 h (red square) and untreated Ti (black squaesured at immersion time
of 3 h and 24 h under static condition.
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Figure 5-7 Equivalent circuifor untreated Ti with one time constaa} &ndTO Ti prepared at 650 €
for 48 hwith two time constants (lnder staticondition.

All the calculated equivalent circuit elements are shown in TatleThe value of&1 is closed
to 1 for both untreated Ti and TO Ti at different immersion time, revealing a near capacitive response
for and the outer rutile layeanduntreated Ti in the PBS solution. The small valug=af 044 at the
immersion time of 3h and 0.9 at the immersion time of 24 h for TO Ti shows the near resistive
response for the inner oxygeliffused titanium layer. Both th,er and Rnner Values decrease with
the increase of immersion time, which might be induced by the deterioration of layete the
solution penetration.

Figure 58 shows the potentiodynamic polarization curves of TGAd untreated Tiin the
potential rangdrom -1 V to 3 Vvs. Ag/AgCl measured at immersion time of 3 h and 24 h under
static condition in the PBS solutioithe corrosion potentialE(,,) and specific passive current
density (pas9 Of the TO Tiand untreated Tare summarized in Table- Compared with the
untreated Ti, TO Ti exhibits a shift B, towards the nobldirectionand both the current densay
Econr @andipass Show a significant decrease at immersion time of 3 h or 24 h. With immersion time
increase, th&cor andipassOf untreated Ti have almost no changes. The same tendency was found for
the value ofEcyr of TO Ti. In spite a slight incre& ofipassfor TO Ti from 1.88x 10 A-cm? at
immersion of 3 h to 3.0810® A-cm? at immersion time of 24 h in the PBS solution, it is still two
orders ofmagnitudesmaller than that values of untreated Ti.
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Figure 5-8 Potentiodynamic polarization curwvef untreated Ti and TO Trom -1V to 3 V vs.
Ag/AgCl at a scan rate of 1 m\Wseasured at immersion time of 3 h and 24 h under static condition.

Table 52 Electrochemical data obtained from potentiodynamic polaozaésts.

*ipass Specificpassivecurrent density at 1 Ws. Ag/AgCl
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5.5 Tribocorrosion behavior of TO Ti during and after continuous
unidirectional sliding test

Tribocorrosion tests were performed wheg @ot stabilized after immersion for 3 h in the PBS
solution. A loading forcef-, of 5 N is imposed to evaluate the wearrosion behavior of TO Tand
untreated Tiduring continuous unidirectional sliding at a rotation rate of 100 rpm and the total
rotation number of 1@00 cyclesThe OCP evolutiorurves andriction coefficientcurves ofboth
the TO Ti anduntreatedri during sliding are shown in Fige 59. For untreated Ti, with the onset of
sliding, a sudden drop frorD.22 V t0-0.87 V vs. Ag/AgCI (cathodic shift of potential in the
negative direction with respect ), before sliding) is observed, revealing the change of surface
state from passive to active inside the sliding track area of untreated Ti. During sliding test period,
although tle E,¢ variation of untreated Ti is large, thg; value is still below0.7 Vvs. Ag/AgCl The
variation might result from theeriodic removal and growth of corrosion debris of cp Ti. Similar
observations were made earlier Kkymar et al[147] for cp Ti in Ringer§ solution and byarill et
al.[58] for Ti-6Al-4V alloy in 0.9% NacCl.

Figure 5-9 OCP evolution (a) and friction coefficieatirves (b)of TO Ti prepared at 650 € for 48 h
(red line) and untreated Ti (black ling)ring continuous unidirectional sliding tests performel,at
of 5 N.

Unlike untreated Ti, TO Ti did not exhibit many fluctuation€ig value during sliding. Since
the surface is still covered with a thick oxide film, and no fluctuation in OCP is reflected if the oxide
film haven{ been destroyed in the sliding periodatof 5 N and a rotation rate of 100 rpm. For TO
Ti, the slight increase dE,; when sliding starts and continuous increase during the whole sliding
period might result either from the growth of a passive film on the electrode with a consequent
decrease in anodic current or from the promotion of oxygen reduction with a consequent increase in
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cathodic current from an electrochemical reaction point of viewh \tfie protection of thermal
oxidized thick film, the passive film on the surface of cp Ti substrate cannot be destroyed by the
counter body (Zr@ under mechanical loaded condition. In contrast, it grows continuously even
during sliding test.The correspoding high friction coefficient fluctuation in this study provides
supplemental evidence for this phenomenon (see Fig®®).83Comparing with untreated Tihé

friction coefficient curve for TO Ti keeps below that value of untreated Ti and its fluctuation
smoother than untreated Ti. These two aspects indicate that thermal oxidation of cp Ti has
significantly improved the friction characteristics.

When continuous unidirectional sliding motion stops, the OCP evolution curve for untreated Ti
exhibits an aodic shift, suggesting the occurrence of repassivation of the active surface inside the
sliding track area, and the continuous increasg,gfor TO Ti after sliding indicates the growth of
passive film on the cp Ti substrate, as seen in Figli@ B\fter continuous unidirectional sliding test
for about 3 h, untreated Ti returns back to Egevalue of-0.25 Vvs. Ag/AgClclose to the initial
potential value before sliding test (see in Figw@a. Similar observation has been illustrated in the
previaus Chapter 4 after continuous unidirectional sliding test,af 1 N, as seen in Figure1D.
Comparing with the final potential values of these two tests, it can be found that after the same
immersion time when sliding motion stods,. in Figure 410 is higher than that in Figure 1D,
indicating that the total wear aréeorresponding values can be seen in Tabl¢ Has an effect on
the recovery potential (a mixed potential of the worn and unworn areas).

Figure 5-10 OCP evolution off O Ti preparedt 650 € for 48 h (red line) and untreated Ti (black
line) after continuous unidirectional sliding tests.
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The Nyquist plots for TO Tanduntreated Timeasuredefore, during and after unidirectional
sliding at F, of 5 N in the PBS solutionare shown irFigure 511aland 511&. For TO Ti, the
impedance comportment during and after sliding test exhibits an irregular arc in the high frequency
region that can be divided into two semicircles like those before sliffiggre 57b), but an added
arc appearin the low frequency region shows another time constant, corresponding to the charge
transfer resistancdR{) and double layer capacitance (CPE3) at the interface of cp Ti substrate and
the penetrated electrolyte. As explained in Chapterhd, selectiorof equivalentcircuit was a
compromise between a reasonable fitting of the experimental values and a minimum of components in
the equivalent circuitSo, such a complex Nyquist plot for TO Ti during and after sliding test can be
illustrated by the equivate circuit in Figure 512. The fittedparameter®f the equivalent circustfor
TO Ti before and during/after sliding test are summarized in Tal3leThe R;; values obtained by
the fitting results for TO Ti during and after sliding test are10?°  toward infinity (1), due to the
lack of experimental results in the low frequency region towards 0 Hz (the actual lowest frequency is
1.58 mHz in this study). In this case, we also useRhealue as the sum dRuter aNd Ripner aS
illustrated in Figure &b and Table 8. The real, value is no doubt much higher than the calculated
one as shown in Table® From the inset of FigurB-11&, it is obviously to see that even during
sliding test, the Nyquist plot for untreated Ti sa@khibits only one sigle semicircle in the entire
frequency range. The equivalent circuit for untreated Ti in the whole test period (before, during and
after sliding) is the same as illustrated in Figuréabwith one time constarfR(CPE|R,). The fitted
parameter®f the equivalent circufior untreatedi are summarized in Tablesb
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Figure 5-11 Nyquist plot (a), Bodempedanceplots (b)and Bode phase angle plots @) TO Ti
prepared at 650 € for 48 [i1) and untreated TR) measured before (square), dur{ngg) and after
(star) continuous unidirectional sliding teatF, of 5 N in the PBSolution
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Figure 5-12 Equivalent circuit with three time constants for TQpiieépared at 650 € for 48 during
and after sliding tests.

Table 5-3 Parameters of the equivalent circuit 1@ Ti prepared at 650 € for 48 jmeasured before,
duringand aftercontinuous unidirectional sliding testitof 5 N in the PBSolution

*Ry = Router + Rinner for TO Ti before, during and after sliding test.

Table 54 Parameters of the equivalent circuit for cp Ti measured before, during and after continuous
unidirectional sliding test &, of 5 N in the PBS solution.
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Comparing thervalues for TO Tianduntreated Tmeasured with different samples in Table
5-1, 53 and 54, it should be noticed that for both TO dmd untreated Tithe reproducibility of
electrochemical measurement results is not well but the values for each type are in the same order of
magnitude. The intrinsic property of sample surface and the actual experimental environment have
significant influence on the electrochemical measurement results. So, for the explication of resistance
change before, during and after siding test, all vahresented here should be considered as the
gualitative changes rather than the quantitative changes. To get more accurate information, the strict
control of experimental operation in the thermal oxidation process for TO Ti and in the
electrochemical measement processand more parallerepetitiors with different samples are
necessary in thieiture work.

For untreated Ti, the, value decreases froin19 x1¢° -cnf measured before sliding to 500

.cm? measured during continuous unidirectional sliding @sF, of 5 N. Not like a further
calculated specific polarization resistance in the active argg, under the guidance of a
tribocorrosion protocol for surface modified Ti in Chapter 3, a general specific polarization
resistance is used in this chapter to give a qualitative comparison with that value of TO Ti during
sliding test. The tremendous deceeds r, value indicates the destruction of passive film on
untreated Ti surface, which makes the active area contact directly with the aggressive electrolyte (the
PBS solution). Since the continuous sliding motion of ZcGunter body, repassivation insittee
track area cannot occur during sliding test. But once sliding stops, th&ie returns back th.05 x
10° -cn?, revealing the strong repassivation ability of untreated Ti to form again a passive film
inside the track area in the PBS solution.

For TO Ti, theRyuer value keeps stable before, during and after sliding test biRthevalue
decreases significantfyom 1.44x10° measured before sliding to 3.840°> measured during
continuous unidirectional sliding test B of 5 N. The later results in the decreasergpfalue
decreases frord.80 x 10’ -cm? measured before sliding to #.% 10° -cm® measured during
sliding. This value change indicates that the thermal oxidized film a8®%® cp Ti was destroyed
when sliding motioroccurs atF, of 5 N. This film deterioration couldfibe detected by the OCP
evolution in Figure 8. When sliding motion stops, the destroyed thermal oxidized film dbesn
show a sethealing process like repsigation of untreated Ti in the PBS solution. The increasg of
to 2.66x10° -cn’ measured after sliding might result from the continuous growth of passive film
on cp Ti substrate under the thermal oxidized film. Although the destruction of TO Ti is an
irrecoverable process, the corrosion resistance after sliding is still much higher than untreated Ti by
considering the gred; value for TO Ti.
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5.6 Characterization of the wear track on TO Ti after continuous
unidirectional sliding test

Surfacemorphologesof TO Ti anduntreatedri after conthuous unidirectional sliding &, of 5
N wereobtained by SEMas shown in Figure-53. The track width of untreated Ti is about 2.78 mm
after sliding test aF, of 5 N. The regular pattern of grooves amdarge number of attached
corrosion debris inside the track area reveals that the untreated Ti was worn severely by both the
abrasive and adhesive wear mechanisms, so that the wear track is wide and deep with a very rougt
surface appearance, as seen thektprofile of untreated Ti in Figure Bb. The track depth of ~ 9

m indicates the serious material loss of untreated Ti, which has been quantitatively analyzed in

Chapter 4 under continuous unidirectional sliding tests. On the contrary, TO Ti exegeroehe mild
wear caused by the abrasion of the counter body. The resultant wear track on TO Ti surface is narrow
with a width of 0.35 mm and shallow with a smooth and polishe&appce, as seen in Figure
5-14a. No spallation and flake of the oxide layers been observed in the track of TO Ti after sliding
test atF, of 5 N. The superior wear resistance of TO Ti is derived from its good adhesion with the
substrate, high hardness and much improved frictional behavior during sliding.

The chemical compostins inside the track argaof TO Ti (square in Figure -23a) and
untreated Ti (square in Figurel3b) obtained aF, of 5 Nwere analyzed by ED&nd the results are
presentedn Figure5-13c and 513d For untreated Tithe apperance ofhigh amount of wygen (O,
109 wt%) indicates the repassivation of cp Ti to form the titanium oxide film. Srhall amount of
phosplorus (P, 06 wt%, existing origindly in the PBS solution)shows that species in the solution
takes part in the corrosion of substrate or is packed into the corrosion pdesctical composition
of the trackon TO Ti after sliding test iisted asO 39.9 wt%, Ti 58.9 wt%, P 0.9 wt% and Ca 0.3
wt%. Comparing wvth the initial chemical composition in Figured5O, 63.4 at% andTi 36.6 at%),
the Ti/O atomic ratio inside the track aréa 66.3 at% andTi 32.7 at%) increases slightlyeveaing
the oxygen containing species in the solution like EfP&nhd HPO, penetrate through the thermal
oxidized film to augment the percentage of O after sliding test.
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Figure 5-13 SEM images (a, b) andIS analysis inside the tracks @) of TO Ti prepared at 650 €
for 48 h(left) and untreated Ti (righgfter continuousinidirectional sliding tests &, of 5 N in the
PBS solution.

Figure 5-14 Profiles of TO Ti prepared at 650 € for 48 [a) and untreated Ti (l&fter continuous
unidirectional sliding tests &, of 5 N in the PBS solution.
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5.7 Conclusions

Thermaloxidation of cp Ti in airatmospheret 650°C for 48 h leads to the formation of an
oxide film throughout the surface without any spallation. The oxide film consists of rutile and
oxygen diffused titanium as the predominant phases characterized by G&m@paring with
untreated Ti, e oxide film has no effect on the average roughness of the surface but significantly
increases the microhardness fraii HV o > to 747 HV g ».

The OCP evolution before sliding under static condition, during sliding under meahan
loaded condition &, of 5 N and after sliding under static condition, for untreated Ti clearly changes
when sliding motion starts or stops. While for TO Ti, a mild continuous incredsg iof the whole
test period reveals the growth of passivenfibn the substrate under the thermal oxidized film.
Results of EIS and potentiodynamic polarization measurements at immersion time of 3 h and 24 h
showed that the corrosion resistance of untreated Ti enhances with immersion time incrasg; The
value fa untreated Ti decreases and th&alue incrases at imersion time of 24 h. In contrashe
IpassvValue increases and thgvalue decreases at immersion time of 24 h for TO Ti. Deterioration of
thermal oxidized film occurduring the longterm immersia in the PBS solution

Under mechanical loaded condition, the impedance vajues both TO Tiand untreated Ti
decrease due to the removal of passive film for untreated Ti and the destruction of thermal oxidized
film for TO Ti. After sliding test, unlike the repassivation ability of cp Ti inside the track area on
untreated Ti, the destruction of the thermal oxidiZégm on TO Ti is an irrecoverable process.
Although ther, value of TO Ti after sliding is smaller than the value measured before sliding, its
corrosion resistance is still much higher than untreated Ti. Combined with the improved frictional
behavior dung sliding, thermal oxidation is sure to be considered as an excellent method to
amelioratethe corrosion and tribocorrosion behavior of cp Ti, especially under a high mechanical
loaded condition
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6.1 Introduction

As a biomedical material, cp Ti is expected to own bioactivity to promote the growth of bone on
its surface.In this chapter, (& bioactive filmin the form of brushite (CaHPEZH ,0O) was obtained
directly on cp Ti by electchemical deposition method. The influences of cathodic potential and
deposition time were investigated in a calciund ghnosphate containingplution An optimized
deposition cadition was chosen a%.8 V vs Ag/AgCI for 30 min fromthe potential rangérom-1.4
V to -2.1 V vs. Ag/AgCI, basing on a relative compact and uniform film measured bgyX
fluorescence (XRF¥ypectrometrySurface morphology/chemical composition, criysta phase and
topography were characterized M coupled withEDS, XRD and optical profilometry. Ae effect
of CaP bioactive film on the corrosion behavior of cwEs studiedy electrochemical measurengn
like OCP,EIS and potentiodynamic polarizat in the PBSsolution.Considering the fragile property
of CaP bioactive film angreventing the strong destruction of cp Ti substrate, a relative small
loading forceF, of 500mN was imposed to investigate the tribocorrosiehdwvior ofCaP bioactive
film coaed Ti under continuous mechanical loaded condition by using arptlisc tribometer.
Results show that surface modification of cp Ti with CaP bioactive film can provide not only higher
corrosion and tribocorrosion resistance but also becomas #is source of Ca and P ions by the
dissolution of its own as the precursor for the hydroxyapatite (HA) deposition.

6.2 Experimental details

The well polished and cleanedp Ti gecimers wereused as working electrodes and the
electrochemical depositioaf CaP bioactive film was carried out potentiostatically-1a8 V vs.
Ag/AgCI for 30 min in acalcium anl phosphate containirgplution[0.042 mol/L Ca(N@#AH ,0 +
0.025 mol/L NHH,PQOy] with a pH value of 4.2. The deposition conditions were based on the
experimental results @f relative compact and uniform film measd by XRFspectrometry, choosing
from the analysis results of films obtained at different potentials fiomV to-2.1 V vs. Ag/AgCl
Optical profilometry was used to measure surfacdopography of sampldsefore and after surface
modification and the average roughness valascalculated on square regions with length of 1000

P 1 R/ickers microhardness test wasrformed with a test force of 200 gf and full load
period of 15 sThe phase constituents of the untreated Ti and CaP bioactive film coated Ti samples
were determined by XRD usingCu K A) radiation sourcever a scan rangeom 10%0 80°
at a scan rate of 0.027Surface morphology and chemical compositaf the film were observed by
SEM coupled witFEDS.

Electrochemical and tribocorrosion measurements were performed ainGQkhidirectional
pin-on-disc tribometercombined witha threeelectrode ell in a PBSsoluion at room temperature
(22 + 1 °C). Under static condition corrosion behavior ofCaP bioactive film coated Twas
characterizedThe evolution of OCPE,, within 3 h was performed continuouslglS measurements

with a sinusoidal potential variation 610 mV to OCPat frequencies from 10 kHz down3®8mHz
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were measured as well as tregntiodynamic polarization cursérom -1 V to 1 Vvs. Ag/AgCl at a

scan rate of InV/sof CaP bioactive film coated &t immersion time of 3 Bnd 24 h, respectively.
Tribocorroson experiments were performedder continuous mechanical loaded conditiofaif

500 mN, with a rotation rate of 100 rpm andtatal rotation number of 1000 cycles. During
continuous unidirectional sliding te€dCPevolution was recorded followingith EIS measurement

at frequenciefrom 10 kHz down t@9.8mHz. Friction coefficient was recorded in the whole sliding
period. When sliding ended, OCP evolution was performed for 3 h, and EIS measurement was
carried out at frequencies froff® kHz down tdB3.98mHz as that before sliding. Untreated Ti was
used as control throughout the experim&ht surface morphology and chemical composition inside
the track area were characterized by SEM coupled with EDS. The topography after tribocorrosion
test was olerved by optical profilometry.

In this chapter, untreated Ti was used as the reference material throughout the exp&liment.

experiments were repeated at least twice to ensure the reproducibility and the representative mean
values were figured out in thivork.

6.3 Electrochemical deposition of CaP bioactive film

In a mixing solution ofCa(NQy)AH ,0 andNH4H,PQOy, three cathodic reactioO] can be
identified as:

The reduction of oxygen in the region frefh15 V t0-0.9 Vvs. Ag/AgCL
O, + 2H,0 +4€ : 40H" (6-1)

The cathodic reaction of hydrogen ions fropPBy from-0.9 V to-2 V vs. Ag/AgCl
2H,PO, +2€ : 2HPO,* + H, (6-2)

The reduction of water at more cathodic potential2(¥ vs. Ag/AgC):
2H,0 +2€ : Hy+ 20H (6-3)

The HPQ? ions produced by cathodic reaction completely react wiffi i6as and form a CaP
bioactive film in the mixing solution on the electrode surface according to the following reaction:

Ca®" + HPO,® +2H ,0 : CaHPOgZH O (brushite) (&)

The currentime curves for CaP bioactive film deposition on cp Tdifferent potentials from
-1.4 V to-2.1 Vvs. Ag/AgClfor 30 min were shown in Figure® The current density decreases
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quickly at the very beginning, revealing the formation of CaP bioactive film which covers the surface
of cp Ti substrate and inhibitBe ions transfer at the interface between the solution and the substrate.
Then a relative stable current density occurs afgeral minuteand no big difference in the ending
current density is found when deposition potential is higher tBax vs. AgAgCIl. But at the
deposition potential 0f2.1 Vvs. Ag/AgCl, current density is enhanced possibly due to the reduction
of water.

Figure 6-1 Currenttime curveduring depositiorfa) and the ending curredénsity of depositioKb)
of CaP bioactive film on cp Ti at different potenti@ls. Ag/AgCl)for 30 min
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The thickness and Ca/P molar ratio of CaP bioactive film on cp Ti obtained at different
deposition potentials for 30 min are measured by XRF spectrometry, as seemr@@gThe film
thickness is around 3m when the deposition potential is in the range frdm™ V to-1.9 V vs.
Ag/AgCI. And then film thickness increases with the decrease of deposition potentiallfb to
-2.1 Vvs. Ag/AgClL The corresponding @R molar ratiovalues obtained at potential range frel
V to -2.0 V vs. Ag/AgCl are about 1.2as referred tchydroxyapatite (HA, Ca/P ratio of 1.67),
confirming the main cathodic reaction in this region is EQ. & should be noticed that the Ca/P
molar ratio vale is not 1.0 as that value of CalR28,0, indicating either thexistence of other
CaP components or the inaccuracy of XRF test results. Photos of CaP bioactive film coated Ti at
different deposition potential for 30 min in Figuré&hows the effect of deposition potential on the
macrostructure of films. Combined with the results dinfithickness and Ca/P molar ratio, an
optimized deposition potential at.8 V is chosen to prepaegerelative compact and unifor@aP
bioactivefilm on cp Ti from an energgaving point of view. All the following sections in this study
are based on sampglebtained under this electrochemical deposition condition.

Figure 6-2 Film thicknesqa) andCa/Pmolar ratio(b) of CaP bioactive film on cp Ti obtained at
differentdeposition potentialéss. Ag/AgCl)for 30 min
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Figure 6-3 Photos of C® bioactivefilm coated Ti obtained atifferent potentialgvs. Ag/AgCl).

6.4 Surface characterization

The surface topographie$ CaP bioactive filntoated Ti obtainedt-1.8 Vvs. Ag/AgClfor 30
min and untreated Ti arghown in Figure €. And from this part onall CaP bioactive film coated Ti
samples were obtained at this cathodic potential for 30 @dmparing with the untreated Ti,
volcanalike topography orthe surfaceCaP bioactive film coatedi reveals that thélm formation
was faster at some sites, ian might result from the preferrezl/olution of hydrogen and then get
suitable localpH value forthe formation of brushiteluring cathodic charging process-ai8 V vs.
Ag/AgCl. The average roughness valii®) of the CaP bioactive coated Ti increasesf 0.39 m
to 2.01 m and the microfrdness value decreases fron® HV/(, to 122 HV, (see Figure %),
indicating that the CaP bioactive film totally changes the surface topography and mechanical
property of cp Ti.
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Figure 6-4 Profiles of Cambioactive filmcoated Ti (a) and untreated Ti (b).

Figure 6-5 Microhardness and surface roughnes€a&® bioactive film coate@i anduntreated Ti.
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XRD patterns ofCaP bioactive filmcoatedTi and untreatedli samplesare shown irFFigure 6-6.
Comparing with untreatedl, typical brushite (CaHP2H >0, ICDD card N0.00-011-0293) peaks
were clearly identified in the patteof CaP bioactive film coated .TThe diffraction peak (2 values
of 11.8521.15 23.5%nd 29.4Were assigned to (020§;121), (040) and-012) planes of brushite. The
remaining small peaks at 38.5°%and 40.2%ere attributed to {01 (101) planes of cp Ti (D card
No. 00-0050682). From this XRD patterns, it is adaded that cp Ti samples wesveed with Cd&
bioactve film in the form of brushitewhich is in accordance with Ec-46

Figure 6-6 XRD patterns ofcaP bioactive film coated Ti (red lin@nduntreated Ti (black line)

Surfacemorphologyand chemical compositiosf CaP bioactive film coated &nduntreatedri
were characterized ByEM coupled withEDS analysisas seen in Figuré-7. A complanatesurface
with regular grooves and small ddte defaults was observed on untreated Ti after polishing with SiC
emery paperddowever, #ter electrehemic deposition process at.8 V vs. Ag/AgClfor 30 min,a
flower-like CaP bioactive film entirely coverethe surface of cp TiThe similar morphologies were
obtained in other grouq&52, 154, 190, 19‘1Comparing with the EDS analysis result of untreated T
(seeFigure 67d), theCaP bioactivdilm has afollowing composition: O = 52.wt%, P = 17.0wt%,

Ca = 20.3wt% and Ti = 106 wt% (seeFigure 67c). The atomic ratizwalue of Ca/P is 0.92, which is

very close to 1.0@s the standard molar ratio valueGQd/P inCaHPQ2H ,0. Different Ca/P molar

ratio values, as ~ 1.2 obtained by XRF analysis and 0.92 obtained from EDS analysis, are shown in
this study, revealing the fact thdtirther accurate atomic analysis methods are needed in
characterization of CaP bioactive film.
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Figure 6-7 SEM images and EDS analysis of chemical compasifdCaP bioactive film coated Ti
(a, ¢) and untreated Ti (b,.d)

6.5 Corrosion behavior of CaP bioactive film coated Ti under static
condition

The OCP evolutiorcurvesof CaP bioactive filmcoatel Ti anduntreatedli understaticcondition
in the PBS solution are shown in kige 6-8. It was observed that the OCP evolution of both samples
shifted significantly in the noble direction. For untreated Ti,Bhevalue raisesup from -0.45 Vto
-0.25 Vvs. Ag/AgClafter immersion irthe PBS solution for 3h due to tleentinuous growth ofhe
passive oxide filmon the surface of untreatdd For CaP bioactive film coatedl, the E,. value of
-0.28V vs. Ag/AgClat the beginning of immersias higher than that of untreated dind shifted to
-0.14V vs. Ag/AgClafter immersion in the PBS lstion for 3 h The OCP of both untreated Ti and
CaP bioactive film coated Ti are in the Fi€ability region of the TH,O Pourbaix diagram (as seen
in Figure 28 [111]). And the more noble OCP exhibits by Fhioactive film reveals the improde
corrosion resistance @ifm coated Tisurface. That can be attributed to thieibition property ofCaP
bioactivefilm to the ions penetratiooombined with the&ontinuous growindiO, passivdayer at the
interfacebetween cp Ti substrate andRCioactive film.

121



Chapter 6

Figure 6-8 OCP evolution ofZaP bioactive film coated Ti (red lin@nduntreated Ti (black linen
the PBSsolution.

The Nyquist plots for CaP bioactive film coatedarid untreated Timeasured at immersion
time of 3 h and 24 inder static conditiom the PBS solutionare shown in Figure-8a. BothCaP
bioactive film coated Ti andintreated Ti exhibit only single semicircle in the entire frequency
range, which corresponds to the equivalent cireliR( CPE|R,) with one time constant as presented
as the inset in Figure-8a (the same as Figure3), whereR;s is the solution resistance aRyis the
polarization resistance of CaP bioactive film coatediTuntreated Tdue to the barrier property of
passive film. Noexistenceof an added constant phase element (CPE2) for the CaP bioactive film
reveals that this film has no effect on the corrosi@mthanisnof the cp Ti substratd.he selection of
this equivalentircuit was a compromise between a reasonable fitting of the experimental values and a
minimum of components in the equivalent circuit. The fitting procedure revealed that better agreement
between heoretical and experimental data wdmsamed for bothCaP bioactive film coatedi and
untreatedTi asseen the fitting curves in Figure®% The parametersf the equivalent circuiare
shown in Table-1.

The Bode impedance plots and Bode phase angle plots for CaP bioactive film coated Ti
untreated Tafter immersion for 3 h and 24 h in the PBS soludosshown in Figure-8b and €9c,
respectively. From the Bode impedance plots, it is clearly ob$ahat the specific polarization
resistancer,, of CaP bioactive filmcoaed Tiincreasefrom 1. x10” -cn? at the immersion time
of 3 hto 1.56 x1d -cn?* at the immersion time &4 h.For untreated Tir, valueincreasesrom
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7.69x10° -cnt at the immersion time of 3 h to 4.%10° -cn? at the immersion time of 24 h,
indicating that the corrosion resistance becomes stronger due to the growth of the passive film on the
surface of untreated Ti. Correspondingly, the Bode phase angle plad shmwader frequency range

close to-85.

Figure 6-9 Nyquist plos (a), Bodempedanceplots (b)and Bode phase angle plots f@) CaP
bioactive filmcoatedTi (red squareand untreated Ti (black squaragasured at immersion time of
3 h and 24 lunder static conditiom the PBS solution.
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Table 6-1 Parameters of the equivalent circuit @aPbioactive filmcoatedTli anduntreatedri
under static condition.

*Aq is thetotal surface area exposed to the electrolyte.

As demonstratedn previouschapters, thepecific polarization resistance values for metallic
materials in the range of 10 -cn? (or lower) indicate the presence of an active surface, while values
around 18 -cnt (or higher) indicate a passive surfad81, 183. All the r,, values in Tables-1
reveal that gassive surface stateached on eith&zaP bioactive film coated or untreatedli under
static condition inthe PBS solution. And the increasergfvalue in this study confirsthe enhanced
anti-corrosive property of cp Ti due to tigeowth of passiveoxide layer on the surfacelt should be
noticed that during the studied periedentheincrease extent af, for untreated Tis larger, ther,
value measured at immersion tinoé 24 h is still smaller than, of CaP bioactive filmcoatedTi at
immersion tine of 3 h. The results indicateat surface modification ap Ti with CaP bioactive film
strongly improves the corrosion resistance of cp Ti but €@pls the growth of psise oxdelayer on
its surface.

Figure 610 shows the potentiodynamic polarization curves of ida&ctivefilm coated Tiand
untreated Tin the potential range frorl V to 1 Vvs. Ag/AgCl measured at immersion time of 3 h
and 24 h under static conidit in the PBS solution. As illustrated in Chapter 4, the potentiodynamic
polarization curves for untreated Ti can be divided into four doméipsathodic domain; (I1)
prepassive domain; (lll) passive domain and (IV) transpassive domain (see SegtiomdeB static
condition in this study, all OCP evolution values of CaP bioactive film coataddluntreated Tare
in the prepassive domaiAnd & dental and orthopedic implant materials, the current densities in the
body potentiatange 0f400-500mV vs. Ag/AgCl(defined by Velten et ) are more interested.
Here, the polarization parameters like corrosion poterifgl;), the specific current density at the
prepassive potential dd.1 V vs. Ag/AgCI, ipepass @nd the specific current density at the body
potential of 0.4 Ws. Ag/AgCl, iy, of CaP bioactive film coated End untreated Tare summarized
in Table 62. Compared with the untreated TaP bioactive film coatedi shows ashift of Ecor
(about-0.08 V) in the cathodic direction, but the decrease in current densitfE@}L; indicates the
improved corrosion resistanoé CaP bioactive film coated Ti. The shift Bf,r in cathodic direction
might dwe to the influence of theasyhydrogen evolution in the presence of CaHP&3 illustrated

as follows:
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2HPO,* +2¢ : 2P0, +H, (6-5)

With local pH value changes during potential scanning, the corrosion mechanism on cp Ti
substrate under CaP bioactive film is altered. With immersion itcrease theiyepassfor untreated
Ti significantly decreases, revealing the improved corrosion resistancetrafated Ti due to the
growth of passive oxide film on cp Ti substrate in the PBS solution. Almost no change occurs in the
value ofipp for untreated Ti. But for CaP bioactive film coated Ti, both the valuegepfssandipp
increase slightly, might reling from the dissolution of CaP bioactive film when lopd value
changes, see Figureld. It is clearly observed the film prints, where preferential growth of calcium
phosphate took placBut the major CaP bioactive film has disappeared and omjysreall amount
of film remains (P,5.3 wt% andCa, 5.9wt% can be detected by ED®n the surface of cp Ti
substrate after immersion time of 24ihder static conditiom the PBS solution

Figure 6-10 Potentiodynamic polarization curwef CaPbioactive filmcoated Tianduntreated Ti
from-1Vto 1V vs. Ag/AgCI at a scan rate ofilV/s measured at immersion time of 3 h and 24 h
under static condition in the PBS solution.
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Table 6-2 Electrochemicatlata obtained from potentiodynamic polarization tests.

*iprepass SPecific current density at prepassive potential of Ovs.\Ag/AgClI
*ipp: Specific current density at body potential of 0.43/Ag/AgCl

Figure 6-11 SEM image and EDS analygite marked square) of CaP bioactive film coated Ti after
potentiodynamic polarization test at immersion time of 24 h in the PBS solution.

6.6 Tribocorrosion behavior of CaP bioactive film coated Ti during
and after continuous unidirectional sliding test

Tribooorrosion tests were performed wheg got stabilized after immersion for 3 htime PBS
solution. In order to evaluate the weeorrosionbehavior of CaP bioactive film coated and
untreated Tiduring continuous unidirectional slidingrelative smallloading forcefF, of 500mN is
imposedat a rotation rate of 100 rprand the total rotation number of MO cycles.The OCP
evolution curves anftiction coefficient airves ofboth CaP bioactive filmcoatedTi anduntreatedri
samples dung sliding areshown in Fgure 612.
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The resultan Figure 612a shows that & dropped sharply down toraore negative potential
valueat the moment whesliding motion starts. Iteveasthe change of surfactate from passive to
active onthe sliding track oboth samples. In the case of untreated Ti, the potential-dimpn, ~ ( =
|Emax *Emin| during sliding test was 0.26 V, whefgaxpresents the potential at the start of sliding and
Emin the minimum potential duringontinuous unidirectionaliding atF, of 500 mN. And for CaP
bioactive film modified Ti, a largef ( value of 0.51 V was obtaineBurthermore, th&,variation of
CaP bioactive film coated Ti during sliding test period is higher than that of untreated Ti. These
phenomena demonstrate the influencehef destruction and dissolution of CaP bioactive film on
OCP evolution of cp Ti.

The friction coefficient curves were measured during sliding, as shown in-E&p.®nlike the
higher E, fluctuation the coefficient evolution ofaP bioactive film coatkTi is a bit smaller and
smootherthan that of untreated T the time range from 1500 s to 3000 s, corresponding to the
rotation number range from 2500 cycles to 5000 cycles. This may be due to the lubricant Efétt of
bioactivefilm in the wear trak. After that the coefficient values for both samples are almost the same
(about 0.62) unitthe end of sliding testgseveaing that a similar contact mode as untreated Ti was
inducted for CaP bioactive filmoatedTi when the major CaHPEH ,0 was disstved after rotation
of 5000 cyclesinder mechanical loaded condition

Figure 6-12 OCP evolution (a) and friction coefficieit) of CaPbioactive filmcoated Ti (red line)
and untreated Ti (black lin€luring continuous unidirectional sliding tests performel,atf 500
mN.

When continuous unidirectional sliding motion stops, the OCP evolution curves for both the
untreated Ti and CaP bioactive film coated Ti exhibit an anodic shift (see Fig®)e iBdicating the
occurrenceof repassivation of the active surface inside the sliding wear track area. Although it takes
shorter time to return back to the initl&a); value of-0.25 Vvs. Ag/AgClfor untreated Ti, the final
potential of CaP bioactive film cted Ti is still higher than untreated Ti after sliding for ~3 h

immersionunder static conditiom the PBS solution.
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Figure 6-13 OCP evolution of CaBioactive filmcoated Ti (red linexand untreated Ti (black line)
after continuous unidirectionaliding tests.

The Nyquist plots for CaP bioactive film coat&édand untreated Timeasuredefore, during
and after unidirectional slidingt F,, of 500mN in the PBS solutionare shown in Figure-64dl and
6-14a2. It is clearly to see that only one degemicircle in the entire frequency rangas plotted
for both samples measured before, during and after sliding tests. The same equivalemtsdiheuit
inset of Figure @a with one time constanB{(CPE|R,) can be used to fit the experimental data
obtained by EIS measuremeiite fitted mrameters of the equivalent circuit for CaP bioactive film
coated Tianduntreated Tare summarized in Table®

Table 6-3 Parameters of the equivalent circuit for CaPbioactive film coated Tand untreated Ti
measured before, during and after continuous unidirectional sliding fspB500mN.
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Figure 6-14 Nyquist plos (a), Bodeimpedancelots (b)and Bode phase angle plots @) CaP
bioactive filmcoated Ti(1) and untreated TR) measured before (square), during (ring) and after
(star) continuous unidirectional sliding tesFatof 500mN.
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Comparing ther, values for CaP bioactive film coated &nd untreated Tmeasured with
different samplesin Table 61 and 63, it should be noticed that the reproducibilities of
electrochemical measurement results are not well but the values for each type of material are in the
same order of magnitude. As explained in the previous chapters, the intrinséctypropsample
surface and the actual experimental environment have significant influence on the electrochemical
measurement results. So, all values presented here should be considered as the qualitative change
rather than the quantitative chandesthe explication of resistance change before, during and after
diding test. To get more accurate information, the strict control of experimental operation in the
electrochemical measurement and more paredigbtitiors with different samples are necessary in
thefuture work.

During continuous unidirectionaliding tests af, of 500mN, ther, valuedecreaseffom 165
x10’ -cm? measured before sliding 817 x10* -cny for CaP bioactive filmcoaed Tiandfrom
4.63 x10° -cn’ measured before sliding 005 x10*  -cn? for untreated TiUnder the guidance
of the tribocorossion prototdor surface modified Ti in Cépter 3, a general specific polarization
resistance is used in this chapter to give a qualitative comparison beBaebioactive film coated
Ti and untreated TiThe significant decrease fpvalue carbe explained by the destruction of passive
film on the surface of cp Ti under mechanical loading condition. In the absence of protective oxide
layers in the slidig track, bared substratdirectly expose to the corrosive electrolyte, which
permitted the entrance of corrosive species anmi¢herosion reactionsccurat the interface between
cp Ti andthe PBS solutionThehigherr, value ofCaP bioactive film coatedi during sliding test
confirms the ketterbarrierperformance of (R bioactive film on cp Ti. Itmight prolongthe path of
entrancdor corrosive species and inhilite corrosion reactioren the surface of Ti substrate

When sliding motion stops, both thgvalues of CaP bioactive film coated dmd untreated Ti
increase quite a lot, suggesting a $wléling process as repassivation of cp Ti in the PBS solution.
But it should be noticed thatsignificant decrease of epific polarization resistance fromg5.x10’

.cm? measured before slidingpwn to 579x10° -cn? measuredfter slidingis observedor CaP
bioactive film coatd Ti. Thisreveas that thedestructiorof CaP bioactive film affectsherecovery of
sample§ barrier propertyln contrast, aincrease othe r, value from 4.63 x 10° -cn? measured
before slidingup to 8.54 x18 -cm? measured after slidinfpr untreated Tindicatesthe efficient
repassivation inside thieack area ofcp Ti without any modificationCombined with the sustained
TiO; film growth outside the track area, corrosion resistance of untreated Ti enlarges with immersion
time after mechanical loading perturbatiab F,, of 500 mN. This excellent property attracts the
attentions in biomedical application as dental and orthopedic implamis. the higher corrosion
resistance property of CaP bioactive film coated Ti makes it become an attractive material instead of
the untreated Ti.

130



Chapter 6

6.7 Characterization of the wear track on CaP bioactive film coatedTi
after continuous unidirectional sliding test

Figure 615 shows theSEM imagesand EDS analysis inside the track areaaP bioactive
film coated Ti(a, c) anduntreated T{b, d) afterl0 000 cycles otontinuous unidirectional sliding at
Fn of 500 mN. For CaP bioactive fm modified Ti, atrack width of 0.8 mm is obtained. The track
area covers the removal of CaP bioactive film and the further destruction of cp Ti substrate under
CaP bioactive filmChemical composition analysissultinside the track area is presentedrigure
6-15c. Although major amount of CaP bioactive film has been dissoled;emaining contents of
phosphorugP, 08 wt%) and calcium (Ca, 8.wt%) indicatethata small amountf CaP bioactive
film still stayson the surface of cp Bven after rotation of 1000 cyclesThe higher wear resistance
of CaP bioactive film coated Ti is derived from the good adhesion of the initial not the further
growing CaP bioactive film with theubstrate. Once this film is extremely thin or partially total
destroyed by sliding motion of Zg@ounter body, the friction coefficient value becomes similar as
that of untreated Ti, as seen in FigurdZb. For untreated Ti, a track width of about Qrbn is
obtained. The regular pattern of grooves and attached corrosion debris inside the track area of
untreated Ti shows the substrate was worn by sliding motion of @nter body in this study.
Chemical composition analysis result in Figur&5l showghe appearance of higixygencontent
(O, 12.0 wt%) indicates the repassivation of cp Ti to form the titanium oxide film on its surface.

The track profiles of CaP bioactive film coated dnd untreated Tiafter continuous
unidirectional sliding tests &, of 500 MmN are shown in Figure-&6. The track depth and track
width of both samples are difficult to well identified, due to the higher roughness of CaP bioactive
film coated Tiand the tiny material loss of untreated Ai F, of 500mN, the low material loss in
this study reveals that both CaP bioactive coateghdliuntreated Tare good chae for biomedical
implant application irthe mild loading applied partBut CaP bioactive film coated Ti is the better
one as it can be regardtag source of Ca and P ions for the formation of HA.
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Figure 6-15 SEM images (a, b) and EDS analysis inside the tracks (c, d) of CaP bioactive film
coated Ti (a, c) and untreated Ti (b, d) after continuous unidirectional sliding tEgtsf &00mN.

Figure 6-16 Profiles of CaP bioactive film coated Ti (a) amutreated Ti (b) after continuous
unidirectional sliding tests &, of 500mN.
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6.8 Conclusions

Surface modification of cp Ti with electrochemical deposition of CaP bioactive film is a good
method to improve its bioactivityAn optimized deposition condition walectedas-1.8 V vs
Ag/AgCI for 30 minin this study. This film is mainly in the forrof brushite (CaHP@H ,0)
characterized by XRD. The surface roughness and microhardness of CaP bioactive film are different
from the values of cp Ti substrate.

The OCP evolution curves before sliding under static condition, during sliding under
mechanicaloaded condition aff, of 500mN and after sliding under static condition, for both CaP
bioactive film coated iTand untreated Tichangesignificantlyin the whole test period. The decrease
of Eo,c at the moment when sliding motion starts is due to the destruction of passive film on the
surface of cp Ti substrate. While the increas&gfat the moment when sliding motion stops is due
to the repassivation of passive film. Results of EIS and potimamic polarization measurements
show that the corrosion resistance of untreated Ti enhances with immersionctiease Theiprepass
value for untreated Ti decreases and jtgalue incrases at immersion time of 24cbmparing with
the values meased at immersion time of 3. lFor CaP bioactive film coated Ti, the same tendency
occurs to itsrp value, but thépepassvalue just slightly increases at immersion time of 24 h. The
dissolution of CaP bioactive film is thought to change the Iptalalue and further induce the
increase Ofprepass

Under mechanical loaded condition, the impedance vajueisboth CaP bioactive film coated
Ti and untreated Tdecrease significantly due the dissolution and removal @aP bioactive
film/passive film on @P bioactive film coated &nd the removal of passive film on cp Aithough
the value ofE, during sliding decreases more for the fornsample, its higher, value combined
with the relative lower friction coefficient ithe rotation number range froB500 cycles to 5000
cyclesindicates the improved corrosiavear performance of cp Ti with surface modification of CaP
bioactive film.

When mechanicadolicitation stops, the higher impedance valyef CaP bioactive film coated

Ti than that of untreated Tindicates that surface modification with CaP bioactive film can become
an attractive method to promote the application of cp Ti as biomedical implants.
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Chapter 7: Effect of CaP/TiO, bioceramicfilm on
corrosion and tribocorrosion behavior of cp Ti
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7.1 Introduction

From Chapter 6, the dissolution of CaP bioactive film (in the form of brusletd PQ2H ,0)
and high friction coefficient limits this material as an excellent surface modification of cp Ti. In
order to improve the wear resistance and keep a long terratibeaffect on cp Ti, CaP bioactive
film coated Ti was furthesintered at 650 € for 6 hLonger sintering time as 48 ds mentioned in
Chapter Ss not suggestedincethe aim of this step is mainly to change the property of CaP film
rather than cp TsubstrateA composite of CaHi0, bioceramidilm wasthenobtainedin the forms
of whitlockite (Ca(PQy),), rutile (TiO,) as well as a few CakiOsg at the interface of Gabioactive
film and cp Ti substratdy the characterizeon of XRD. Surfacemorphology/chemical compi®n
and topography were characterized3#yM coupled withEDSand optical profilometry. fie effect &
CaFTiO, bioceramicfilm on the corrosion behavior of cp Was studiesby electrochemical
measuremds like OCP,EIS and potatiodynamic polarizatiorunder static conditionn the PBS
solution. The tribocorrosion behavior GAP bioactive filmcoatd Ti before and after sinteringas
investigated under mechanical loaded ctadiby using a piron-disctribometerat F,, of 500mN to
prevent the strong destruction of cp Ti substr&esults show that agsificant improvement in
corrosionand tribocorrosiomesistance was detected for iaRTiO, bioceramidilm coatedTi than
CaP bioactive filncoatd Ti Moreovermaterial lossof the CaRTiO, bioceramicfilm coaed Ti was
significantly decreaskdue to the low dissolution rate and the high hardness of the bioceramic film
Moreover, thermal oxidized Ti prepared6®i0 € for 6 h without any CaP bioactive film (TO Téh)
was also studied as a supplementary reference in this study. Although TO Ti_6h owns better
corrosion and tribocorrosion resiste (similar to that value in Chaptertian CalPTiO, bioceramic
film coatedTi, it is still inferior to CalPTiO, biocerame film coatedTi due toits mismatch in
mechanical property with natural bone and its poor bioactivity.

7.2 Experimental details

The CaP bioactive film coated Ti samples, prepared by an electrodeposition meth8dvats
Ag/AgCI for 30 min as mentioned in Chapter 6, were further sintered in a furn&é@ &tfor 6 h,
following by a slow cooling rate to the room temperature in the furnace itself to obtain the GaP/TiO
bioceramic film coated Ti sampleSptical profilometry was sed to measure éhsurface topography
and the average roughness vaves FDOFXODWHG RQ VTXDUH UHJLRQV ZLW]

P Vickers microhardness test wasrformed with a test force of 200 gf and full load period of 15 s.
The phase constituenCaP/TiQ bioceramic film coated Twasdetermined by XRD using@uK
A) radiation sourcever a scan rangigom 20°to 80°at a scan rate of 0.02fs.Surface

morphology and chemical composition of the film were observesHiy coupled witlEDS.

Electrochemical and tribocorrosion measurements were performed ainGQkhidirectional
pin-ondisc tribometercombined witha threeelectrode ell in a PBSsoluion at room temperature

(22 £ 1 °C). Before sliding, orrosion behavior ofCaP/TiQ bioceramic film coated Twas
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characterized by electrochemical measurements, such GGP evolution within 3 h, the
potentiodynamic polarization curgdrom-1 V to 3 Vvs. Ag/AgCI at a scan rate ofhV/sas well as

EIS measurementgith a sinusoidal potential variation 8f10mV to OCPat frequencies from 10 kHz
down t03.98 mHz at immersion time of 3.hTribocorrosion experiments were performedder
continuous mechanical loaded conditiorFgabf 500mN, with a rotation rate of 100 rpard a total
rotation number of 1000 cycles. During continuous unidirectional sliding t€st,Pevolution was
recorded following with EIS measurement at frequenic@s 10 kHz down t89.8 mHz. Friction
coefficient was recorded in the whole sliding pdriAfter sliding, OCP evolution was performed for

3 h, and EIS measurement was carried out at frequencieslfddtiiz down td3.98 mHz as that
before sliding. The surface morphology and chemical composition inside the track area were
characterized by SEMoupled with EDS. The topography after tribocorrosion test was observed by
optical profilometry.

In this chapterpoth CaP bioactive film coated Ti before sintering and TO Ti{pshpared at
650 € for 6 h without any CaP bioactive fillnwereused as the reference matesiddroughout the
experiment.All experiments were repeated at least twice to ensure the reproducibility and the
representative mean values were figured out in this work.

7.3 Surface characterization

The surface topographie$ CaP/TiQ bioceramic film coated TiCaP bioactive film coated Ti
and TO Ti_6h areshown in Figure 4L. Comparing with CaP bioactive film coated Ti, the
volcanaclike topographykeeps on the surface of CaP/%ikloceramic film coated Tindicatingthat
the sintering condition ab50 € for 6 h takes no collapse of CaP bioactilen. The average
roughness value of CaP/Ti®ioceramic film coated Ti increases from 2.0h to 2.37 m and the
microhardness valugncreasesrom 122 HVy, to 177 HV (see Figure -2), revealing that the
sintering process slightly changes the surface topography of CaP bioactive film coated Ti and the
higher wear resistance of CaP/}iloceramic film coated Ti occurs due to the formation of harder
titanium oxides.As supplementaryreference, TO Ti_6h exhibits a rather smooth surface with an
average roughness value of 0.39 (the same as that of untreated Ti, seen in Figtkg &nd it
owns a harder surface with the microhardness value of 39%.HV
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Figure 7-1 Profiles of CaP/Ti@bioceramic film coated Ti (a), CaP bioactive film coated Ti (b) and
TO Ti_6h(c).
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Figure 7-2 Microhardness and surface roughnes€a®/TiQ bioceramic film coated TiCaP
bioactivefilm coated Ti and’O Ti_6h

Figure 7-3 shows theXRD patterns ofCaP/TiQ bioceramic film coated TiCaP bioactive film
coatedTi andTO Ti_6hsamplesTo avoid the influence of the strongest peak (}108brushite and
get more details around diffraction peak value df, 40scan range from 2@ 80 was used in this
study. As illustrated in Chapter @ypical brushite (CaHP2H ,0, ICDD card N0.00-011-0293)
peaks were clearly identified in the pattefrCaP bioactive film coated TThe renaining small peaks
of cp Ti (ICDD card No.00-005-0682)indicate that the CK . radiation could penetrate through CaP
bioactive film to the cp Ti substrat@ypical rutile (TiO,, ICDD card No0.01-089-4920) peaks were
identified in the pattern ofO Ti_6h sampleand the presense of oxygdiffused Ti (TiO)[144] as
well as Ti indicated that the penetration of Kuradiation to the cp Ti substrat€omparing with
CaP bioactive film coated Bnd TO Ti_6h all peaks of brushite disappear and typical(E@).
(ICDD card No0.00-009-0169), rutile exhibiting lower intensity than TO Ti_6hand CaTiiOss
(ICDD card N0.00-042-1368) peaks arelentified in the pattern of CaP/Ti®ioceramic film coated
Ti. From XRD patterns, it is carluded thasintering process &50 € for 6 h makes the major phase
transfer fromCaHPQ2H ,0 to Cg(POy).. Meanwhile, thermal oxidation of cp Ti results tine
produa of rutile of the substrateith different composition from that of TO Ti_6h prepare®%0
€ for 6 h without any Cahbioactivefilm. And at the interface of CaP bioaet film and cp Ti, the
appearance of CalDss shows the element shifir replacemenat high temperature. The same
observation was found by Wei et §l93] in the preparation of calcium titanate/titania bioceramic
composite coatings on titanium allodnother calcium titanate (CaTgPwas commonly produced

[194] by the interaction between titanium and hydroxyapatite (HAxE6x)s(OH),). But in this
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study, no peak from CaTilvas observed.

Figure 7-3 XRD patternsof CaP/TiQ bioceramic film coate Ti (green line), CR bioacive film
coated Ti (red line)TO Ti_6h(blue line) and untreated Ti (black line).

Surfacemorphologyand chemical compositioaf CaRTiO, bioceramic film coated TiCaP
bioactive film coated TandTO Ti_6h were characterized ByEM coupled withEDS analysisas
seen in Figur&-4. Theflower-like morphology of CaP bioactive film on cp Ti keeps after sinteging
650 € for 6 h. Chemical compositions d€aRTiO, bioceramic filmcoated Tj CaP boactive film
coated TandTO Ti_6hare noted as followsi)(O =40.8 wt%,P =20.2wt%, Ca=5%.1wt% and Ti =
13.9 wt% for CaHTiO, bioceramic film coated Tisee Figure -Ad); (i) O = 521 wt%, P = 17.0m%,
Ca = 20.3 wt%and Ti = 106 wt% for CaP bioactivdilm coated Ti (see Figure-Ze); (iii) O =33.6 wt%
andTi = 66.4 wt% for TO Ti_6h (see Figure-Zf). Comparing with CaP bioactive film coated Tiet
decrease of oxygeoontent inCaHTiO, bioceramicfilm indicates that the elimination of crystal
water ofCaHPQ2H ,0 at high temperature, even the formation of Jo@fisets somewhat of oxygen
decreaseThe atomic ratiocvalue of Ca/Pfor CaPTiO, bioceramic filmcoated filmis 0.9, whichis
similar as hat value (0.92) for CaP bioactive film coated Ti. As identified by XRD pattern, the
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existence of CaThiOsg can enhance the content of Ca in CaP{M{@ceramic film, but the atomic
ratio value of Ca/P is still lower than 1.5 the standard molar ratio whlGas(POy),. This might be
explained by the existence aforphougphosphates thatannot be characterized by XRD.

Figure 7-4 SEM images and EDS analysis of CaP/Alldidceramic film coated Ti (a, d), CaP
bioactive film coated Ti (b, €) and TO Bh(c, f).

7.4 Corrosion behavior of CaP/TiO, bioceramic film coated Ti under
static condition before sliding

Figure 75 shows theOCP evolutioncurves of CaP/Ti@ bioceramic film coated TiCaP
bioactive film coated Ti and TO Ti_6h the PBS solution-or CaP bioactive film coatedi, the Eqc
valueraisesup quickly from-0.28V to-0.18V vs. Ag/AgClafter immersiorfor 1200 sin the PBS
solution, following with a smooth potential increase@d.4 Vvs. Ag/AgClat the end of immersion
time. For TO Ti_6h,E, value also raises up from a higher initial starting valu® @ Vto -0.03 V
vs. Ag/AgCI at the end of immersion time (3 h under static condit@n)the ontrary the E.value
of CaP/TiQ bioceramic film coated Ti goedown from 0.03 V t0-0.04 V vs. Ag/AgCI after
immersionfor 20 minin the PBS solution. Then an insignificant potential difference ah¥Owas
found until the end of immersion time of 3 h in this study. The decreasg dfifing the first 20 min
might be resulted from the penetoat of electrolyte through GEPO,),/CaThki035 bioceramic film,
which are more hydrophilic than Ti@assive filmor cp TisubstrateWhen electrolyte reaches the
interface between the substrate and the film, passivation occurs on cp Ti substrate, which leads to a
slight increase oOE,.. The more noble OCP value of &aiO, bioceramic film coated Tieveals its
improved corrosion red@nce tharCaP bioactive film coated Thefore sintering.
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Figure 7-5 OCP evolution of CaP/Tigbioceramidilm coated Ti (green line), Gabioactive film
coated Ti (red line), TO Toh(blue line)in the PBS solution.

The potentiodynamic polarization es of CaP/Ti@bioceramic film coated TiCaP bioactive
film coated Ti and TO Ti_6measured in the potential range freinV to 3 Vvs. Ag/AgCl after
immersionfor 3 hin the PBS solution are shown in Figuré.7The values of corrosion potential
(Ecorr), specific current density at body potential of 0.4v&/ Ag/AgCI (inp) and specific current
density at passive potential of 1W. Ag/AgCI (ipasy are summarized in Table-IZ The Ecor Of
CaP/TiQ bioceramic film coated Ti is more noble than that oP®&active film coated Thut much
less than that of TO Ti_6lits corresponding current density&t,, and even up to 0 V ide highest
among these three sampldsom Figure 6, no prepassive domain could be identified for the
CaP/TiQ bioceramic fim coated Tiand TO Ti_6hdue to the formation of more resistant GaDig
and TiQ layers on cp Ti substrasdter sintering at 658C for 6 h for theformer and the formation of
TiO, and Oxygerdiffused TiQ layers on cp Ti sulate after thermadxidationat 650°C for 6 h for
thelater

Not like the quickcurrent densityncrease for CaP bioactive film coated Ti in the prepassive
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domain, the current density keeps stable in the whole passive domairOi@2ZnV to ~ 1 Vvs.
Ag/AgCI for CaP/TiQ bioceramic film coated Ti and from 0.2 V to 1.7 V vs. Ag/AgCl for TO Ti_6h
It should be noticed that for TO Ti_6h, current density increases significantly at 1.7 V vs. Ag/AgCl
and then keeps more or less stable after 2V vs. Ag/AgCl, revealing the dissalutioepassivation
of titanium oxidedn sucha high potential rangegComparing with CaP bioactive film coated Thet
difference of one order of magnitude in current densitieg, @hdi,assfor CaP/TiQ bioceramic film
coated Tishowsits better corrgion resistancen this potential rangeBut afterl V vs. Ag/AgCl the
current density increases significantly and even exceeds the value of CaP bioactivet&iinTcaa
the potential range fron2.5 V to 3 Vvs. Ag/AgCl This might beresulted from thelocal
concentrationncreaseof the ions, due tahe chemical transformation of @&0,), to CaHPQ or
Ca(H.PQy); as the following reactions:

The anodic reaction at high potential (referred to the Pourbaix diagram of titanium/water system
in Figure 28 [111)):

2H,0 : O, +4H+4€ (7-1)
Thechemical transformationsetween calcium phosphate salts

Cag(PO.), + 2H* : 2CaHPO, + Ca?* (7-2a) or

Cag(POu), + 4H* : Ca(H,PO,), + 2C&* (7-2b)
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Figure 7-6 Potentiodynamic polarization curve G&P/TiQ bioceramidilm coated Ti (green line),
CaP bioacive film coated Ti (red lineandTO Ti_6h(blue line)from -1 V to 3 V vs. Ag/AgCl at a
scan rate of inV/smeasured at immersion time of 3 h under stadindition in the PBS solution.

Table 7-1 Electrochemical data obtained from potentiodynamic polarization tests measured at
immersion time of 3 h.

*ipp: Specific current density at body potential of 0.43/Ag/AgCI.
*ipass Specific current density at passive potential of isVAg/AgCI.
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The Nyquist plots foCaP/TiQ bioceramic film coated TiCaP bioactive film coated Ti ariD
Ti_6h, measured at immersion time of 3 h in the PBS solution under statditionbefore slidng,
are shown in Figure-7a. The CaP bioactive film coated Ti exhibits only a single semicircle in the
entire frequency range, which corresponds to the equivalent codtBR{CPE|R,) with one time
constat as illustrated in Figuré-8a(the same as Figure3d), whereRs is the solution resistance and
R, is the polarization resistance of CaP bioactive film coated Ti due to the barrier property of passive
film. TO Ti_6h exhibits an irregular arc that can be divided into $smicircles This can be
illustrated by the equivalent circuit in Figure8b with two time constants (the same as Figuéd),
whereR,uter and Rinner cOrrespond to the resistance of the outer porous rutile layer and the resistance
of the inner compactxygendiffused layer [4, 189], respectivelgut CaP/TiQ bioceramic film
coated Tiexhibits a more complicatedtegular arc that can be divided into three semicircles: one in
thehigh frequency range, one in the medifmequencyrange and a third in tHew frequency range.
Such three semicircles can be illustrated by the equivalent circuit in FigBce Where Rim
correspondto the resistance of the outer poroug(B&x), layer, Ryxiqe iS the resistance of the inner
compact CathOss and TiQ layers and R is the charge transfer resistance due to the
chemical/electrochemical reaction om Ti substrate, respectively.

As illustrated before, the use of CPE rather than a pure capacitance can be expressed by Eq.
3-10 in Chapter 3. The wedgreemenbeween the theoretical and the experimental data can be seen
by the fitting results plotted in Figure-77 for all these three sample§he parameters of the
equivalent circuits are shown in Table27Comparing withR;, the sum oRsim (930 ) and Roxige
(1530 ) is negligible that the total polarization resistaRgéor CaP/TiQ bioceramic film coated Ti
is equal to the value &%y as 2.43x 10’ . And for TO Ti_6h, the total polarization resistariRgs
the sum oRyuer aNdRinner-

Figure 7#7b and 77c show the Bode plots fo€aP/TiQ bioceramic film coated TiCaP
bioactive film coated Ti and TO Ti_6h after immersion for 3 h in the PBS solution. From the Bode
impedance plots, it is clearly observed that at the lowest frequenc®®i8z in this study, the
resistance value of TO Ti_6h is the highest in the study, and the resistance value of CaP bioactive
film coated Ti is also higher than that@&P/TiQ bioceramic film coated TiBut combined with the
Bode phase angle plots, a paalecrease occurs for both TO Ti_6h and CaP bioactive film cbated
In contrast, a continuous increased tendency of Bode phase an@@aRériQ bioceramic film
coated Tindicates that higher resistance value will reach if the test frequency coaldgeto 0 Hz.

The fitting results in Table-2 give the simulatedalues of both samples. And thgvalue of 6.2 x
10’ -cn? for CaRTiIO, bioceramic film coated Tis about 4 times of thg, value of 1.65x 10’

.cn¥ for CaP bioactive film coated &ind more than 4 times of thevalue of 1.46x10" -cn? for
TO Ti_6h This phenomenorshows thebarrier property of CaP bioactive film farther enhanced
after sintering at 650C for 6 h by forming a CB/TiO, bioceramicfilm on cp Tj which is also
higher than the TO Ti_6h prepared at 660or 6 h without any CaP bioactive film
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Figure 7-7 Nyquist plot (a), Bode plots (b and c) for CaP/Ffbceramic film coated Ti (green
square), CaP bioactive film coated Ti (red square)JTiT®h (blue square) measured at immersion
time of 3 h before sliding tests in the PBS solution.

146



Chapter 7

Figure 7-8 Equivalent circuit foiCaP bioactive film coated Ti (a) with one time constant, TO Ti_6h
(b) with two time constastsand CaP/Ti@bioceramic film coated Ti (c) with three tingenstants in
the PBS solution.

Table 7-2 Parameters of the equivalent circuit for CaP4l@ceramic film coated Ti, CaP bioactive
film coated Ti and TO Ti6hbefore sliding tests.

*Ry = Riim + Roxige + Rt [= Ret if (Riiim + Roxigd << R for CaP/TiQ bioceramic film coated Ti under static condition.
*Ry = Router + Rinner fOr TO Ti_6hunder static condition.

7.5 Tribocorrosion behavior of CaP/TiO, bioceramic film coated Ti
during and after continuous unidirectional sliding test

After immersion for 3 h in the PBS solution, tribocorrosion test of/T&R bioceramic film
coated Tiwas performed by imposing the continuous unidirectional slidirkg, af 500 mN with a
rotation rate of 100 rpm. The tribocorrosion behavior of CaP bioactive film coatedthiout

sintering treatmenand tribocorrosion behavior of TO Ti_6h wealso evaluatedas the references
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The OCP evolutiogurves andriction coefficientcurves ofall threesamples dring sliding are shown
in Figure 79.

For CaP bioactive filmcoatedTi, with the onset of sliding, a sudden diageursfrom -0.14 V to
-0.51 Vvs. Ag/AgCl the cathodic shift oE,c in the negative direction reveals the changsusface
state from passive to active inside the sliding track area of CaP bioactive film coated Ti. Meanwhile,
the friction coefficient of CaP bioactive film coated Ti during sliding keeps a high value as 0.6 due to
the continuous destruction of CaP bibae film and/or the thin passive oxide film on cp Ti substrate.
For C&/TiO, bioceramic film coated Tionly a slightE,. decrease of afut 0.03 Voccurs when
sliding motion starts within the first 5 min. The corresponding friction coefficient during this period
decreases quickly from 0.55 to 0.35, revealing the destruction of the ou{@®Ogalayer by the
sliding of the harder counter body (Z)OAfter that, a stabl&,. with a continuouslightincrease in
the noble directiorwas observed with almost the safg value as that of TO Ti_6h. Evdawer
friction coefficient of about 0.8r CaP/TiQ bioceramic film coated Téan be detectedntil the end
of sliding motion it is still higher than that of TO Ti_6h (about 0.Zhis reveals the effects of initial
roughness and hardness on friction coefficient evolution during continuous slidinghess. results
show the CaHiO, bioceramic film cated Tiafter sintering at 650C for 6 h in the furnace has
significantly improved corrosion and friction characteristiosler mechanical loaded conditionFat
of 500mN.

Figure 7-9 OCP evolution (a) and friction coefficient (b) G&P/TiQ bioceramidilm coated Ti
(green line), CR bioacive film coated Ti (red lineandTO Ti_6h(blue line)during continuous
unidirectional sliding tests performedratof 500mN.

The Nyquist plots for CalFiO, bioceramic film coated TiCaP bioactive film coated Ti and TO
Ti_6h during continuous unidirectional sliding B of 500 mN in the PBS solutiorare shown in
Figure #10a. There is ndoubt thatthe Nyquist plot for CaP bioactive film coateddtiring sliding
teststill exhibits oy one single semicircle in the entire frequency range and its equivalent circuit is

the same adlustrated in Figure -Ba. The Nyquist plog for TO Ti_6h andCaHTiO, bioceramic film
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coated Tistill have the similar comportmest as thosebefore sliding ad the corresponding
equivalent circug arethe same as illustrated in Figure8id and 7#8c. It should be noticed that in the
Bode impedance plots, the resistances during sliding tests at lowest frequency of 39.8 alHz for
three sampleare smaller thathose values measured at the same frequencies before sliding. This
decreasgphenomenortan be further proved by the fitting resulédso plotted in Figure-10) with

the equivalent in Figure-8, as seen in Table3d.

Figure 7-10 Nyquist plos (a), Bodempedanceplots (b)and Bode phase angle plots @) CaP/TiQ
bioceramic fim coated Ti (green square), Ehioactive film coated Ti (red square), TO @ (blue
squareduring continuous unidirectional sliding tests performel,atf 500mN.
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Table 7-3 Parameters of the equivalent circuit for CaP4li@ceramic film coated Ti, CaP bioactive
film coated Ti and TO Ti6hduring sliding tests &, of 500mN.

*R, = Rim + Roxide + Ret for CaP/TiQ bioceramic film coated Ti under mechanical loaded condition.
*Ry = Router + Rinner for TO Ti_6hunder mechanical loaded condition.

It is clearly observed that th®, valuedecreasedremendously from B1 x 10° measured
before sliding to 960 measured during continuous unidirectional sliding test,atf 500mN for
CaP bioactive filmcoaed Ti.And only smallR, decrease was observed from3ix 10°  to 287 x
10°  for TO Ti_6h.For CalTiO, bioceramic film coated Tihe R value decreases fron39  to
830 , andRyxig¢e Value decreases from 1530to 1480 . These tiny changes can be ignored when
comparing with the difference d®; measured before and during sliding. From Tablg theR,
value of 9.60x10° for CaFRTiO, bioceramic film coated Twas obtained by the sum Bfim, Roxide
andR. It is smaller than th&, value of 2.43 107 measured under static condition before sliding
test. As illustrated in Chapter 3, with the guidance of tribocorrosion protocol for surface modified Ti,
the specific polarization resistancg,is obtained directly by the multiplication & with the total
exposed ared in this study (see Eq-20).

The decrease of, from 1.65 x10” -cn? to 3.17 x10* -cn¥ for CaP bioactive filmcoaed Ti
from 1.46 x10’ -cmfto 101 x10’ -cn for TO Ti_6h androm 632 x10° -cn’to 2.50 x10°
.c? for CaP/TiO-, bioceramicfilm coaed Tiindicate that during sliding tests, the destruction of
film and disturbance of measured electrolyte by sliding motion of counter body) (&&aken the
barrier properties of the previous films on cp Ti and then promote theneatod chemical ions to
the surface of cp Ti substrate.

Figure 711 shows the OCP evolution curves of CaPjTibceramic film coated TiCaP
bioactive film coated Ti and TO Ti_6dfter sliding testsOnce thecontinuous unidirectional sliding
motion stopstheE,. value ofCaP bioactive film coated Ti exhibits a strong anodic shift ff0ré V
to -0.2 V vs. Ag/AgCl indicating theoccurrenceof repassivation of the active surface inside the
sliding track.For TO Ti_6h, théE, increases continuously in the noble direction fré®4 V to 0.1
V vs. Ag/AgCI, indicating its high corrosion resistant property in the PBS solution. féind
CaP/TiQ bioceramic film coated Ti, th&,. value with a continuous tiny increase in the noble
direction from-0.02 V to 0.02 Ws. Ag/AgCl is presented as the similar evolutimiore andeven

during sliding test. Thisnight be attributed to the continuous growth of the thin passive oxide film
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on cp Ti substrate.

Figure 7-11 OCP evolution ofcaP/TO, bioceramidilm coated Ti (green line), Gabioacive film
coated Ti (red lineandTO Ti_6h(blue line)after continuous unidirectional sliding tests.

The EIS plots for CaFiO, bioceramic film coated TiCaP bioactive film coated Ti and TO
Ti_6h after sliding testgor about 3 h immersiom the PBS solutiomre shown in Figure-I2. The
Nyquist plot for CaP bioactive film coated Ti still has only one single semicircle. An irregular arc
that can be divided inttwo semicircles for TO Ti_6h and aome complicated irregular arc that can
be divided intahree semicircles for CAHO, bioceramic film coated Tare still observedThe same
equivalent circuits in Figure-8 are used to fit the experimental data at@mtinuousunidirectional
sliding tess. The fitting results are also plotted in Figur&2/and the parameters of the equivalent
circuits are shown in Table4.
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Figure 7-12 Nyquist plos (a), Bodempedanceplots (b)and Bode phase angle plots @) CaP/TiQ
bioceramic film coated Tigreen square), @abioactive film coated Ti (red square), TO @ (blue
square) after continuswnidirectional sliding tests.
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Table 7-4 Parameters of the equivalent circuit for CaP4lii@ceramic film coated Ti, CaP bioaati
film coated Ti and TO Ti6hafter sliding tests

*Ry = Riim + Roxige + Rt [= Rt if (Riiim + Roxigd << R for CaP/TiQ bioceramic film coated Ti under static condition.
*Ry = Router + Rinner for TO Ti_6hunder static condition.

Whensliding stops, repassivation occurs in the track are@aP bioactivdilm coatedTi and it
makes the, value increases frof8.17 x 10* -cn¥ to 5.79 x10° -cn. But for TO Ti_6h and
CaP/TiQ bioceramic film coated Ti, both the TiGlm and the CaP/Ti@bioceramic filmexhibit
excellent wear resistant properties that can protect cp Ti substrate from the severe destruction by the
sliding motion of counter body (Ze So ther, value for TO Ti_6h has no significant difference as
1.13 x 10" -cm? under restatic condition or ad.01 x 10’ -cn? under mechanical loaded
condition. The same evolution also occurs @aP/TiQ bioceramic film coated Ti with &, value
change a8.10x10’ -cn? under restatic condition an@.50x10’ -cm? under mechanicabaded
condition.

7.6 Characterization of the wear track on CaP/TiO, bioceramic film
coatedTi after continuous unidirectional sliding test

Surface morphologies @aP/TiQ bioceramic film coated TiCaP bioactive film coated Ti and
TO Ti_6hafter continuous unidirectional sliding B of 500mN were obtained by SEM, as shown
in Figure #13ac. The EDS analysis selts inside the tracks for all thremmples (as the local
magnifications in the SEM images) are presented in FigligH, resgectively.

For CaP bioactive im modified Ti, the majorcCaHPQ2H ,0 film has disappeared and only the
film prints, where preferential growth of calcium phosphate took place in electrochemical deposition
process, are clearly observed outside the track ateackéwidth of 0. mmis obtained after 1000
cycles of slidig. The track area consists of the removal of CaP bioactive film and the destruction of
the thin passive film on cp Ti substra@hemical composition analysiesuls asphosphorugP, 08
wt%) and calcium (Ca, @.wt%) indicatethata small amount of CaBioactive filmtill stayson the
surface of cp Teven aftethe continuous removalf 10 000 cycles

For CaP/TiQ bioceramic film coated Tiexcept for the film removal inside the track area, the
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major film still stays on the surface of cp Ti substr&een inside the track aredyet remaining
contents of P (4.Wt%) and Ca (2.8vt%) arestill higher than those of the CaP bioactive film coated
Ti. This confirms that the film destruction for CaP/Zikoceramic film coated Ti is less after @00
cycles of sliding. Allremaining filns inside and outside the trapkovide excellent corrosioand
wear resistancduring sliding test, resulting of a higher specific polarizatign/alue and a lower
friction coefficient value as illustrated in Sext 7-5.

For TO Ti_6h, the wear track is so small that only a tiny track width of 0.15 mm is observed
after 10000 cycles of sliding. But no surface destruction can be detected in the wear track. Chemical
composition inside the wear track measuredEIDS analysis is listed as O 33.9 wt% and Ti B6.
wt%, which is almost the same as the initial chemical composition as shown in Fidguréhése
results indicate that under mechanical loaded conditiofR, atf 500 mN, TO Ti_6h exhibits the
highest wear resigta property among these three samples.

Figure 7-13 SEM imagesind EDS aalysis inside the traclkef CaP/TiQ bioceramic film coated Ti
(a, d), CaP bioactive film coated Ti (b, e) and TO6F(c, f) after continuous unidirectional sliding
tests aF, of 500mN in the PBS solution.

The track profiles o€aP/TiQ bioceramic film coated TiCaP bioactive film coated Ti and TO
Ti_6h aftercontinuous unidirectional sliding testsFgtof 500mN are shown in Figure-I4. Due to
the dissolution of CaHP2H ,0 film on CaP bioactive film coated Ti, the undetected material loss
on TO Ti_6hand the high rougtessof Ca(POy), layer on CaP/TiQ bioceramic film coated Tithe
track depth and track width of all three samples are difficulidentified. It seems thathe track
width of CaMTiO, bioceramic film coated Ti ishe largest onebut it should be noticed thall
material loss on CaP/Tidilm coated Ti G R H NoRdbWain the loss of cp Ti substrate. In this case,
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it is very hard to compare the materiadddorthese thresamples.

Besides the film dissolutioaf CaP bioactive filnduring immersion in the PBS solution, there
is no doubt that thenaterial losdor these three samplés relatively lowundermechanicaloaded
conditionat F, of 500 mN in this study, revealing thaaP/TiQ bioceramic film coated TiCaP
bioactive coated Ti and TO Ti_&dre all good choice for biomedicalimplant applicationsin the
mild loading applied partddowever, considering the lortgrm bioactivity, CaP/TiQ bioceramic
film coated Ti is regarded as the bese among these three samples.

Figure 7-14 Profiles of CaP/Ti@bioceramic film coated Ti (a), CaP bioactive film coated Ti (b) and
TO Ti_6h(c) after continuous unidirectional sliding test&abf 500mN in the PBS solution.

7.7 Conclusions

Surface modification of cp Ti with electrochemical deposition of CaP bioactive film and then
sinteringat 650 € for 6 hto get a composite of CARO, bioceramicfilm is a good method to
improve its wear resistance caprovide a longerm bioactivity. The CaP/TiObioceramic film is
mainly in the forms of C4PQOy),, TiO, and CaTi;O3g characterized by XRD. The surface roughness
of CaP/TiQ bioceramic film coated Ti increases slightly from increases to 21 8When comgring
with that of CaP bioactive film coated Ti as 2.0t. The microhardness is enhanced17HV by
the formation of hardelCaTi103¢/TiO, layers after the sintering treatmeiiut still less than the
microhardness value of TO Ti_6h (about 395 HVprepared a650 € for 6 h without any CaP
bioactive film Surface morphology/chemical compiien of CaP/TiQ bioceramic film coated Ti
remains like the CaP bioactive film coated Ti with the sflower-like structure and the similar
atomic ratiovalueof Ca/P

Potentiodynamic polarization measurement results show thaEghef CaP/TiQ bioceramic
film coated Ti is more noble than that of CaP bioactive film coated Ti but still less noble than that of
TO Ti_6h. From the potential polarization curviéseems like TO Ti_6h exhibits the most excellent
corrosion resistant property in the whole test potential range-ftorito 3 V vs. Ag/AgCl. However,
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the effect of CaP film change on current density cannot be igmnedg the test potential range.
The lower current densities of,, and ipass (@boutone order of magnitude less than those of CaP
bioactive film coated TJiindicatethe better corrosion resistance of CaP4l@cerame film coated

Ti in this study

The OCP evolution curves before sliding under static condition, during sliding under
mechanical loaded condition Bt of 500 mN and after sliding under +static condition for CaP
bioactive film coated Ti significantly change in the whole test periodasity at the moment when
sliding starts or sliding stops. But those curves for/Ti&R bioceramidilm coated Tiand TO Ti_6h
have relativeslight change in the noble direction in the whole test period, revealing that no
destruction occurs on cp Ti suize under the proteom of CaP/TiQ bioceramidilm and TiQ film.
Theexcellent corrosion resistance can be further confirmed by the specific polarization resistance, r
value measured during sliding testFat of 500 mN. Unlike the big changem r, value of CaP
bioactive film coated Ti before, during and after sliding test, no depassivation/repassivation occurs
on CaP/TiQ bioceramidilm coated Ti andlO Ti_6h. Ther r, valueskeep relative stabl@lways in
the same order of magnitude¥ -cn) in the whole test period.

Under mechanical loaded condition, the lower friction coeffisidior CalPTiO, bioceramic
film coated Ti and TO Ti_6h in this study indicale improved wear resistance of cp Ti with surface
modification of CaP/Ti@ bioceramic filmand TiQ film. The remaining film inside and outside the
track area of CaP/TiObioceramic film coated Ti after sliding tealtso proofsits excellent wear
resistant propertyCombining with its longerm bioactivity, CaFiO, bioceramidilm coated Ti is
considered to be the best choioebiomedicalimplantapplicationin the mild loading applied parts

156



Chapter 8: Culture of NiH/3T3 fibroblast cells on cp
Ti

157



Chapter 8

8.1 Introduction

Titanium and itsalloys have been widely uséa biomedical applications such dental and
orthopedic implants, due to their good mechanical properties, excellent corrosion resistance and
adequatédiocompatibility To investigate the biocompatible propeaf commercially pure titanium
(cp Ti), NiH/3T3 fibroblast cells are cultured on its surface. This short study is aim to carry out a
standard culture procedure and the primary experimental results are discussed.

8.2Materials andcell culture procedure

8.2.1 Material

Commercially pure titanium (cp ;Tgrade 2) (Goodfetiw Cambridge Limited, UK)gecimers
were cut into square shape afr x2 cm x 0.2 cm, with a working surface area of 4 &ithe samples
were polished with SiC emery papemtil #1200 andollowed by an ultrasonic cleaning in acetone
ard then in ethanol for each 5 min

NiH/3T3 fibroblastcells (NiH/3T3, ATCC® &5/ E ZHUH REWDLQHG IURP $F
Culture Collection ATCC). Culture medim of Dulbecco's Modified Eagle's Medium (DMBEM
antibiotics(penicillin-streptomycin, PSXetal bovine serunfFBS) andtrypsinwere purchasettom
Life TechnologiegCarlsbadUSA); plastic ware and pipettes from TPP (Trasadingen, Switzerland).

8.2.2Cell culture

To investigate the behavior of cellghferation on cp Ti surface, thenodified fibroblast cells
NiH/3T3 with green fluorescence protein (BFvere seededt a density of & 10° cells/cnf on either
tissue culture polystyrene (TCP&) controlbor cp Ti surfaces and culturégd DMEM with 10%FBS
and 1% PS They were maintained intatal humidified5% CQ incubatorat 37C. The enzymatic
digestion withtrypsin was used to harvest the cells. The cells were counted kismgcytometer
under an optical microscogeisy. In this study, three sapfes are tested meanwhile for each analysis
at the culture time of day 2 days 3 daysand 7 days
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Figure 8-1 Tissue culture test plate with surface area of 8.96farreach well used in this study.

Culture procedure of NiH/3T3 cells

Details of cell count are illustrated as following:
(A) Forcp Ti:

1.0.5mL typsinis used to actiatethe cell andhen ejectedjuickly;

2. another0.5 mL typsinis then added angut the samplenside an incubator forabout7 min to
harvest all the cells;

3. 1.5 mL medium of [DMEM+10%FBSk added intgrevious0.5mL typsin andthenmix these 2
mL solution to make the cells diffused uniformly

4. centrigufationof cells inside these 2 mL is done at a speed of 2000 rpm in 3 min;
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5. pouring the solution out and get the centrifuged cell aggregate;
6.adding 0.5 mL DMEM to make cell suspended uniformly and countingnaeibes;

7. taking 0.2 ml out from the 0.5 mdolution and then adding 0.1 mL trypan blueasdicator of
dead cellgvolume ratioof trypan ue and cell containinpMEM is alwaysl:2);

8. counting the cell numbers in total and cell mortality

9. from the obtained cell numbend, on Hemacytometegslate (volume of 1 L as standard), the cell
numbers in totallN, for each sample after culture can be calculated as:

N=3/2 M500 =750 M
(B) For TCPS, cell culture area and the total cells in one plate is bigger than cp Ti. So the volume of
each producshould be increased and the procedure of counts is changed slightly as followings:

1. 1mL typsinis used to actiatethe cell andhen ejectedjuickly;

2.anotherl mL typsinis then added and pthe samplensideanincubator forabout7 min to harvest
all the cells;

3.1 mL medium of [DMEM+10%FBSis added intgreviousl mL typsin andthenmix these 2 mL
solution to make the cells diffused unifornbentrifugation is not needed)

4. taking 0.2 ml out from the 2 mL solution and then adding 0.1 matriglue agnindicator of dead
cells(volume ratioof trypan lue and cell containinpMEM is always1:2);

5. counting the cell numbers in total and cell mortality

6. from the obtained cell numberd, on Hemacytometer plate (volume of L as standard}he cell
numbers in totalN {for each sample after culture can be calculated as:

N % 3/2 M2000 =300 M

8.3 Preliminary results

Table 8-1 Cell numberof NiH/3T3-GFPin 7 days
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Table 8-2 Cell viability of NiH/3T3-GFPin 7 days

Figure 8-2 Cdl countsat different culture timen TCPS(blue) anduntreated cp Tired).
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Figure 8-3 Fluorescence micrographs NfH/3T3-GFPcellson TCPS(left) andcp Ti (right) at
different culture time.

From the preliminary results on cp Ti without any surfalification, it can be concluded that
this cell culture procedure is feasible and can provide an available method to investigate the
biocompatibility of different materials like cp Ti with surface modification or other metals and their
alloys in the apptiation of biomedical implants.
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This chapter is devoted to the main conclusions obtained in this work and subsequent
suggesions for further research.

9.1 General ©nclusions

The ug of titanium and its alloys inrthopedicand dentalmplant applications has increased
tremendously in recent years. Once the titanium implants are sited in the hard bone tissues, an
intimate contact occurs in the aggressive body fluid. Tribocorrosion, as the interplay between
chemical, electrdeemical and mechanical processes, leads to a further degradation of titanium
implants under mechanical loaded condition rather than corrosion under static condition. This study
has made some progress towards the understanding of fundamental tribocqrosesses and
material degradation mechanisms of cp Ti in tribocorrosion systems and thereafter, the modifications
on cp Ti to improve its corrosion and tribocorrosion behavior. Some important findings are
summarized in the followings.

For cp Ti without ary modification, its corrosion behavior wainvestigatedunder static
condition by electrochemical measurements like OCP, EIS and potentiodynamic polariZagon.
OCP evolution and EIS results obtained at different immersion time in the PBS solutioteititéca
corrosion resistance of cp Ti is excellent in the absence of mechéadahg and showingan
enhancement of passivatiaith immersion time.

Under the guidance othe tribocorrosion protocol continuous unidirectional sliding and
intermittent unidirectional sliding testgere imposed to study the tribocorrosion behavior of cp Ti
The significant drop-down of potential and huge decreasiethe specific polarization resistance
indicatethe degrad#on of passive filmunder continuous mechanical loaded condition. The periodic
potential raise in the noble direction confirms the repassivation of cp Ti in the wear track under
intermittent mechanical loaded condition.

The quantitative analysigesults show that the contribution of mechanicahaterial lossis
dominant in the total material loss of cp. TUndercontinuousmechanical loaded conditipthe
materials lossncreasesvith the increasef F, in the range froml N to 10 N.Under intermittent
mechanical loaded conditioat F, of 5 N, the extension ofi;f increases the material loasd he
formation ofpassive filmaccelerates the mechanical removal of cpThe sensitivity of the passive
film to mechanical material loss higherthanthat ofthe active bare material.

From the firstexperimentapart, it is clearly known that cp Ti is a poor wear resistant material.
To improve its weacorrosion property, some surface modification methods are imposed.

For TO Ti, thermal oxidationat 650°C for 48 h leads to the formation of an oxide film
throughout the surface without any spallation. The oxide film consists of rutile and oxygen diffused
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titanium as the predominant phasesich hasno effect on the average roughnéss significantly
increaseshte microhardnessf cp Ti.

Corrosion resistance of cp Ti is tremendously enhanced by thermal oxidation. Comparing with
untreated Ti, TO Ti exhibits a more nolpletentialvalue,E,, a high polarization resistanog and a
low current density in the passi domain i,assunder static conditiorEventhe corrosion resistance
of untreated Ti enhances with immersion time éase but the corrosion resistance of TO Ti
decreases withmmersiontime increasgit is still the TO Ti owing the highep value in this study.

Undercontinuousmechanical loaded conditiat F, of 5 N, the impedance valuesaf both TO
Ti anduntreated Ti decrease due to the removal of passive film for untreated Ti and the destruction
of thermal oxidized film for TO TiUnlike the repassivation ability of cp Ti, the destruction of the
thermal oxidized film on TO Ti is an irrecoverable procd$w friction coefficientvalue of TO Ti is
much lower than that of untreated Ti during the whole mechasiickihg period. Considenmng the
improvedcorrosion resistance and the better-argar performancethermal oidation is sure to be
regardedas an excellent method sonelioratethe corrosion and tribocorrosion behavior of cp Ti,
especially nderhigh mechanical loaded condition

For CaP bioactive film coated Tinalectrochemical deposition method was imposed to get a
uniform CaP bioactive filmin the form of brushite (CaHP@H ,0) on cp Ti. Anoptimized
deposition condition waselectedas-1.8 V vs Ag/AgCI for 30 min in this study. The surface
roughness and microhardness of CaP bioactive filmvarg different from the values of cp Ti
substrate.

Corrosion resistance of cp Ti is significantly improved with thedifincation of CaP bioactive
film under static conditionLike untreated Ti, the potential value,cland the polarization resistance
value, p of CaP bioactive film coated Ti increase with immersion time, revealing thaixtdence
of CaP bioactive film doesfichange the continuous formation of passive filmcp Ti substrate. It
should be noticed that this CaP bioactive film can be dissolved during immersion in the test
electrolyte, but still with higher corrosion resistance than untreated Ti in this study.

Under continuous mechanical loaded condition atoFr500 mN, the specific polarization
resistance value, of CaP bioactive film coated Ti decreasgynificantly due to the dissolution and
removal of CaP bioactive film/passive filnMeanwhile, the potential valug E,: during sliding
decreases quite atldHowever,considering thénigher p value than untreated Ti before, during and
after sliding test, anthe relative lower friction coefficient ithe rotation number range from 2500
cycles to 5000 cyclesCaP bioactive film coated Ti istill an attractive materiain biomedical
application as orthopedic and dental implants.

For CaP/TiQ bioceramic film coated Tia further thermal sinteringtepat 650 € for 6 h was
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imposed on CaP bioactive film coatedtdiget aCaRTiO, bioceramidilm mainly in the forms of
Ca(POy)2, TiO, and CaTiiOss. Surface morphology/chemical compositioh CaP/TiQ bioceramic
film coated Ti remains like the CaP bioactive film coated Ti with the skower-like structure and
the similaratomic ratiovalueof Ca/P

Corrosion resistance of CaP/LiBioceramic film coated Ti is considered to be the bestogne
comparingthe specific polarization resistanag,with all other samples, like cp TCaPbioactive
film coated Ti andTO Ti_6h prepared also at 680 for 6 h without any CaP bioactive filmThe
lower current densities ofjand passindicate the better corrosion resistance of CaRy/hiGceramic
film coated Ti in this study.

Unlike CaP bioactive film coated TQCP evolution curves befqrduring andafter sliding for
CaRTiO, bioceramidilm coated Ti and TO Ti_6h have relative slight change in the noble direction
in the whole test period, revealing that no destruction occurs on cp Ti substrate under the protection
of CaP/TiQ bioceramic film and Ti@ film. The excellent corrosion resistance can be further
confirmed by thehigh specific polarization resistanc%,value(aboveld .cm?) measured during
sliding test at Fof 500 mN.

Under mechanical loaded condition, the lower friction coefficientsClaRTiO, bioceramic
film coated Ti and TO Ti_6h in this study indicate the improved wear resistance of cp Ti with surface
modification of CaP/Ti@ bioceramic film and Ti@film. The remaining film inside and outside the
track area of CaP/TiDbioceramic ilm coated Ti after sliding test alguroofsits excellent wear
resistant propertyCombining with its longterm bioactivity, CaFiO, bioceramidilm coated Ti is
corsidered to be the best choice liomedicalimplantapplicationin the mild loading apjptd parts

A feasible cell culture procedure was assessed, using the NiH/3T3 fibroblast cells on cp Ti
without any surface modification. The cell proliferation on cp Ti is well accepted in the preliminary
study.

9.2 Perspectives

Corrosion and tribocorrosion behavior of cp Ti is a complicaded interesting process,
especially for those materials with surface modificagigkithough te findings fron this work are
exiting and useful to the understanding and the development of @ndlieven its alloysas
biomedical implant materials, seversw questions have been proposédd some directions are
recommended to continue this study in future work, as listed below:

For cp Ti without any modificationhe current study is based arribocorrosion protocol for
passivated material. However, this protocol is not available to investigate the surface modified
passivated substrate, due to the destruction and passivation/repassivation behavior under the
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modification layers is different fronthat of untreated materials. The protocol might be further
ameliorated with respect to more complicated surface state.

An important concern of the use of metallic implants is the influence of released wear debris
and metal ions to patients. In this studlys clearly to observe the wear debris after sliding test on
untreated Ti, its exact effect on corrosion and tribocorrosion behavior of cp Ti should be investigated.
The investigation of C& and HPQ?/PQ,” ions dissolution from CaP bioactive film cteal Ti or
CaP/TiQ bioceramic film coated Ti antthe correspondinmfluence on corrosion and tribocorrosion
behavior of cp Ti substrate is alsecessary.

The electrochemical deposition process used in current study should be developed. Some
appropriate prameters might exist to directly obtain HA film from calcium phosphate containing
precursor. Other deposition methods can also be used #objeactivefiim on cp Ti to improve its
corrosion and tribocorrosion behavior. And further investigation ofeffext of different surface
modification methods on corrosion and tribocorrosion behavior of cp Ti under different mechanical
solicitation conditions is also important to guide the use of biomedical implants.

Considering the application of cp Ti momateial field, the biocompaliility and bioactivity of
untreated and surface modified Ti are essential. The cultuileroblast and osteoblast cells on the
surface of biomedical implant materials can give a supplementary instruction in materials selection.
A cell culture method is proposed at the end of this work and some preliminary results of NiH/3T3
cell culture on cpli without any modification are presented, as seen in Annex. Future work can be
concernedvith theamelioration of this cell culture method and then investigate the effect of surface
modification on the proliferation and viability of cells.
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JRQFWLRQQDOLVDWLRQV GIXQH VXUIDFH GH 7LWDQH FRPPF
biomdlicales : Une triple approche combinant corrosion, tribocorrosion et biologie

La tribocorrosion peut ére ddinie commeO TpWXGH GH OfLQIOXHQFH GHV IDF
(chimiques et/ou éectrochimiques) et m&anique (frottement) sur le comportement tribologique de
surfaces en mouvement relatifs
En raison de leurs car&adstiques particures: performances @aniques assoates a une faible
densig, bonne tenue la corrosion, biocompatibikg le titane et ses alliages s@uuventutilisés
dans le domaine mdlical comme implants dentaires et oétligpes. Cependant, leur faible
résistance visavis du frottement emilieu agressif et plus sp&ifiguement biologique reste un frein
aleur usage courant dans le domaine prothdique
Pour andliorer la rsistancea la corrosion et al'usure du titane et de ses alliaghbfférentes
méthodes de modification da surface on#éproposés durant ces derpies dgcennies.
Dans ce cadre, le but de ce travail est de comparer les comportements en corrosion et tribocorrosion
du titane commercialement pur (cp Ti), avec ce méne maté&iau ayant subi au prélable les
traitements suivast

- soit uneéeWDSH G R[\GDWLRQ WKHUPLTXH | f& j @GHDLU G

d'oxyde de titane (Tig) en surface)
- soit undépbt dectrochimiquede calcium phosphate (CaBh surface
- soit undépdt éectrochimiquede calcium phosphate (D3 VXLYL G{YXQH pWDSH
WKHUPLTXH j f& j OfDLU GXUDQW K |RdnBIfacd)RQ G XC

Les phases cristallines des films moéifontété identifiées par diffraction des rayons X (XRD). La
microscopieélectroniquea balayage (MEB) en combinaison avec la spectroscapigspersion
d'énergie (EDS) até utilisée pour caraétiser la morphologie et la composition de ces films.
Le comportement en corrosion pure @ebantillons cp Ti avec ou sans modifications de suréace
dédudiéin situ apartir des mesureséectrochimiques de suivi du potentiel en circuit ouvert (OCP),
de la spectroscopie d'iragance électrochimique (EIS) et du tracé de courbes de polarisation
potenticdynamiques
Le comportement en tribocorrosion d& éudié quant alui a l'aide d'un triboratre de type
piorGLVTXH DSWH j WUDYDLOOHU HQ PLOLHX DTXHX[ HW SHUF
WULERORJLTXHV FODVVLTXHY OD PLVH HQ °XYUH LQ VLWX C
OTpWXGH HQ FRUURVLRQ SXUH
CDUDFWpULVDWLRQ HW DQDO\WHV GH OD VXUIDFH FRPSRVLWL
et aprés chaque éude de comportement (corrosion et tribocorrasion)
Un protocole pour la culture des cellules sur la surfacéitdne aété validé, en se basant sur les
résultats exprimentaux péiminaires.

Mots clé: corrosion, tribocorrosion, biological, cp Ti, thermal oxidation, CaP bioactive film
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Resume

Surface treated cptitanium for biomedical applications: a combinedcorrosion, tribocorrosion
and biological approach

Tribocorrosion iglefined as the study ttie interplay between chemical, electrochemical and
mechanical processes that leads to a degradation of passivating materials in a corrosive environment.
Due to thdow density, excellent mechanical properties, high corrosion resistance and good
biocompatibility, titanium and its alloys are widely used as dental and orthopedic implants. However,
the poor wear resistaahd bicinert properteslimit their further deelopment as more efficient and
economic bimedicalimplants.
To improve thecorrosionwear resistance and even bioactivity of metafhplant, different surface
modification methods are imposed in the past decades.
The aim of this work is to provide ae&leinsight in the area abrrosion andribocorrosion behavior
of commercially pure titanium (cp Ti) under the guidance of a tribocorrosion protocol for passivating
materials. And then three different surface modification treatments, as
- onestepthermal oxidatiorat650 € for 48 h in air atmospherto formatitania (TiQ,) film
on the surface of cp Ti.
- onestep electrochemical deposition of calciphrosphate (CaP) bioactive filam the surface
of cp Ti.
- electrochemical depositiasf CaP bioactie film followed bythermaloxidation at650 € for
6 hin air atmospher# forma CaP/TiQ bioceramic film on cp Tsurface.
The crystalline phases tfe modified films werédentified by Xray diffraction (XRD). Scanning
electron microscopy (SEM) comigd with energy dispersive spectroscopy (EDS) was used to
characterize the morphology and compositiothete filmson cp Ti surface.
In situ electrochemical measurements, like open circuit potential (OCP), electrochemical impedance
spectroscopy (EIS) ambtentiodynamic polarization are used to characterize the corrosion behavior
of cp Ti samples without or with surface modification.
The tribocorrosion behavior was investigated in an aqueous environment by combinivanal o
tribometer with the in #il electrochemical equipment. The classical tribological parameters could be
also recorded under mechanical loaded condition.
Surface characterization and analysis (like chemical composition, morphology, roughness...) are
carried out before and after eamtrrosion and tribocorrosion test.
A protocol for the culture of cells on the surface of titanium was validated, basing on the preliminary
experimental results
Keywords: corrosion, tribocorrosion, cp Ti, thermal oxidation, CaP bioactive film
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