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Abstract
Owing to its biocompatibility, titanium (Ti) has long been established as a
dental implant material. Since its first introduction by Brânemark, numerous
modifications to the original design, composition and topography have been
attempted. A recent approach aims at altering the chemical composition and/or
the physical properties of the very near surface of the Ti by using ion
implantation. Ca ion implantation into CP Ti was reported to enhance the
biological response in vitro and in vivo.
The current research explored the modification of titanium by the
implantation of C a \

and Ar^ ions. A number of techniques were employed to

examine the resulting surfaces. These include SEM, white light interferometry
and XRD. The chemistry of the immediate surface was examined in detail using
XPS, while ion distributions away from the surface were probed using SIMS.
The stability of the implanted species in the aqueous environment was
investigated to explore the in vitro biological response to these surfaces by
immersion in water (H2O) and a simulated physiological environment (HBSS).
The surface properties following short-term and long-term immersions were
investigated

at both body temperature and

room temperature.

Clinical

implications were further assessed by investigating the effects of passivation in
nitric acid (HNO3).
The present research concluded that the current method of ion
implantation

could

be

used

to

incorporate

controlled

and

predictable

concentrations of Ca and K ions in the CP Ti matrix. These ions were partially
released into the hydrated environment following immersion in H2O and
passivation in HNO3. Ar-Ti surfaces were chemically most similar to CP Ti and
showed least variation on immersion in water.
3

All surfaces displayed phosphate deposition after immersion at body
temperature but Ca ion implantation was found to result in the most favourable
apatite deposition from HBSS solution both at different temperatures and at
short immersion times.
The copyright of this thesis rests with the author and no quotation from it
or information derived from it may be published without prior written consent of
the author.
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1 Introduction
Titanium (Ti) is an element of group 4B in the periodic table of elements.
Gregor, who called it menachite, first identified it in 1791. It became known as
titanium when rediscovered by Klaproth in 1795 deriving its name from the
Greek mythology of the Titans. In 1887 production of only the impure form of Ti
was possible and proper analysis of its properties was not possible until 1901
when Hunter was able to produce enough pure Ti to allow these to be
ascertained, including low specific gravity (4.5), high melting point and
resistance to corrosion. In 1938 came the breakthrough when Kroll developed a
process to allow commercial scale production of Ti. The metal is present on
earth as an oxide, the chief source of it being dioxide in mineral ilmenite
(FeTi02 ) (Brown 1997).
Ti combines the strength of iron and steel with the light weight of
aluminium which accounts for its widespread use in aviation, sports equipment
and more relevantly medical and dental bone replacement devices (Lu et al.
2000). The composition of commercially pure Ti (CP Ti) includes oxygen (O),
nitrogen (N), hydrogen (H), carbon (0) and iron (Fe) in various amounts, which
have been utilised to set the American society for Testing and Materials (ASTM)
standards of grading Ti into 4 grades. Such variations in elemental composition
will have substantial effect on the physical and mechanical properties of the
substrate. While the density and the modulus of CP Ti (at 4.5 g/cm^ and 100
GPa respectively) are both at about half the values of the other base metals, the
ultimate strength varies depending on the grade of Ti from 170 MPa for grade 1
CP Ti to 500 MPa for CP Ti grade 4, which is the hardest with a maximum
content of O and Fe of 0.4% and 0.5% respectively. The maximum tensile
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strength of grade 4 CP Ti can be increased to 800 MPa by cold working (Craig
1996, Lemons 1990).
These properties make Ti an appealing material for use in medical and
dental fields as will be shown in the following section. Although alloying
elements are commonly added to stabilize certain phases and result in the
production of numerous Ti alloys, detailed discussion of these is beyond the
scope of the current work.
An attempt to provide some definitions to the most relevant and
frequently used terms in the area of Ti implants is warranted to aid with the
subsequent sections.
Bio-integration has been defined as the formation of a biochemical union
between the surface of an implant and the host tissue or bone (Fairpo at a/.
2001 ).
Bio-inertness can be described as the inability of a material to elicit any
response (be it favourable or unfavourable) upon contact with the host tissues.
The use of such a material offers no merits but can inflict no harm on the host’s
tissues either. A more favourable material would logically be the bio-conductive
material, which can direct tissue growth on its surface and encourage the
progression of tissue growth once initiated. The more appealing and very
sought after substrate in the biomedical world is a bio-inductive material, which
induces relevant tissue growth by initiating nucléation on its surface.

1.1 Titanium in Dentistry
The main objective of dental implant treatment is to replace lost tissues
(teeth), restore function to the oral cavity and fulfil aesthetic needs. Although a
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number of materials are available for such implantation, the present review is
limited to CP Ti and, when relevant, Ti alloys.
Ti has been used successfully as a dental implant for the past four
decades since Brânemark presented the results of his team’s research in the
1960s, which indicated the biocompatibility of Ti and the strong direct contact
between

living

bone

and

the

implant.

Brânemark

coined

the

term

osseointeg ration, a term now synonymous with Ti as a dental and orthopaedic
implant, which is taken as a measure of success and longevity of the
prosthesis.
Osseointegration has been defined as “a direct functional structural
connection between living bone and the surface of a load bearing implant”
(Albrektsson et al. 1986). The authors suggested criteria of success that
indicates the clinical performance of a successful dental implant as follows:
1. Absence of implant mobility.
2. Absence of radiolucent zones on X-rays.
3. Annual bone loss after the first year of <0.2 mm around the
implant.
4. Absence of signs and symptoms such as pain, infections,
neuropathies, pararsthesia and violation of the mandibular canal
for individual implants.
Since their publication, the above criteria have become a globally
acceptable “gold standard” to gauge and judge the performance of a range of Ti
systems that are either chemically or mechanically modified. In addition, they
are used to evaluate alterations to the clinical protocols accompanying the
surgical placement of Ti implants, including the number of surgical steps and
the time scale prior to loading of the implant.
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Modification of the original Ti dental implant surface chemistry forms the
basis of the current work. Prior to listing the most popular modification
procedures, a resume is presented of the surface properties of CP Ti and the
native oxide film. These are directly related to manufacturing processes. In
addition, the biological responses and nano-scale interactions at the Ti surface
following surgical implantation are considered as they are relevant to an
understanding of how surface properties could subsequently alter tissue
responses to an implanted material.

1.1.1 The biological response
A Ti dental implant is produced by turning or threading the pure titanium
stock material, which rapidly oxidises upon exposure to air, resulting in the
formation of an oxide layer in the region of 50 - 100 A thick within one minute at
a rate of 1 nm in < 1 ms (Sutherland et al. 1993). The structure of this oxide
depends on the manufacturing process, including pressure and speed of
machining and the surface temperature. Furthermore, the cleaning and
sterilization procedures that follow have a significant bearing on the surface
properties of the oxide. This oxide is able to withstand physiological
environments

without

disintegration

and

thus

determines

the

interface

chemistry, as the Ti metal itself does not come into contact with the biological
environment (Kasemo 1983).
It is now accepted that the biological response to biomaterials such as Ti
is influenced by the microscopic as well as macroscopic surface properties. The
interaction between the biomaterial and the tissues (or more precisely the H2O
and proteins in the tissues) occurs at the atomic level. Upon insertion of a Ti
implant into the tissues, water adsorption onto the surface results in the
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formation of the initial hydrated layer known as the Helmholtz layer. The ions
and biomolecules present in the surrounding biofluid adhere onto this hydrated
layer, thus forming the conditioning film with which the cells interact (Lausmaa
et ai. 1999). The bonding of biomolecules to the surface can occur in several
ways, including the long-range and weak van derW aals’ interactions and shortrange strong chemical bonding, through ionic and covalent bond formation.
These result in the thickening of the oxide layer through oxidation and
hydroxylation, as well as the diffusion of mineral ions or atoms from the bioliquid
and tissue into the oxide (i.e. Ca and P-containing mineral ions). Interaction with
this conditioning film governs subsequent tissue response to the implant
through the adsorption of larger biomolecules and proteins, which will proceed
to form the bone-implant bond.
The

dissolution

of the

protective

oxide

layer

in the

biological

environment leading to corrosion appears to be a very slow process for Ti,
probably due to the high stability of the oxides (Kasemo 1983, Lausmaa et ai.
1990). Such corrosive actions, leading to ion release, were found to be higher
around Ti alloy implants, resulting in a less “natural” soft tissue reaction around
Ti alloys due to the slow accumulation of the potentially harmful AI and V ions,
which were also thought to compete with calcium ions from the bio-fluid that will
be present in lower concentrations than around CP Ti. This may therefore affect
the rate of hydroxyapatite formation (hydroxyapatite HA is the major inorganic
component of bone), and the subsequent osseointegration of the Ti alloys.
Wear debris around Ti alloys was shown to be a potent activator of
macrophages, which produce bone resorption mediators (Esposito et ai. 1998b,
W isbeyefa/. 1991).
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It is unrealistic to ignore the important role of surface properties in the
dynamics of the interaction. It has been shown that the architecture of the
tissues adjacent to a Ti implant is greatly affected by the implant surface
configuration (Donley et al. 1991). This includes both chemical and structural
properties. Surface chemistry and energy are reported to determine the type as
well as the orientation of adsorbed molecules, and consequently cellular
attachment. It is established that osteoblasts and chondrocytes are sensitive to
subtle differences in surface roughness and surface chemistry (Boyan at a/.
1995). Larsson established that the early phases of cortical bone formation in
rabbits are determined by the surface roughness and the oxide film thickness
on 99.7% CP Ti surfaces (Larsson etal. 1996).
With these surface interactions in mind, it is possible to foresee how
various modifications of the Ti substrate can affect the biological response both
at the early phases and in the long-term following the surgical implantation of Ti.

1.2 Design modification of Ti dentai impiants
Dental implant systems are not only classified on the basis of elemental
composition (ASTM), but also on the basis of their shape and position in the
host tissues following implantation. An overview of the various designs
introduced and applied in the field of dentistry was published by English
(English 1990) and classified the implants as:
a) Endosseous (in bone) implants which, as the name implies, are placed
within the bone tissue. This group includes design concepts such as:
•

The pin concept, which was originated in the 1950s by Chercheve,
and was originally made of tantulum

•

The disk concept, originating in the 1970s in France
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•

The platform concept, designed by Harold and Roberts in the late
1960s

•

Cylindrical or root form concept as bullet, basket, screw or fin.

b) Transosseous (through bone) implants, which originated in Germany in
the 1930s and were mostly applied to support a removable denture.
c) Subperiosteal (on bone) implants that were developed in Sweden by
Dahl in the 1940s as complete arch castings that are placed on top of the
edentulous ridge.
d) Ramus blade, which was designed by Harold and Robert in the late
1960s to support posterior mandibular fixed dentures. These are a hybrid
between subperiosteal and endosseous implants (Esposito et al. 1998a).
Currently the most popular is the endosseous root form cylindrical fixture
with reported longevity of up to 40 years in completely edentulous cases and
over 15 years in single tooth replacement. Many reports have been published
on the success of dental implants in replacing missing teeth over periods
varying from 3 years to 15 years (Adell at al. 1981, Albrektsson at al. 1983,
Albrektsson at al. 1987, Henry at al. 1993, Laney at al. 1994, van Steenberghe
1989) to name a few. These quote success rates of up to 100% in mandibular
implant-supported prostheses, compared to 85% success in maxillary implantsupported prostheses. A report highlighted the success of dental implants in
restoring masticatory function over 15 years, where the biting force was
significantly improved and 80% of the patients were free of symptoms related to
masticatory disorders (Haraldson at al. 1988). The use of Ti dental implants as
an aid for orthodontic treatment sheds light on the many applications of these in
the achievement of optimum aesthetics (Shapiro at al. 1988). The high
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percentage of success with implant treatment has led to the modification of the
original surgical protocol of dental implant placement.
Originally, surgical implantation of Ti implants was carried out in two
stages, a first stage in which the Ti implant was surgically implanted and left to
heal by preventing any external loading forces for periods of 2 - 6 months to
achieve healing and osseointegration. Once healing was established with
satisfactory bone attachment to the implant, a second stage surgery to uncover
the implant would be conducted. The implant was then left unloaded to enable
healing and re-contouring of the surrounding oral mucosa and soft tissues
around the implant, after which, the final stage of prosthetic rehabilitation would
commence. This protocol has undergone several alterations since then, starting
with the reduction of the suggested healing period between the first and second
stage surgeries and leading to the practice of immediate loading in one stage
surgical procedures. This cuts down the required treatment time, which initially
was thought to be a major hurdle. Figure 1.1 shows a picture of two integrated
implants at the second stage surgery.

Figure 1.1 Two osseointegrated TI implants as seen during the second stage
surgery.
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Having successfully obtained the main objectives in terms of anatomical,
functional and aesthetical demands, this leaves the researchers with the
challenge of preventing failure of such Ti implants, which seems to be their rare
but detrimental weakness. Failure is diagnosed as the first instance at which the
performance of the implant falls below a specified level. This is commonly an
arbitrary rather than quantitative measure, and generally reflects in mobility of
the implant, crestal bone loss greater than 0.2 mm and a number of other
findings, which can be summarized as the inability to fulfil the success criteria.
Failure of implant treatment can be a result of biological inadequacy of
the host tissue to establish or maintain osseointegration. Inability to establish
osseointegration is referred to as early failure while late failure describes the
inability to maintain osseointegration. These biological failures were reported to
be rare with Ti dental implants and constitute 7.7% of the factors leading to
failed implant treatment (Esposito et al. 1998a). The majority of failures of the
implant treatment are attributed to mechanical factors including fractures of
prosthetic and fixture components as well as iatrogenic factors. The inability to
establish osseointegration forms the basis of the current work.
Modifications to the surface properties in a bid to enhance the early host
response are numerous including the alteration of surface topography,
roughness, oxide structure and chemical composition as shown in the next
section.

1.3 Surface modification of Ti
Modification of the of Ti implant material excluding design, shape and
anatomical position can be further divided into modification of the texture as
opposed to chemical modification (Brunette et ai. 2001).
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1.3.1 Surface Texture
It as been suggested that roughened Ti surfaces elicit more favourable
cellular and biological responses as a result of increasing the available surface
area. This includes the introduction of surface patterns at a “large” scale of a
few mm such as the popular screw threaded Ti devices and the porous or
hollow implants. The later type of fixture was reported to have twice the rate of
infections as solid implants.

Porous implants were found to be more

predisposed to early infection than dense implants, probably due to the
sheltering of bacteria in these cavities away from the host defence mechanisms
(Esposito et al. 1998b). Another approach to the modification of Ti texture is by
increasing surface roughness to provide mechanical interlocking via pores in
the range of 100 - 500 pm in dimension. Nano-scale roughness patterns have
also been used (Ellingsen 1998, Ungerbock ef a/. 1994).
Alteration of surface roughness can be achieved by a number of
methods including abrading, polishing, acid etching and grit blasting, which all
aim at roughening the surface. The significance of such surface features on the
cellular and biological response has been studied, and indicates more
favourable in vitro cellular responses to the roughed Ti as compared to smooth
surfaces, however in vivo evidence has yet to be established (Ellingsen 1998)
as research has yielded contradicting results in relation to surface roughness.
Alteration of this feature was found to affect the chondrocyte proliferation and
differentiation (Schwartz et al. 1996), while the levels of bone specific protein,
osteocalcin and the activity of alkaline phosphatase ALP (which evaluates the
cellular activity) were reported to be highest on smooth 1 pm polished Ti and
lowest on the roughest Ti (Stanford et al. 1994).
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Larsson et a/studied the tissue response in the cortical bone of rabbits to
machined 99.7% CP Ti that had undergone either electropolishing or anodic
oxidation treatment, as compared to the control CP Ti surfaces which were only
cleaned in alcohol. These treatments affected the properties of the oxide film
including topography and thickness, but were not found to alter the composition,
which mainly consisted of Ti02 covered by approximately a monolayer of
hydrocarbon-dominant contamination. At 7 and 12 weeks the bone response to
these surfaces displayed little difference (Larsson at al. 1994). These findings
led the authors to study the early (1, 3 and 6 weeks) as well as the late (1 year)
phases of bone healing around these surfaces. The smooth surfaces had less
bone than the machined Ti after 6 weeks indicating a decrease in the initial rate
of bone formation, which accompanied the reduction in surface roughness
(Larsson at al. 1996). This was not found to affect the amount of cortical bone
formation in the long term as the amount was not significantly different on all
surfaces after 1 year (Larsson atal. 1997).
Although increasing surface roughness results in increased surface area,
which may reduce failure by distributing loading, rough surfaces are more likely
to fail as a result of recurrent marginal bone infections (Ellingsen 1998). In a
clinical trial, smooth and rough Ti implants were inserted into patients and
reviewed at 3, 6 and 12 months periods. The rough Ti implants were found to
dramatically increase the amount of bone to implant contact in low density
bone, however the authors stressed the small number of implants examined in
this trial and stated that conclusions could not be drawn (Trisi at al. 1999).
It must be explained that alteration of the surface topography will result
in altered surface chemistry. In a recent evaluation of 34 different examined Ti
dental implants with topographical features related to machining, sandblasting,
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acid etching and plasma spraying, it was concluded that the surface topography
is not the only variable controlling the biological response, and that the surface
chemistry varied according to the topographical properties (Morra et a i 2003).

1.3.2 Surface Chemistry
As Ti itself is not able to promote HA precipitation, attempts to alter its
surface to promote HA nucléation have been numerous. These have largely
involved pre-treatment (in solutions or through thermal oxidation) or the
provision of a ceramic or glass coating rich in calcium and phosphate ions to
enhance the biological response by achieving true bone bonding at the
interface. Other strategies for chemical surface modification have focused on
controlling the cellular response to the surface rather than HA formation. The
following lists and highlights the most popular concepts of Ti modification, as
the amount of work conducted in this area is beyond the limitations and the
objectives of this section. A limited review of some of the clinical and/or
laboratory findings is also given for the most commonly applied techniques:
a) Pre-treatment by
•

Nitric acid passivation

•

Calcium and phosphate containing solutions

•

Alkali solutions

•

H2O2 treatment

Passivation in nitric acid was repeatedly found to result in thinning of the
oxide layer on Ti surfaces, unless coupled with thermal aging of the surface in
boiling water or through heating, which was found to elicit a more favourable
cellular response (cell proliferation and ALP activity) at long exposure times of
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72 h - 4 weeks (Ku et al. 2002). A detailed discussion of this treatment is
presented in chapter 6.
Treatment of CP Ti with NaOH to form sodium hydrogels at the surface
layer was reported to induce apatite deposition in simulated body fluid (SBF)
environments (Kim et al. 1999). Others reported on the order of Ca and
phosphate deposition on CP Ti surfaces following pre-treatment in alkali
solutions (Yang et al. 1999). In a surface science report by Jones, several
methods of Ti surface modification were listed, among which was the inclusion
of Ca ions into Ti plates through immersion in aqueous Ca solutions. This was
reported to result in the formation of calcium hydroxides and/or calcium titanate,
which, upon immersion in Hanks balanced salt solution (HBSS), was found to
induce apatite formation which was not detectable on untreated CP Ti plates.
This report also included the results of Ti pre-treatment in solutions (containing
both Ca and phosphate ions) that was found to enhance calcium phosphate
precipitation in HBSS depending on the pH and ion concentration of the original
solution.
Exposure to H2O2 solutions containing various metal chlorides was also
found to create bioactive Ti surfaces (Jones 2001). H2O2 treatment results in
oxidation and hydroxylation of the surface, as well as the production of Tiperoxy gels, which are thought to enhance nucléation (Brunette et al. 2001).
However, treatment of Ti with H2O2 containing tantalum chloride, followed by
heating, provided titanium with bioactivity and enhanced interfacial in vitro bond
strength between bone and the Ti implant, which was thought to be due to the
thinner titania layer on the rougher Ti surface (Wu et al. 2002).
b) Coatings
•

Ceramic or glass coatings
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•

Protein coatings

Hydroxyapatite

coatings

are

commonly

used

to

enhance

osseointegration and short-term exposure revealed that such surfaces provide
more osteophilic substrates than CP Ti resulting in more rapid bone-implant
integration. The force required to detach hydroxyapatite coated Ti from bone
was found to be higher than that for Ti at periods of around 12 weeks (Tengvall
et al. 1992). However, the popular hydroxyapatite coating suffers from a number
of drawbacks among which are delamination and fracture of the coating and in
some cases reports of bacterial colonization. Long-term experiments have
revealed problems with the adhesion of the coating and the occurrence of
coating-substrate interfacial fracture (Kim at al. 1991, Li at al. 1997). Long-term
perspective work over a period of 1 - 10 years found that the hydroxyapatite
coated Ti was integrated in a similar manner to the CP Ti implants (Tengvall at
al. 1992). The reported increase of bacterial susceptibility of HA coatings
compared with Ti implants indicates the need for an alternative technique in
surface modification to render the Ti itself bioactive (Ong at al. 2000).
Applying ion beam technology to modify Ti results in improved adhesion
of the coating to the surface. Ca-rich coatings can be developed through
several processes including ion beam mixing, ion beam deposition and plasma
spraying. Ohtsuka at al (Ohtsuka at al. 1994) obtained films with improved
adhesion by evaporating HA in combination with dynamic ion beam mixing
using 50 keV Ca ions. Alternatively, sputtering of an HA coating with additional
oxygen flow and simultaneous irradiation with 3 keV oxygen ions was reported
to enhance adhesion of the coating (Ektessabi 1997).
Thin film hydroxyapatite coatings on Ti surfaces at a thickness of 5 - 50

A were developed by an Italian group of researchers, through either ion
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sputtering of an hydroxyapatite matrix or alternatively, by pulsed laser
deposition. This was at around the same time as the development of ion beam
dynamic mixing to produce thin hydroxyapatite films by a Japanese group
(Jones 2001).
Laboratory studies have shown that thin calcium phosphate coatings
produced by ion beam mixing instead of plasma spraying easily dissolve in
simulated body fluid (SBF) within 1 day. Treatment of these films by rapid, low
temperature heating resulted in minimal dissolution and ensured the adherence
of the coating to the substrate (Yoshinari et al. 1997). Hydroxyapatite coated Ti
implants were found to fail at 36 months due to peri-implantitis as compared to
plasma sprayed Ti which had an even earlier failure pattern associated with
overloading (Ellingsen 1998).
Surface analysis of two failed plasma sprayed Ti coated dental implant
systems (IMZ and ITI) showed a significant decrease in the coating thickness
compared to the unused controls. This could possibly be a result of ion release
into the surrounding tissue but whether such ion release initiated failure or is a
common event in such implants is unknown (Esposito et al. 1998b).
Generally the hydroxyapatite coatings showed wide variation in terms of
chemical composition, porosity, and crystalline and amorphous phases. Such
differences are thought to influence the physical properties such as dissolution
rates. Furthermore, these modified Ti implants were considered by some to be
at an experimental stage in need of long-term follow up studies, as it is still
unclear whether these coatings are advantageous or detrimental over the years
(Ellingsen 1998).
c) Other (less common) methods
•

Peptide immobilization
33

•

Reaction with antibiotics

Most of the above concepts displayed significant results in vitro but the in
vivo findings are less significant and require further studies (Brunette et al.
2001 ).

There seems to be a general agreement that the early stages of healing
are the most critical in determining the biological response, while long-term
studies have shown no significant difference in the host tissues surrounding
integrated Ti implants prepared by different methods. Thus it would seem
logical to attempt to modify Ti surfaces to accelerate short-term bone formation
on Ti through direct incorporation of Ca and/or phosphate ions. This can be
achieved by a number of methods, one of which is ion implantation, which forms
the basis of this investigation.
Ion implantation is a technique which enables the direct incorporation of
the ions intended for implantation into the substrate. This is achieved by the
acceleration of highly energised ions through an electrostatic field and onto the
surface to be doped. This technique offers a number of advantages including
high dopant purity and homogeneity of the dopant layer as well as control over
the dose and distribution of the implanted species. It overcomes some of the
common problems associated with coatings such as delamination and fracture.
Ion implantation has been widely used in the semiconductor industry to alter the
physical, chemical and optical surface properties of the substrate without
weakening or adversely affecting the bulk material (Ziegler 1988).

1.4 Modification of Ti through ion impiantation
As highlighted earlier, the outermost layer of the Ti mediates the
interaction between the dental implant and the biological environment, following
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surgical implantation into the body. The incorporation of ions through ion
implantation will without doubt alter the biological response, not only dictating
the cellular and molecular interactions with the implant but also the surface
physical and electrochemical properties of the substrate. Such surface
composition and the resulting in vitro and in vivo response should be thoroughly
addressed and investigated.
The implantation of a number of biologically beneficial and/or chemically
active ions has been attempted into CP Ti. The alteration of the surface
chemistry following ion implantation and different biological and clinical
preparations has been studied by a number of techniques, including X-ray
photoelectron spectroscopy (XPS) and secondary ion mass spectroscopy
(SIMS).
Ion implantation has mainly been used in the past to enhance the
physical properties of Ti. For example, ion implantation (for industrial and
medical advancement) has been shown to improve hardness, coefficient of
friction, wear resistance and corrosion resistance among other properties
(Sioshansi 1989). In addition, it has recently been used in attempts to alter the
biological response to Ti. The following section lists some of the work in this
field and especially those most related to biomedical and dental applications.
Low energy ion beam implantation of N"" and C2H / ions into Ti (at 3 keV
and 4 keV respectively) was found to create surfaces that were stable in
corrosion test studies (Heide et ai. 1992). High dose implantation of N2'', O* and
CO"" into polished Ti and Ti alloy surfaces at high energy (up to 200 keV) was
found to increase marginal wear resistance through the formation of TiN and
TiO on N and O implanted surfaces respectively. The formation of such hard
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compounds at the surface is known to increase resistance to wear (Hohl et al.
1995).
In a literature review, the implantation of N and C ions into Ti was
similarly reported to increase wear resistance through the formation of TiN and
TiC respectively at the outermost atomic surface layers. The nitrides and
carbides formed were thought to prevent the movement of dislocations, thus
enhancing the micro-hardness of the surface, reducing wear and improving
fatigue properties (Tengvall et ai. 1992). This review also cited the results of
barium ion implantation into Ti, which was reported to enhance wear and
fretting resistance as well as cyclic fatigue resistance. The implantation of O^,
and C* into Ti alloy at energies in the range of 5 0 - 180 keV to a dose of 1 x
10^^ ions cm‘^ was found to elevate surface hardness by more than 100% in
most implanted surfaces. The friction coefficient on these surfaces was reduced
by half (0.05 as compared to that of control Ti alloy at 0.1). Abrasive wear
resistance was also enhanced on implanted surfaces by two orders of
magnitude (Alonso etal. 1995).
Similarly, N ion implantation into Ti was found to result in a stable oxide
with improved wear resistance and a decrease in oxidation rate of Ti without
alteration of shape or dimensions (Arenas et al. 2000). Al ion implantation into
Ti on the other hand was reported to enhance corrosion in 5 M HCL as a result
of the formation of TisAI and TiAl (Tsyganov etal. 2000).
Ca ion implantation on the other hand was reported to enhance
osseointegration (Hanawa et al. 1991). This group of researchers reported in
vitro and in vivo enhancement of calcium phosphate deposition on Ca implanted
Ti surfaces (Ca-Ti). They claim accelerated formation of calcium phosphate in
electrolyte solutions, and more rapid formation of osteoid tissues by cells
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cultured on the Ca implanted Ti, as well as increased early bone formation
around Ca ion implanted Ti inserted into rat tibia (Hanawa et al. 1993, Hanawa
at al. 1995, Hanawa at al. 1996a, Hanawa at al. 1996b, Hanawa at al. 1998b,
Hanawa atal. 1998a).
Reports of ion implantation into Ti with the aim of modifying the biological
response and enhancing in vitro nucléation include the work of Wieser at al,
where Ca and P ion implantation into CP Ti was reported to result in the
formation of CaO. This indicated clearly the formation of a new crystalline phase
in the case of Ca ion implantation, as opposed to the amorphous surface
resulting from P ion implantation (Wieser at al. 1999). Similarly, the double
implantation of Ca and P ions into Ti at a Ca/P ratio of 1.7 was found to
enhance

mineralization

in

simulated

body

fluid

(SBF)

by

inducing

heterogeneous nucléation and growth of hydroxyapatite relative to the control
CP Ti. This enhancement was related to the presence of surface Ca^^ and
HP04 ^' (Pham at al. 2000).
Other researchers have shown that the viability of human derived bone
cells (HDBC) cultured in direct contact with Ca-Ti and CP Ti was the same, and
ALP activity was also the same, however scanning electron microscopy (SEM)
showed excellent cell spreading on Ca-Ti at a dose of 1 x 10^^ ions cm'^. These
Ca implanted Ti surfaces indicated an increase in corrosion resistance upon
immersion in SBF, but only under stationary conditions as pitting corrosion was
detected following anodic polarization (Krupa at al. 2001). Biological studies
confirm that P ion implantation into CP Ti enhanced corrosion resistance at
short and long exposure times in SBF at 37°C. (Krupa at al. 2002). These
authors did stress the need for further biocompatibility work, since no adverse
reaction was elicited on the implanted surfaces.
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In a study of bacterial colonization and adhesion of Porphyromonas
gingivalis (P.g) and Actinobacillus actinomycetemcomitans (A.a), Ca'", N"* and
ions were implanted into Ti surfaces. The Ca implanted surfaces displayed
an increase in both P.g and A.a as compared to the F implanted Ti surfaces in
which a decrease in bacterial adhesion was noted for both P.g and A.a
(Yoshinari et al. 2000).
Amino group implantation into Ti with NH2'" groups was reported to result
in the formation of TiN, accompanied by thickening of the oxide in excess of 61
nm as indicated by secondary ion mass spectroscopy (SIMS) analysis.
Preliminary biological work revealed more favourable attachment and spread of
MC3T3-E1

osteoblasts

on

the

implanted

Ti

surfaces

as opposed

to

hydroxyapatite surfaces (Yang et al. 2001).
More recently, the implantation of C", CO"",

and inert Me"" into CP Ti

and Ti alloy was reported to improve integration (as % bone-implant contact)
especially on C and CO implanted surfaces (Maeztu et al. 2003).

1.5 Aims and Objectives
Previously, Ca ion implantation into Ti surfaces was claimed to enhance
the biological response when compared to CP Ti (Hanawa et al. 1993, Hanawa
et al. 1995, Hanawa 1999). However, these claims were challenged due to the
lack of both quantitative and surface topographic measurement (Hewlett 1999).
The papers published by the Hanawa group not only lack details of the exact
ionic concentrations, but also contain questionable experimental parameters,
which leads to some unsubstantiated conclusions. An example of this is their
use of Auger electron spectroscopy (AES) surface analysis techniques to study
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the depth distribution of the implanted species without acknowledging the
differing sputter rate of heavier particles as compared to the lighter ones.
However, similar reports on ion implantation into Ti fail to acknowledge
the affect of the ion implantation process itself on modifying the surface physical
properties. These include the direct physical effects of the ion bombardment
process which results in the sputtering of the oxide layer, creation of vacancies
and defects at the surface among other lattice modifications. Such modification
could have a bearing on the biological response, since it has been shown that
the implantation of inert Ne^ gas into Ti surfaces resulted in altering and even
improving the bone integration in vitro (Maeztu et ai. 2003).
Therefore, investigation of whether the implantation of any ion can cause
similar results was among the aims of the present work. Ca^,

and Ar^ ions

were chosen for implantation into CP Ti as they have comparable masses and
should implant in an identical manner inflicting similar surface damage while
resulting in a diverse chemical surface modification. Ar"" was used as a control
for the implantation process due to its chemically inert nature.
This research aims to provide an in-depth investigation of the changes
brought about by ion implantation, through the study of the surface chemistry to
characterize the modified Ti substrate, as well as the subsequent physiological
responses to the modified surfaces, which is gauged by immersion in water and
simulated body fluid. Quantification of the elemental ratios on the control Ti and
as implanted surfaces is used for characterisation, and the ratios are compared
with those on the immersed surfaces. Several surface analysis techniques are
applied in order to study both the near surface region, and depth analysis of the
ionic distribution in the Ti matrix. These are coupled with topographic
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examination of the surfaces and measurement of the surface roughness at
baseline and (when applicable) following immersion.
The current work has been carried out in parallel with biological studies
conducted by the tissue-engineering group at the Eastman Dental Institute for
Oral Healthcare Sciences. The biological work demonstrated significantly lower
attachment of bone-like MG 63 cells on Ca ion implanted Ti as compared to CP
Ti. However, SEM indicated a greater degree of cell spreading on these
surfaces than on CP Ti at 4 h seeding. Meanwhile, K and Ar ion implanted Ti
showed similar cellular attachment as to the control Ti but a lesser degree of
cell spreading as compared to the Ca implanted surfaces. This was especially
the case on the Ar implanted Ti, which displayed rounded features indicating
that a proportion of the attached cells did not spread on this particular surface.
The results of the biological studies will be further detailed in chapter 8 in
conjunction with the findings of the current work.

1.6 The layout of the thesis
The techniques concerned with modification and analysis of the chemical
and physical properties of the Ti surfaces used in the current work are
presented in chapter two. The materials and methods utilized are presented in
chapter three, including an explanation of how the data is displayed and the
equations used for quantification. The results of surface characterization of CP
Ti and modified Ti surfaces are focused on in chapter four, while chapter five
deals with the stability of these modified surfaces in the hydrated environment
(i.e. water). The effect of clinical passivation procedures on the oxide layer was
also investigated and the results are included in chapter six, while the surface
changes following in vitro exposure to a simulated physiological environment
40

are presented in chapter seven. Chapter eight offers a general discussion and
conclusions.
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2 Techniques applied
Leading on from the aims and objectives presented in chapter 1, this
chapter explains the techniques used in examining the Ti surface prior to and
following ion implantation, as well as the implantation process itself. Surface
analytical techniques provide information about the surface topography,
chemical composition, bonding environment, atomic structure and electronic
state (McPhail 1989, Vickerman 1997). The chosen techniques were directed to
the study of both surface physical and chemical properties offering qualitative
as well as quantitative characterization of the substrate. The physical properties
of interest in the current research were the surface topography and roughness
in order to gauge the alteration that might arise following ion implantation. The
techniques utilised for the measurement of these properties were scanning
electron microscopy (SEM) and white light interferometry (WLI). The chemical
properties of interest on the other hand, were those that resulted from the ion
implantation in the very near surface of the Ti as well as the depth distribution of
the implanted ion in the Ti matrix. X-ray diffraction (XRD) was used to examine
the crystalline

and

chemical

nature of the

bulk material while X-ray

photoelectron spectroscopy (XPS) provided detailed analysis of the immediate
surface region in terms of composition and chemical states. The final technique
used was secondary ion mass spectroscopy (SIMS) which traced the
concentration and depth distribution of the implanted ions in the Ti substrate.
This chapter offers detailed explanation of the basic theories of these
techniques. For a more comprehensive description, please refer to the
appropriate reference textbooks.
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2.1 Ion Implantation
Ion implantation is a process whereby ionised atoms or molecules are
accelerated through an electrostatic field into the substrate to be implanted. The
theory of ion implantation was proposed in 1913 by Niles Bohr, however the
technique was developed much later and the first patent for ion implantation
was obtained in 1957 by Shockley, who described the lattice damage brought
about by the implantation process and suggested post-annealing to repair it
(Ziegler 1988). Ion implantation nowadays is widely applied in industry for the
production of semiconductor circuits (Ryssel etal. 1986, Ziegler 1988).
Ion implantation allows the alteration of the chemical, physical and
optical properties of a solid and is commonly used to alter the composition,
structure or morphology of the near surface layers. Ion implantation has been
shown to enhance wear resistance, corrosion resistance, hardness and
coefficient of friction in industrial applications without adversely affecting the
bulk properties of the solid (Sioshansi 1989). Table 2.1 lists some of the surface
properties that may be altered by ion implantation (Townsend et ai. 1994).
Mechanical

Chemical

Electrical

Optical

Microhardness

Corrosion

Resistivity

Colour

Friction

Passivation

Photoconductivity

Reflectivity

Adhesion

Diffusion

Electron mobility

Transmission

Wear

Reactivity

Semiconductivity

Opteolectronics

Table 2.1 Som e surface properties which can be aitered by ion impiantation.

Ion implantation offers a number of advantages over other surface
modification techniques including the ability to control implantation energy,
species, and species purity (Rose 1989), while allowing accurate dose and
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depth control, which is applicable to most ions and achievable at low or even
ambient temperatures (Townsend et al. 1994). In addition to speed, it is
possible to control dopant mass as well as homogeneity and reproducibility of
the surface modified layer, which is not prone to the fracture or delamination
that is often associated with surface coatings. Ion implantation does not impair
the mechanical bulk properties of the substrate. It also allows for multiple
implantations of variant species into the substrate (Li etal. 1997).
However, possible damage to the substrate crystal lattice can arise as a
result of the collision of the dopant ions with the surface. The technique is also
limited to the surface region and is unsuitable for bulk doping. The depth profile
can also be altered from that intended due to diffusion, ion channelling or
sputtering (Townsend et al. 1994). However these can all be modelled using
computer simulation programmes (Chapter 3).
Bombardment of the surface by the primary ion beam results in a
cascade of collisions within the surface atoms causing some particles to be
dislodged from their molecular sites. These are known as sputtered particles
(Brown 1989). Surface sputtering limits the achievable dose of implantation in
what is referred to as sputter limited implantation (Townsend etal. 1994). Figure
2.1 offers a schematic explanation of the ion implantation process and the
arising change in the substrate surface.
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Figure 2.1 Schem atic o f the ion im piantation process

The depth of the implantation varies from a few nanometres to several
micrometers depending on the energy of implantation and the mass of the
incident ion as well as that of the substrate atoms (Ziegler 1988).
The implanter employs an ion source, the most commonly used being
the Freeman ion source. The entire ion source is enclosed within a shielded
high voltage enclosure and is floated at up to 50 keV with respect to local
ground. The generated ions in the primary ion beam are extracted at the preset
energy and accelerated towards a mass analyser magnet which deflects the
primary beam allowing only the passage of ions with the chosen mass / charge
ratio (a.m.u / z). Acceleration / deceleration lenses may then be used to select
the required implantation beam energy before the beam is directed into the
main chamber in the earthed end-station. The substrate to be implanted is
mounted onto a movable stage vertically positioned in the chamber and is
scanned through the stationary ion beam. The stage can be moved out of the
beam to allow for beam current measurement. The main chamber and the
controls are all enclosed in a class 100 clean room.
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Figure 2.2 Schematic o f the Ion Implanter (adapted from user’s manual).

2.2 Physical properties
2.2.1 Scanning Electron Microscopy
A scanning electron microscope is a microscope that uses electrons
instead of light to obtain images. The SEM enables imaging to a resolution in
the micrometer and submicrometer range. The technique offers a number of
advantages including a large depth of field allowing large areas of the surface to
be focused on simultaneously while maintaining high resolution. The information
is obtained instantaneously making this probably the most widely used analysis
method for examining the microstructure of materials.
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A voltage is applied across the tungsten filament in the electron gun to
generate an electron beam at energies between 2 keV and 40 keV. The beam
is accelerated down the beam column to the sample surface. As the beam
passes through the beam column it is condensed by a condenser lens to
demagnify the electron beam and limit the current in the beam, which is then
passed through a scan generator causing it to move and scan across the
specimen after being focused by the objective lens. As the electron beam hits
the sample surface it results in various interactions with the material in what is
known as the interaction volume. Although radiation is generated in this volume,
it is not easily absorbed as it escapes undetected from the sample. Meanwhile
the ejected secondary electrons from the near surface region can either be
back-scattered electrons with a broad energy span or outer shell atomic
electrons of low energy. These are collected by a backscatter detector or a
secondary electron detector respectively and are then converted to voltage and
amplified. The backscattered mode is used for investigating compositional
variation in the sample as it depends on the atomic number of the sample, while
the unscattered electrons are used to provide high-resolution imaging. The
amplified voltage of the unscattered electrons alters the intensity of the spot of
light on the cathode-ray tube (CRT) producing an image that consists of
thousands of spots of varying intensity on the face of the CRT, which
correspond to the sample surface (Lorretto 1993, Reimer 1998, Good hew et al.
2000).
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The electron column in SEM must be at a vacuum in order to generate
and maintain a stable beam. Gas present in the column can react with the
electron source, causing it to burn out. It can also hinder the transmission of the
beam through the column.

Figure 2.3 is a schematic diagram of various

components of the electron column.

Electron Gun

Vacuum Column

Condensation
Lenses

Monitor
Scan Coils
Objective
Lens

Secondary
Electrons

Electron Beanr

Detector and amplifier

Target

Figure 2.3 Schematic representation o f the SEM.

2.2.2 White Light Interferometry (WLI)
This is a non-contact technique that relies on the reflection of light from
the surface to measure roughness and calculate the height of surface features
by using computerised phase-measuring interferometry to measure threedimensional surface topography with excellent z (height) resolution.

In the

current work WLI was used to measure the roughness of the samples prior to
and following implantation as well as the depth of craters resulting from SIMS
analysis (to be discussed in more detail later in this chapter). It is essential to
acquire

precise depth

measurement of these craters to display ionic

concentration as a function of depth.
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The system used was a Zygo 3D Optical Interferometric Microscope
which consists of an Interferometric Microscope linked to a computer. Light from
a white light source in the microscope passes through a narrow band filter and
the objective where it is split inside the interferometer into two light waves; one
goes to the surface intended for analysis and the other to an internal, high
quality reference surface. Both light waves are then recombined inside the
interferometer undergoing constructive and destructive interferences. Their
interaction results in a fringe pattern consisting of light and dark bands which
are one and a half wavelengths apart. This phase difference is automatically
quantified by the precision movement of the reference surface via piezoelectric
transducers. The resulting image is analysed by the solid-state video camera
and the accompanying MetroPro control software. The vertical measurements
are

performed

interferometrically

normal

to

the

surface

while

lateral

measurements in the plane of the surface are calculated using the pixel size
from the field of view of the used objective.
This technique offers a high resolution with depths up to 100 pm, with 0.1
nm resolution and 0.4 nm RMS repeatability. Results are displayed as coloured
images as well as plots and numeric representations (Rochow etal. 1994).
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Figure 2.4 Schematic representation o f the WLI (adapted from the user’s manual).

2.3 Chemical analysis
2.3.1 X-Ray Diffraction (XRD)
The application of X-rays to establish the crystal properties of a material
was not realised until the early part of the 20^* century. XRD is a tool for
investigating the fine structure of matter, however an introduction of the lattice
and crystalline structure is presented first to allow for a better understanding of
the principles of this technique.
A crystal is usually composed of atoms, ions or molecules that are
termed asymmetric units. The location of these units forms a pattern which is
repeated to form the structure. This pattern of particles is termed unit cell. The
length of the sides and the angles between them constitute the parameters
used to define the unit cell known as the lattice constants. Lengths are given as
a, b and c while angles are a, (3 and

y.

According to their arrangement, unit cells

are classified as primitive or non-primitive unit cells and a presentation of these
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unit cells in three dimensions is known as Bravais lattices. Miller indices are
another important feature in the description of the unit cells and are defined as
the reciprocals of the fractional intercepts which the plane makes with the
crystallographic axes (Cullity 1978) and are usually referred to as (h, k, I)
planes. The separation of planes is denoted by d-spacing known as the
interplanar spacing dhki, which describes the distance between similar atomic
planes in a mineral (the interatomic spacing) and measured in angstroms, A
(Shriver ef a/. 1995).
Although X-rays were discovered in 1895 by Roentgen, this was without
any precise understanding of the radiation. In 1912 Max von Laue established
the exact nature of X-rays and suggested that they are diffracted as they pass
through a crystal in a manner similar to the reflection of light off a mirror. He
also suggested that there was a relationship between the wavelengths of the Xrays and the d-spacings of the planes in the crystal (Cullity 1978).
X-rays are electromagnetic radiation of exactly the same nature as light
but with shorter wavelengths and can be produced through the acceleration of
electrons from a hot tungsten filament across a high voltage towards the anode
housing the metal target (usually copper in XRD systems) at high velocity,
resulting in X-ray production at the point of impact and radiation in all directions.
The International System of Units 81 unit for measuring X-ray wavelengths is
nanometre, nm (1 nm = 10 A). X-rays that are made up of many wavelengths
are white radiation also known as continuous or Bremsstrahlung. If the voltage
in the X-ray tube is increased, sharp intensity maxima appear at certain
wavelengths superimposed on the continuous spectrum. These

narrow

wavelengths are characteristic of the metal target thus known as characteristic
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lines K, L, M. etc. X-ray diffraction uses the K lines only as the other lines are
easily absorbed.
It is now established that diffraction occurs when X-rays interact with a
regular structure whose repeat distance is about the same as the wavelength.
X-rays have wavelengths on the order of a few Angstroms, the same as typical
interatomic distances in crystalline solids. A beam of incoming X-rays may be
reflected in a constructive interference when the crystal is oriented at a
calculated angle based on the model of lattice planes. It is thus, a plane at a
given angle that is responsible for the reflection of X-rays in such a constructive
interference. Yet most beams do not interfere constructively and are out of
phase. Only during constructive interference is the path length difference an
integral number of wavelengths. This relation is summarised in Braggs law:
/l= 2 dsin 0
Equation 2.1

where
X = wavelength in A
0 = the diffraction angle in degree

d = the interatomic spacing in A
The diffracted beam makes an angle 0 of reflection equal to the angle 0
of incidence (Van Grieken et al. 2002). 0 of incidence is measured between the
incident beam and the particular crystal plane under consideration (Figure 2.5)
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Figure 2.5 Bragg m odel o f lattice planes.

It is worth noting that the diffracted beam is stronger than all reflected
beams but is much weaker than the incident beam. Unlike reflection of visible
light from a thin surface layer, the diffracted beam consists of a number of rays
scattered by all the atoms of the crystal which lie in the path of the incident
beam. Diffraction takes place only at angles of incidence satisfying Bragg’s law
and requires monochromated K line X-rays while reflection of visible light occurs
at any angle of incidence. Finally the reflection of light off a good mirror is 100%
whereas the intensity of the diffracted beam is much weaker.
A diffractometer uses X-rays to record diffraction patterns from any
crystalline solid. With a diffraction pattern, an unknown mineral can be identified
or the atomic-scale structure of an already identified mineral can be
characterized. A flat plate is used for mounting the samples, and the intensities
of the reflections and the diffraction patterns are collected and interpreted
electronically. Systematic X-ray diffraction data for thousands of mineral species
are available for comparison purposes, most of which is collected and published
by

the

JCPDS-lnternational

Centre

for

Diffraction

Data,

which

uses

chronological or random order in listing substances. Alternatively the American
Society for Testing and Materials (ASTM) cards and files can be referred to, as
they characterise each substance by d values of the three strongest lines di, 62
and d 3.
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The X-ray tube consists of an electron source, high acceleration voltage
and a metal target. Due to the high voltage difference between the tungsten
filament and copper target, electrons from the filament are accelerated and hit
the copper target with enough energy to produce the characteristic X-rays of
copper. As heat is generated during the production of X-rays a cooler is
normally required to cool the X-ray tube.
In summary, XRD is based on the scattering phenomenon, where the
scattered rays have definite phase relations between them due to the periodic
arrangement of the atoms in the crystal. Although the majority of the reflected
rays interfere in a destructive manner, a few constructive interferences take
place forming the diffracted beam. Characteristic diffraction patterns can be
assigned to a given substance whether that substance is present in the pure
state or as part of a mixture of substances, thus enabling qualitative chemical
analysis through diffraction which provides information about the chemical
combination of the elements involved and the particular phases they are in.
Quantitative analysis is possible by measuring the proportion of a phase in a
mixture by the intensity of the diffraction lines (Cullity 1978, Van Grieken et al.

2002)

2.3.2 X-ray Photoelectron Spectroscopy
X-Ray photoelectron spectroscopy (XPS) is probably the most commonly
used surface analysis technique and offers many advantages including high
information content, a sound theoretical basis and possibilities for analysis of a
variety of samples. XPS is a non-destructive analytical technique allowing the
investigation of chemistry at the surface of solids to a depth of ~ 10-200 A. This
includes details of the chemical nature and bonding within a material as well as
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measurement of element concentration in the surface. It has a detection limit of
- 0.1 atomic percent.
XPS

utilizes

photons

with

energy

in the

X-ray

region

of the

electromagnetic spectrum to excite core electrons from the surface analysed
through ionisation of the atoms. The ejected electron is called the photoelectron
(Hercules 1992, Ratner et al. 1994, Vickerman 1997). The energy of the photon
is shown in the equation 2.1
E photon ~ h v

Equation 2.2

Where v is the frequency of the light in Hz and h is Planck’s constant
(6.626x10'^ Js).
An electron emitted from an energy level at binding energy Eg will be
emitted with kinetic energy E k given as
Ek

^ h v - Eg -

(p

Equation 2.3

Where cp = the workfunction, which is a constant unique to the material
and is the minimum energy that is required to eject an electron.
Ç ~ h Dmin

Equation 2.4

Figure 2.6 shows the process of ionisation.
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Figure 2.6 Schematic o f the photoemission process

The surface to be analysed is placed in ultra high vacuum (see below),
and is then irradiated with photons, which ionise the surface atoms, resulting in
photoemission of electrons. These emitted electrons are then separated
according to energy and counted. As the energy of the emitted electron is
unique to the atomic or molecular environment from which it originates, XPS
offers fingerprinting of the chemical composition as well as the chemical state of
the analysed surface. The number of emitted electrons relates to the
concentration of the emitting atom in the sample (Cheetham et ai. 1987,
Vickerman 1997).
The system requires a photon source to produce X-ray photons. The
most suitable materials for the production of photons are thermally conductive
metals such as these most commonly used in the anode design, Al Ka and Mg
Ka {hv = 1486.6 eV and 1253.6 eV respectively). Twin anode sources are
available where one can switch between Al and Mg, which coat either side of
the X-ray anode. This however produces X-rays with different transitions giving
rise to Al and Mg Kai,2 as well as the weaker K«3,4 and K^s.e radiations which in
turn result in the satellite features seen to the lower binding energy of the main
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photoelectron peaks. Alternatively, in monochromatic X-ray sources the X-ray
beam is diffracted allowing a single energy of light to be obtained. This
minimises satellite features in the collected spectra. It is also thought that
monochromated sources result in less heating than twin anodes, since they are
not as close to the sample surface as the twin anodes are (Kim et al. 1975).
Although Al and Mg photons can penetrate solids to a depth of -1 0 pm,
the generated photoelectrons interact relatively strongly with matter and lose
energy to inelastic processes as they propagate to the surface. These include
electron-phonon interactions (lattice vibrations), plasmons (collective electron
oscillations) and interband transitions (electronic excitations). While the sharp
peaks seen in XPS spectra represent photoelectrons created within tens of A
of the surface that have not lost Ek, the inelastically scattered electrons can give
rise to additional peaks in the spectrum and to the rising broad background
structure to the high binding energy side of the main peaks (Cheetham at al.
1987).
The attenuation of the primary photoelectron flux (the electrons before
they lose energy) as a function of depth is material dependent and is given by
the Beer Lambert law:
-d
I(d ) = lQ (d)e

Acos0

Equation 2.5

lo(d) = flux of photoelectrons created at depth d
1(d) = flux of photoelectrons created at depth d which actually emerge

from the surface
0 = the angle at which the electrons leave the material, measured from
the surface normal
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A = inelastic mean free path (the average distance that an electron with a
given energy travels between successive inelastic collisions).
Thus the surface sensitivity of XPS can be increased by using an offnormal emission angle as electrons at a distance d below the surface will need
to travel further before they reach the surface making them more likely to lose
energy to inelastic loss processes.
In addition to the photon source, XPS requires an electron detection
system to record a spectrum and establish the distribution of the electrons’
binding energies. A concentric hemisphere analyser (CHA) is commonly used.
As a voltage is applied between the two hemispheres, the electrons passing
through the gap are deflected by the electrostatic field thus only electrons of an
energy equal to the preset pass energy are allowed to pass through the
analyser. To measure the spectrum of photoelectron kinetic energies, the
photoelectrons approaching the analyser are slowed down to the pass energy
using a retarding potential prior to entering the gap between the two
hemispheres. As these exit the analyser they pass into an electron multiplier
system, known as the channeltron.
The XPS chamber must be maintained under ultra high vacuum (UHV) of
10'^ - 10‘^° mbar in order for the emerging electrons to travel to the analyser

without suffering inelastic collisions and consequent energy loss and to retain a
contaminant free surface through out the analysis period; otherwise molecules
in the air will land on a surface and change its properties. Even at a pressure of
10’® mbar, a layer of gas atoms will form on the surface in about 3 seconds
(assuming every atom to strike the surface sticks to the surface). To maintain
such pressure the main metal chamber is evacuated using a combination of
pumps including turbo pumps, ion pumps and titanium sublimation pumps.
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Once UHV is achieved it is best maintained by inserting samples into a “fast
entry lock” and to then transfer them into the main chamber without breaking
vacuum. The fast entry lock is usually maintained at a pressure of 10'® mbar or
less (Briggs 1977, Delchar 1993, Vickerman 1997).
A schematic of the XPS systems’ components is shown in figure 2.7.
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Figure 2.7 A schematic diagram o f the XPS system (adapted from Vickerman).

The obtained XPS spectrum shows the intensity of the photoelectron
signal as a function of binding energy. XPS is best described as a semiquantitative technique. A widescan (survey) spectrum gives instant analysis of
the surface chemistry, while narrow scans of specific energy regions offer
information regarding peak energies, intensities and shapes. However it is
important to realise that these are all relative parameters as various
experimental factors must be accounted for. The binding energies are affected
by both intra and extra atomic relaxations which rearrange electrons in a final
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State effect. The Eb of core electron also depends on the chemical environment
of the atom which can create chemical shifts.

The equation for the absolute intensity of a photoelectron peak is
complex. For a homogeneous analysis volume, this depends on:
• The number of atoms of the element from which

the peak

originates
•

The area from which the photoelectrons are detected

•

The X-ray flux (photons per unit area per unit time)

•

The photoionisation cross-section (which is the probability of
transition between the initial and final state of the atoms)

•

The geometry of the experimental set up

•

The spectrometer transmission function

•

The inelastic mean free path of the photoelectrons

In its simplest form, the intensity I can be given as:

I = nS
Equation 2.6

n

=

number of atoms of the element per unit volume.

S

= sensitivity factor which includes all experimentalparameters,

photoionisation cross-section and mean free path.
For a homogeneous material with two components A and B, the ratios of
the concentration of the elements are given by:

[A]

S ,l,

[5 ]

SJ,

Equation 2.7
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XPS therefore enables relative measurement of elemental ratios.
However the sensitivity factor of each element must be taken into account when
quantifying XPS data (Chapter 3).
An example is given for a widescan spectrum of a CP Ti sample used in
the current research and shows the different peaks displayed in the spectrum.
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Figure 2.8 XPS widescan of a CP Ti sample.

The main peaks seen are due to the Ti and O present in the oxide layer
as well as other surface contaminants (for detailed chemical analysis, refer to
Chapter 4). The very low end of the binding energy scale shows a small feature
which is very weak arising from the metal oxide valence band and is due to
electrons forming the bond between the metal and the oxide ions. The high end
of the binding energy scale is dominated by Auger peaks. These arise when an
electron from a higher energy level drops into the core hole remaining after
emission of a photoelectron. This results in the release of energy, which in turn
causes the emission of a second (Auger) electron. Auger peaks are not part of
the photoemission process itself (Briggs 1977, Cox 1982).
In summary, XPS is a powerful tool in surface analysis that offers
qualitative

and

semi

quantitative

information

regarding

the

chemical

composition of the surface including oxidation states and contamination with a
sensitivity of - 0.1 atomic %. The system requires UHV and can be applied to a
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wide variety of samples with almost no damage. These favourable properties
have lead to the recent application of XPS in biomedical application and for the
analysis of biomaterials including dental implants (Kasemo et al. 1988,
Lausmaa et al. 1990, Sutherland etal. 1993, Hanawa et al. 1993, McCafferty et
al. 1999, Jones 2001).

2.3.3 Secondary Ion Mass Spectroscopy
Secondary ion mass spectroscopy, SIMS, is a powerful surface / near
surface analysis technique combining

high depth

resolution

(to a few

nanometers) with superior detection limits as it offers high elemental sensitivity
in the region of parts per million (ppm) for most elements and even part per
billion (ppb) under favourable experimental conditions. It has the advantage of
good dynamic range enabling it to follow changes in concentration of six or
more orders of magnitude, and through the presence of a mass spectrometer,
all elements and isotopes are detectable in a relatively short period of time
ranging from a few minutes to a few hours for a depth profile (Vickerman 1997).
However, SIMS suffers from a number of limitations as it is a destructive
technique, thus analysis of the same part of the sample is not repeatable.
Probably the most relevant weakness is mass interferences, when different
species combine to form molecules of similar masses, which can be difficult to
identify. Beam induced mixing and chemical effects are among the other effects
that can complicate SIMS interpretation (McPhail 1989).
Although the emission of secondary ions was first observed in 1910
SIMS as a technique is relatively young. Dynamic SIMS (the technique applied
in the current work) has been extensively used in the semiconductor industry
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since the 1950s and is now applied in a wide variety of fields including medicine
(Edwards etal. 1992, Ratner 1995, Pham etal. 2000, Krupa etal. 2001).
SIMS uses highly energised particles ( 1 - 1 5 keV). These are mono
energetic and are generated in the primary ion source to bombard the surface
to be analysed. The primary ion source can be an inert or a reactive gas. When
a reactive gas such as oxygen is employed as in the current research, a cold
cathode mode of discharge is used to generate the O2'". Alternatively N2 gas
can be utilised, but the use of an 02 ^ primary beam offers higher beam
brightness and improved sensitivity for the detection of electropositive species.
Elements on the left-hand side of the periodic table are usually monitored as
positive ions due to their lower ionization energy. These are usually monitored
using an 02 "" primary ion beam (McPhail 1989). The primary ions are
accelerated across an electric field in the primary ion column, while a Wien filter
ensures mass discrimination. The angular spread of the beam is reduced as it
passes through an interchangeable aperture. Two pairs of electrodes are used
to scan the beam across the sample in either a raster, spiral or linescan mode.
The Einzel lens focuses the beam prior to it scanning the substrate (Vickerman
etal. 1990).
The primary ion beam can scan the target surface in either a raster mode
or a spiral mode. In the first mode the beam is digitally scanned across the
surface in a horizontal line at 256 discrete positions moving back to the start
point at the end of each line, while in spiral mode the beam rapidly spirals to the
centre of the crater and back out to the edges. Gating must be implemented for
both scanning modes to exclude the crater edges from the depth profile as
these are of irregular depth resulting in poor depth resolution and a high
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background count. Thus the detector is enabled in only 25% of the scanned
area.
Samples are analysed in the main chamber which is maintained at UHV,
(for the same reasons given previously in the XPS section) typically at 10'® torr.
Samples are introduced into the chamber via a transfer chamber which is
pumped down to 10'^ torr. Once the primary beam scans the surface and as a
result of bombardment, secondary particles are sputtered from the solid
resulting in the formation of a crater due to the erosion of the surface. Among
the emitted secondary particles, secondary ions are detected and analysed by a
mass spectrometer to provide detailed chemical analysis of the solid which is
based on the variation of secondary ion count as a function of time (Wilson et
al. 1989, Vickerman 1997). Instruments that can be preset to detect certain
masses are known as SIMS microprobes, similar to the instrument used in the
current research. Upon their emission from the surface of the solid, the
secondary ions pass through a mass analyser, which has the highest sensitivity
possible for specific elemental ions. A quadrupole mass analyser is commonly
used, so called as it combines a DC and a radio frequency (RF) electric field
that is applied to four parallel rods in order to separate ions according to their
mass-to-charge ratio thus enabling only the ions of correct mass-to-charge ratio
to strike the rods. These are deflected slightly to exclude any neutral particles,
and counted at the channeltron detector which is capable of counting very low
currents (Wilson etal. 1989).
In the current work SIMS was utilised for the sole purpose of obtaining a
depth profile of the surface chemistry, although it can be applied in other
operational modes such as line scanning (commonly used in ceramic and other
fast diffusion materials) and imaging (in which the intensity of a particular mass
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is displayed during scanning). These will not be included in this section as they
were not used in the current work.
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Figure 2.9 A schematic diagram o f Atomika 6500 SIMS microprobe adapted from
the users manual.

The secondary ion signal is related to the sputter yield, which is the
number of secondary particles removed per primary particle impact, and to the
ionisation probability, which is the fraction of secondary particles emitted as
ions. This relationship is given mathematically as
I^M - I p / m C m CTM t]

Equation 2.8

where
I^M = the secondary ion current of species M (cm'V^)
lp = the flux of the primary particles
yM= particle sputter yield of M
a~M = the ionisation probability of M
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Cm = fractional concentration of the element M in the vicinity of the
sputter region
?j = the transmission constant of the SIMS instrument used and is a
measure of the efficiency of secondary ion collection and detection.
The primary ion beam interacts with the surface of the sample as the
bombarding ions generating a collision cascade thus transferring the kinetic
energy to the host atoms in the sample matrix. The depth of primary ion
penetration depends on the mass, energy and angle of incidence of the primary
ions as well as the nature of the sample (Ziegler 1988, McPhail 1989).
The most important additional effects of this interaction between the
primary beam and the target are recoil implantation, where the surface atoms
are driven deeper into the solid as a result of collision with the primary beam,
and cascade mixing which results in changes in the composition of the analysed
area (the damaged area is known as the altered area) and leads to radiation
enhanced diffusion and segregation effects. Preferential sputtering is another
important factor to consider in depth-profiling and is caused by instrumental
effects where some of the surface particles are sputtered at a different rate to
others, and results in the alteration of the surface topography of the sample.
These processes limit the depth resolution of SIMS which is the instrumental
ability to resolve abrupt interfaces. Experimental factors that can also have an
effect on the depth resolution include the choice of primary ion beam, as lighter
primary ions will penetrate deeper into the surface than more massive ions.
Reduction of the beam energy enhances the depth resolution, but it is critical to
have adequate beam energy to allow better focusing of the beam for good
lateral resolution in line scanning mode. The primary beam is focused in a two
step process; first the aperture size is changed to adjust the extraction voltage
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and then a visual optimization of the focusing processes is observed on the
screen by focusing to a copper grid on the carousel holding the samples.
Optimal depth resolution is achieved at shallow angles of incidence which
minimise the depth of the collision cascade.
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3 Materials and methods
3.1 Introduction
The specific details of the different analytical techniques applied in this research
will be presented in this chapter. This includes the experimental parameters and
settings of various instruments as well as ionic concentrations of solutions used
and details of sample cleaning and preparation. Table 3.1 lists all materials and
equipment used.

3.2 Sample preparation
A mirror finish was essential to obtain on the Ti samples as smooth
surfaces are prerequisite for the surface analysis techniques applied in the
current work. The presence of prominent surface features such as peaks will
create shadows thus hindering the detection from the other surface areas
(valleys). In addition to surface characterization problems, a rough surface will
also interfere with the ion implantation process itself resulting in preferential ion
implantation and inhomogeneous doping of the Ti substrate.
It should be noted that the CP Ti samples used in the present work were
from two different batches, however the surface characterization of these
samples revealed no significant compositional variations between these as
demonstrated in chapter 4.
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Material

Remarks

Manufacturer

Ti disc

CP Ti 99.6% Grade 1

Goodfellow Cambridge Ltd England

SiC paper

1200

Struers A/S Denmark

SiC paper

2400

OP Chem cloth
OPS

Colloidal silica
suspension

Polishing machine

Struers Rotopol II

Hydrogen peroxide

5%

BDH laboratory supplies Poole England

Wax

Modelling wax

Associated Dental Products Ltd. England

Toluene

99.8% HPLC grade

Sigm a-Aldrich, Steinheim Germany

Acetone

HPLC grade

BDH laboratory supplies Poole England

HBSS

Without phenol red

Invitrogen Corporation England

Mounting jig

Made for fixing Ti
discs during polishing

Biomaterials EDI 256 Grays Inn Rd London
WC1X0L8

Ultrasonic bath

Sonorex Transistor

Bandelin Electronics, Berlin, Germany

Tissue culture wells

24 well plates

Beckton Dickinson Labware. France

Ion implanter

Wickham 200

Whickham Ion Beam Services Ltd in
Darlington, at Imperial College London

XPS

ESCALAB 2201-XL

Vacuum generators, East Grinstead, UK

SIMS

Atomika 6500 ion
microprobe

Perkin Elmer. Atomika at Imperial College
London

SEM

Stereoscan S90B

Cambridge Instruments at EDI

WLI

Zygo - New View 200

Imperial College London

XRD

Siemens D5000

Siemens, Germany at QMUL

SigmaPlot software

Computer Programme

SPSS Inc. Chicago, Illinois

Eclipse software

Computer Programme

Thermo VG Scientific, East Grinstead, UK

CasaXPS software

Computer Programme

Microsoft Corporation, U S A

SRIM 2000

Computer Programme

(Ziegler 2000)

Profile Code

Computer Programme

(Profile Code 2003)

Table 3.1 Materials an d Instrum ents used in sam ple cleaning, preparation and
analysis.
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3.2.1 Polishing
Samples used were circular CP Ti discs Grade 1 (99.6%) the dimensions
of which were 8 mm diameter x 1 mm thick or 14 mm diameter x 1 mm thick.
These were polished using silicon carbide paper discs of grit 1200 and 2400
respectively followed by a colloidal silica suspension (OPS) of 0.1 pm particle
dimension containing 5% H2O2 Full details are given in Table 3.2.
The samples were mounted on to methyl methacrylate resin (MMA) jigs
to allow for their positioning on the polishing stage. Three different methods of
mounting the samples were used in an attempt to achieve a mirror surface
finish which was very difficult due to the inherently soft Ti, which tends to facet
during polishing as a result of its multiplanar crystalline structure. In the first
batch of samples circular discs with a central recess to precisely house the
sample were cast in a cobalt chromium alloy (Co-Cr) and then embedded into
the MMA jigs. However because samples were not fixed to the jigs and were
moved during cleaning in between various polishing stages, faceting and
doming of the surface of a large percent of the samples was unavoidable.
Alternatively the second batch of samples was embedded in resin jigs which
were then mounted onto the polishing machine. These were found to have
slanted surfaces, which is not ideal for the surface modification and analysis
techniques applied in this work. Finally the samples were fixed onto the resin
jigs using molten wax that was left to set for a minimum of 2 h prior to polishing.
This method of fixation resulted in an optimised surface finish on most samples.
Samples used in the present work were polished using either jigs with
Co-Cr cast discs (PR.1) or by embedding in wax (PR.2). These are shown in
figure 3.1. The polishing protocol is detailed in table 3.2.
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mm--:

Figure 3.1 The two jig s used to mount the samples for polishing. The one on the
left was the PR.1 Jig while the one on the right was for the PR.2 polishing regime.

Stage

Force (N )

Tim e

Speed (R P M )

Polishing disc

Lubricant

1

30

45 s

300

1200 grit SiC

W a te r

2

30

45 s

300

2 4 0 0 grit SiC

W a te r

3

25

6 min

150

O P chem. cloth

O P S + 5% H 2 O 2 ratio 4:1

Table 3.2 Protocol for polishing Ti discs

3.2.2 Cleaning
Samples were manually removed from the jigs and remaining traces of
wax (PR.2) were dissolved by ultrasonication in toluene using successive baths
of fresh solvent until no traces of wax were detected. The samples were then
ultrasonicated in HPLC grade acetone and HPLC grade water. Each solution
was used for no more than five minutes and was then replaced with fresh
solvent as needed. HPLC grade water rinsing was carried out in between
solvents. Finally, following a last rinse in ultra pure water to remove any trace
elements, samples were placed on paper towels to draw the liquid off the
surface and left to air dry. The samples were then stored in tissue culture wells
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and were either left in the ambient environment or placed in a dry environment
(desiccator). Gloves were worn throughout the sample cleaning and preparation
process to avoid excessive contamination of the discs.

3.2.3 Implantation
3.2.3.1 System used
Ion implantation was carried out at Imperial College, London by Dr. T.J.
Tate using a Wickham 200 ion implanter. This implanter is equipped with a
Freeman ion source, a graphite arch chamber and tungsten filament and is
maintained at a background pressure of 2 x 10'^ mbar. The beam was set at
energy of 40 keV and the ion beam passes through a mass analysing magnet to
achieve 1 a.m.u. resolution.

Main Chamber
Primary
Ion Beam

Movable Target
Stage

Final
(beam
defining)
aperture

Figure 3.2 The Wickham 200 ion implanter (courtesy o f D r T.J. Tate).

S.2.3.2 Choice of Ions and Implantation Dose
Since Ca ion implantation into Ti has been found previously to have an
effect on biological responses to the material both in vitro and in vivo (Chapter
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1), an attempt to replicate that modified Ti substrate was set among other
objectives. Another concern was whether the implantation process itself might
be accountable for an enhanced biological response or if such a reaction was
mediated by the chemical nature of the resulting surface and would thus vary
according to the implanted ion. To inspect this logically while minimising
variables, implantation of

and "^°Ar^ in addition to

was proposed. As

these ions have similar atomic masses they should implant in a similar manner
resulting in comparable if not identical lattice deformations, yet producing a
diverse surface chemistry.
Ar^, being chemically inert, was selected as a control to assess the
effects of the implantation process itself if any, while the chemically active
provided a direct comparison to Ca^ activity and was of interest in view of
reports of enhanced HA precipitation on Na implanted Ti surfaces (Chapter 1).
Computer software programmes such as SRIM 2000 and Profile Code
simulate the effect of ion implantation into a substrate, and are useful as they
provide information on the distribution of the implanted ion in the substrate and
the amount of damage created by the implantation process. The SRIM
simulations trace the passage of each ion through the substrate beginning with
a particular impact position, direction and energy assuming the solid is
amorphous. The trace is stopped when the ion leaves the solid or loses
sufficient energy. Monte Carlo calculations allowing the calculation of ion range
and damage distributions apply an analytic formula for determining nuclear
scattering angles and by suitably expanding the distance between collisions at
high energies (Ziegler 1988). SRIM is a Monte Carlo simulation programme
developed by Ziegler, Biersack and Littmark (Zeigler et al. 1985), which can
predict sputtering yields based on input of implantation energy, the mass of ion
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to be implanted, the density, average surface binding energy and identification
of substrate to be doped. The sputter coefficient calculated by SRIM can be
used by Profile Code to generate a depth profile similar to that recorded by
SIMS.
In the current research, simulations which utilised a low implantation
energy similar to that quoted in the literature were found to result in implanted
ions at a near surface depth resulting in the sputtering of this modified layer
which reduced the possibility of acquiring a high dose implantation. Thus an
energy of 40 keV was chosen, based on the simulations which proposed a
deeper ion distribution into the Ti substrate, making the implantation more
efficient and the designated dose achievable (Chapter 4 includes a detailed
discussion of the SRIM simulations and ion depth distributions).
The samples were mounted onto stainless steel plates (one plate per
ion).

The amount of sputtering of stainless steel during the implantation is

negligible. The plates were cleaned in acetone and water in the same
procedure used for sample cleaning. Nail varnish was used as an adhesive to
attach the samples onto the plate and allowed to dry overnight. Care was taken
to avoid nail varnish pooling around or on the samples. The plates were then
placed vertically in the implanter.
The following table below shows the different implantation doses.
Implanted Ion
ImplantatiorTrun-'^,^^^

Ar^

Ca^

1®* implantation

2

1.4

1.5

2"^ implantation

2

1

1

3^'* implantation

1

1

1

Table 3.3 Table o f Im plantation doses fo r each Ion and a t each Im plantation run (1
X 10^^ Ions cm’^).

87

Ar was implanted using an Ar gas source, while a Ca metal source was
used (at a temperature of 610°C) to implant Ca and a KCI source at 450°C was
used for the implantation of K with the aid of a neon support gas. At the first
implantation, Ar^ implantation was attempted first. Ar"" ions were readily
implanted to achieve the target dose of 2 x 10^^ ions cm'^.
However, experimental difficulties with reactive metal implants led to low
implant doses of 1.4 x 10^^ ions cm'^ and 1.5 x 10^^ ions cm'^ for Ca and K
respectively (Ca and K were reacting with the oxygen and potentially other
species residually present in the implanter instead of the target Ti).
During the second implantation, a lower implantation dose of 1 x 10^^
ions cm'^ was selected, which proved to be a more realistic target. This was
repeated with the third implantation where the doses of all three elements were
identical.

3.2.3 3 Cleaning
Following implantation, samples were removed from the implantation
plates using acetone and cleaned by ultrasonication in HPLC grade acetone for
15 min and in HPLC grade H2O for 5 minutes.
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3.3 Immersion in Physioiogicai soiutions
All immersion studies were conducted in 1 ml solution in tissue culture
wells at either ambient room temperature (RT) or body temperature 37 (± 1) °C.

3.3.1 Water
To allow for a better understanding of the stability and chemistry of the
implanted layer, especially in a hydrated environment similar to that of the body,
immersion in H2O was implemented. It was essential to evaluate the role of
temperature on the dynamics of dissolution and thus immersion at both body
(37°C) and ambient temperature (RT) were assessed. Initially deionized water
was used for these studies but trace contamination, mainly with Ca and 01, was
detected as time progressed, possibly due to residues from the water source
precipitating in the filters. As an alternative, HLPC grade water was used but
also proved to contain traces of the above elements, which were still detectable
by XPS. Finally, ultra pure water was used, with ionic purity in the region of 0.5
ppb.

3.3.2 Hanks balanced salt solution (HBSS)
Upon surgical implantation, the dental implant comes into contact with
body fluids containing, in addition to water, a range of inorganic ions as well as
biomolecules (Chapter 1). To examine the effect of such interactions on the
properties of modified Ti surfaces and the effect of different chemistries of
modified Ti on salt deposition from the physiological solutions, a simulated body
fluid, namely Hanks balanced salt solution (HBSS) was used for immersion
studies which were again carried out at both RT and 37°C. This solution
contains sufficient concentrations of calcium and phosphate ions, thus offering a
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good media for calcium phosphate nucléation. The following table shows the
composition of HBSS as supplied by the manufacturers.

Catalogue number
Inorganic salts

14025-050
Concentration (g/l)

CaCI.2H20

0.185

KCI

0.40

KH2PO4

0.06

MgCl2.6H20

0.10

MgS04.7H20

0.10

NaCI

8.0

NaHC02

0.35

NaHP04

0.048

Concentration of other components
D - Glucose

1.0

Table 3.4 HBSS com position as supplied by m anufacturers

3.4 Analysis
3.4.1 Physical analysis
3.4.1.1 SEM
3.4.1.1.1

System used

The stereoscan 90B system used contains two pumps, a rotary and a
turbo, which keep the system at a pressure of 10"^ mmhg. The secondary
electron detector was set at a voltage of 15 kV.
Samples for SEM must be able to withstand the vacuum environment as
well as being conductive; both conditions are met by the CP Ti samples used in
the current project. As the samples were conductive, there was no need to gold
plate them, thus the samples were fixed on the SEM screw using conductive
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carbon tags. The images obtained were digitally scanned in TIFF format and
imported into the paint programme in Microsoft Office for presentation. Figure
3.3 displays the SEM used and illustrates schematically specific components as
provided by the manufacturer.

Electron gun
Gun alignment control
Pneumatic air lock valve
Condenser lens
-«-Objective aperture
Scanning coil
Objective lens
Motorized stage

Sample Chamber

Figure 3.3 The stereoscan 90B system and a schematic diagram o f the systems
components (provided in the user’s manual).

3.4.1.2 WLI
3.4.1.2.1

System used

In the current analysis, white light interferometry (Zygo - New View 200)
was utilised to measure the depth of the craters following SIMS analysis as well
as to investigate the surface topography prior to and following ion implantation.
A 10x Mirau objective, which offers a magnification of 200x was used resulting
in a field of view area of 0.70 x 0.53 mm and lateral resolution of 1.18 pm. The
masking function in the MetroPro software was used which entails the selection
of reference and test areas at the regions of interest on the sample surface and
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the software will calculate the average difference in height between them. This
function was used to determine the crater depth after SIMS analysis. The crater
centre was selected as the test area and was referenced to an area of the
remaining surface of the sample. It is important to avoid the edges of the crater
as they will have different depth points. When the sample surface itself is not
uniform i.e. dome shaped (as was the case for some of the samples in the
current research), four areas of the sample surface were selected as reference
areas around the crater and the depth of the crater was measured relative to
these to compensate for the surface doming.
The craters were observed on the Zygo monitors. The 02^ beam results
in a smooth bottomed well-defined crater due to the continuous oxidation of the
Ti when using of the O2'' beam as illustrated in figure 3.4.
15KV WD 24MM

5^09800 P 08820

Figure 3.4 SEM Image o f a 500 /m i x 500 /an crater resulting from O2 * prim ary Ion
beam on the surface o f CP TI.

To assess the effect of ion implantation on the surface roughness, WLI
was also used to measure the Ra and Rq values of the CP Ti and ion implanted
Ti. While Ra is a value of the arithmetic mean of the roughness height, Rq is the
root mean square of the roughness height (Ungerbock et ai. 1994).
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3.4.2 Chemical analysis

3.4.2.1 XRD
3.4.2.1.1

System used

Thin film XRD (TF-XRD) was run using a Siemens D5000 diffractometer.
Copper radiation was used (Ka1 =1.5406 A and Ka2 =1.5444 A). The thin film
attachment used was in the form of a long set of Soller slits and a lithium
fluoride diffracted beam monochromator. The samples were set at a theta (0)
position of 1° and fixed, while the detector was scanned between 10 and 80°.
The step size was 0.02°. Figure 3.5 shows the used system (courtesy of Dr.
J.C. Knowles)

Figure 3.5 XRD Siemens D5000 diffractometer
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3.4 2.2 XPS
3A.2.2.1

System used

XPS was run on VG ESCLAB 2201-XL (Figure 3.6) equipped with both
monochromated and twin anode AI Ka X-ray sources (hv = 1486.6 eV), a 300
mm diameter hemispherical electron energy analyser and a magnetic objective
lens. The analysing chamber was maintained under UHV with a baseline
pressure of 1 x 10’®torr.
All narrow scans were run at a pass energy of 20 eV and a 0.1 eV step
size, while widescan surveys were run at a pass energy of 100 eV and a step
size of 1 eV. The AI Ka twin anode was run at a current of 20 mA at a voltage of
15 kV, while the monochromated AI Ka source set at a 1 mm spot size and 10
mA. Both were run utilising the large area XL lens. As the samples in the
current work are conductive, there was no need to use an electron gun to flood
the samples which is a standard procedure to compensate for charging effects.
All spectra were recorded at normal emission angle. For details of experimental
parameters for each sample including lens mode used please refer to Appendix.

3 .4 .2 .2 2

Data display

All XPS files were transferred into the CasaXPS software allowing them
to be converted from Vamas file format to text files, which can be imported into
the SigmaPlot software to produce graphs. The raw data consists of two
columns; the x-axis represents the binding energy and the y-axis represents the
intensity or counts per scan. A flat linear background was stripped off
mathematically by excluding the average of the last ten data points in the
intensity column.
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h - 1 1 - (average of last ten data points in 1 1)
Equation 3.1

Where / is the column representing signal intensity.
Having stripped off the background a new column is generated that
contains the intensity of signal recorded with the low end of the scale at zero
intensity.
The maximum of the Ti intensity column was then found allowing all
spectra to be normalised to the Ti2 ps/2 peak maximum relevant to each sample
for referencing. This allows direct comparison between spectra.
To normalise, all intensities were then divided by the Ti maximum
intensity.
h(x) = h(x) / Max l 2(Ti)
Equation 3.2

Where x represents the element under consideration, e.g.

l 3(Ti) = l 2(Ti) / Max Ï 2(Ti)

h (0 ) = h (0 ) / Max hiTi)
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Analyser

Twin anode

Lens

Camera
Monochromated X-ray

Transfer lock

Main Chamber
4 way manipulator

Figure 3.6 VG ESCLAB 2201-XL

3.4.2.2.3

Quantification

XPS enables relative measurement of elemental ratios (Chapter 2) from
recorded peak areas. However the sensitivity factor of each element should be
taken into account when quantifying XPS data. Sensitivity factors are instrument
dependent and are related to the photoionisation cross-section and the mean
free path (Chapter 2). There are several published lists of atomic sensitivity
factors such as Wagner’s published atomic sensitivity factors (used in the
current research), which are derived from measuring a whole series of
compounds using a specific spectrometer (Wagner et al. 1981). When applying
this library, the ECLIPSE software also corrects for the transmission function of
this instrument to calculate elemental ratios. When selecting peaks for area
measurement, it is important to include all the peaks associated with the level
considered and to avoid overlapping peaks arising from other elements.
All XPS spectra will contain climbing background intensity due to
inelastically scattered electrons (Chapter 2). It is essential to isolate the intensity
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due to the primary peak by defining a baseline or subtracting a background prior
to peak area measurement. The simplest background is a linear line drawn
between two points on either side of the primary peak. Other models are
available to subtract the backgrounds which include the Shirley model. This
approximates the intensity of the secondary electrons by assuming that the
background intensity at any point is proportional to the total photoelectron
intensity above the background to lower Eb. Another method of subtracting the
background is the Tougaard approach which is a mathematical approach. In the
current work a linear background was used. The next figure (figure 3.7) shows
the Ti2p region for one of the CP Ti samples used in this work. The start and
end points selected are indicated and the line connecting them represents the
linear background subtracted. Satellite lines due to the excitation of a valence
band electron accompanying the primary photoemission results in minor
components seen in the high binding energy of the main XPS peak which are
known as shake up satellite lines and were reported to be at -1 3 eV and -2 5
eV separation from the Ti^"^2p3/2 and Ti^‘"2pi/2 peaks respectively (Kim et al.
1975). These and other minor structures on the higher end of the binding
energy scale

were

not

included

in the

peak

area

measurement for

reproducibility purposes (see Chapter 4 for detailed analysis). Please note that
satellite stripping was not carried out for samples analysed using the twin
anode. These two factors may have a small influence on the elemental ratios
measured.
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Figure 3.7 XPS spectrum o f TI2p region on a CP Ti sample. The line represents
the linear background selected for subtraction.

3.4.2.3 SIMS
3.4.2.3.1

System used

SIMS was conducted using an Atomika 6500 ion microprobe (Figure
3.8). The secondary ion yield is enhanced in the presence of O, hence an 02^
primary ion beam was used for the majority of this work. The current discharge
for the 02^ primary ion beam was 3 mA and the ion beam energy was set at 8
kV. For all data displayed in this thesis, the primary ion beam scanned the
sample in raster mode over an area of 200 pm x 200 pm using a beam width of
50 pm at a normal angle. The samples were mounted on a carousel which is
able to house six samples at a time. Once in the main chamber the
manipulation stage enables rotational movement to allow analysis of the
selected sample. A Xe'' primary beam was used for some of the preliminary
experiments and will be mentioned briefly where appropriate.
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Primary Ion beam
source

Main Chamber
Sample holder

Figure 3.8 SIMS Atomika 6500

3.4.2.3.2

Sputter rate calculations

SIMS was run under consistent experimental conditions when possible.
The raw SIMS data was obtained as a function of time. WLI was used to
measure the depth of the resulting crater. The depth of the crater and the total
run time were then employed to calculate the sputter rate according to the
following equation.
Sputter rate (jum/h) = Depth of crater (jum)/ Total analysis time (h)
Equation 3.3

Each data point of time (x-axis) in the spectrum is then multiplied by this
sputter rate, converting the spectrum into a depth profile line plot.
Depth (jum) = Sputter rate (pm / h) * Time (h)
Equation 3.4

It is essential to point out that the crater dimensions are selected at the
time of setting the SIMS parameters in order to minimise the acquisition time
while maintaining enough area to allow for gating, a process by which the crater
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edges are excluded from the detection as they will not have a uniform depth
(Chapter 2).
A native oxide layer always covers Ti and it would be misleading to
assume that the metal and the oxide have the same sputter rate. The initial
method of estimating the sputter rate was to standardise the experimental
conditions to a Ti sample and a Ti02 single crystal to obtain the sputter rate for
both the oxidised metal and the Ti02. The sputter rates were found to be as
follows:
Primary ion beam used

Ti02 sputter rate pm / h

Ti sputter rate pm / h

O2"

0.19

0.44

Table 3.5 Sputter rates fo r CP Ti and T1 O 2 .

However, when the above method was applied, the difference in the
experimental depth profile was not significant. Thus it was thus decided to
convert the profiles obtained by SIMS to a depth profile by using the calculated
sputter rate of a standard Ti sample (0.44 pm/ h).

3A.2.3.3

Depth profiles

The graphs displayed are linear depth profiles showing signal intensity
(arbitrary units) as a function of depth in pm. An 02 ^ primary ion beam is known
to enhance the secondary ion intensities and in the current work, the ion beam
energy was set at 8 kV which would result in an ion beam mixing range of 16
nm.
The mass channels selected were 48 for Ti^ (the mass of the highest
naturally occurring isotope), Ca^ at mass 40 (the implanted isotope),

at mass

39 (again the implanted isotope) and (for HBSS immersed samples)

at mass

31 as there are no other isotopes. To verify that the Ca and K ions detected are
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those arising from the implantation, the presence of other naturally occurring
isotopes of both ions was investigated at masses 41 for

and 43 for Ca'^.

Table 3.6 lists the major isotopic masses possible for all elements investigated.

Ion

Naturally occurring
Percentage

Ion

Naturally
occurring
Percentage

Ion

'"C
13c

98.89

99.59

"Gca 0.004

1.11

““Ar
39k

93.26

0.187

16q

99.76

40k

0.01

“"Ca
46Ti

'"O
18q

0.04

41k

6.73

4?Ti

7.5

0.2

4°Ca

96.94

48Ti

73.7

31p

100

42ca

0.647

5.5

^A r

0.34

“ ®Ca

0.135

"h-i
soTi

“ Ar

0.07

*^Ca

2.09

Naturally
occurring
Percentage

8

5.3

Table 3.6 Table o f isotopes and their naturally occurring p e rc e n ta g e .

Although the abundances of the "*^Ca and ^C a isotopes are much higher
than that for the ^^Ca isotope, the latter was selected to avoid mass overlap
resulting from SiN and CO 2 respectively as well as other organic species.
The signal intensity obtained for the Ti^ secondary ions was first
normalized to the Ti metal signal by dividing each intensity data point by the last
data point of the Ti spectra and all other mass channels were then normalised
to the same Ti intensity. To enable comparison of different samples, the
secondary ion intensities were scaled to level the Ti channel at 10® and the
same scaling factor was applied to all mass channels.
The depth calibration is based on the measured depth of a 200 x 200
|im^ crater following SIMS analysis where the crater was clearly visible using
WLI. This depth was used to calculate the sputter rate as standard for all
samples using equation 3.1
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Due to the use of 02^ as the primary ion beam, the O mass channel
cannot be presented due to confusion arising from overlapping of O from the
oxide with O from the beam. It is however beneficial to use an 02^ primary ion
beam as it enhances secondary ion yields.

3.4.3 Clinical studies
3.4.3.1 Passivation
The stability of the oxide layer against corrosive attack in the aqueous
biological environment is critical as the release of potentially harmful metal ions
is of concern since it may elicit unfavourable biological responses. An example
of this is the possible role of AI in Alzheimer's disease (Sodhi et al. 1991).The
presence of these metal ions was reported to influence cellular response to Ti
alloy surfaces resulting in a decrease of cellular proliferation (Ku etal. 2002).
The

American

society

for

Testing

and

Materials

(ASTM)

has

recommended that metallic implants be cleaned of extraneous materials, both
organic and inorganic to enhance biocompatibility. Chemical or electrochemical
passivation to enhance the oxide layer and reduce corrosion as well as
sterilization to kill microorganisms were among these recommendations.
Passivation of CP Ti has been recommended as it “enhances” the oxide layer
thus minimising corrosion, as well as removing debris embedded in the surface
during

machining

(Kilpadi at al.

1998a,

Kilpadi

at ai.

1998b).

ASTM

recommended the use of nitric acid for passivating CP Ti at a concentration of
20-40% by volume for at least 1 h.
Passivation was conducted using 40% (by volume) nitric acid prepared
from 70% nitric acid diluted using ultrapure water in fume cupboard.
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The passivation of all samples was carried out at room temperature for
20 minutes followed by rinsing and cleaning in ultra pure water at room
temperature for 10 minutes. The samples were analysed immediately to
minimise the effect of contamination. The samples were stored in a desiccator
and analysed again after three days.
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4 Chemical and physical analysis of polished and asimplanted Ti
4.1 Introduction
As discussed in Chapter 1, it is now accepted that the initial biological
response to biomaterials such as Ti may be influenced by the microscopic as
well as the macroscopic surface properties. The interaction between the
biomaterial and the tissues (or more precisely the H2O and biomolecules in the
tissues) occurs at the atomic level. The surface chemistry and energy of the
biomaterial will influence the type of molecules and proteins adsorbed as well
as their orientation. Therefore, an understanding of the surface properties of CP
Ti is essential to assess changes that may arise following modification by ion
implantation which may enhance or compromise the biocompatibility of Ti.
The

surface

properties

usually

considered

to

be

important

for

biomaterials include morphology and roughness, surface crystalline structure
and composition at the surface. These were investigated by a number of
analytical techniques to compensate for the limitations of a specific technique.
For example, XPS at the photon energy employed in the current work has a
detection limit of -100 - 150 A into the surface. When complemented with
SIMS, a depth profile of the distribution of the implanted ions into the bulk of the
Ti is possible. XRD on the other hand probes deeper into the surface and gives
detailed structural composition of the substrate and its crystalline nature at that
depth.
As discussed in Chapter 2, XPS, SIMS and ion implantation itself are all
best suited to smooth surfaces. The CP Ti samples used in this work were
106

therefore polished to a mirror finish as described in Chapter 3. Nonetheless, for
comparison with the studies of others and to give a complete overview of the
surface characteristics of the substrate material, surface topography was also
examined. This was carried out using SEM and white light interferometry to
visualize the surface features and measure the surface roughness.

4 .2 CP Ti
The first section of this chapter presents the properties of CP Ti used in
the current work.

4.2.1 Literature review
Chemical and physical properties
The ASTM grading lists Ti according to its purity into 4 grades based on
the percentage by weight content of oxygen and iron. Grade 1, which was used
in the current research, is the softest with a maximum O content of 0.18% by
weight and a maximum Fe content of 0.2% by weight. It has a Brinell hardness
number (BHN) of 120, a tensile strength of 240 MPa and a ductility value of
37%. All grades of Ti contain maximum concentrations of N, H and C of 0.03%,
0.015% and 0.1% respectively (Craig 1996, Brown 1997).

The native oxide
The native oxide layer covering Ti forms spontaneously upon exposure
of clean Ti to air at a rate of 1 nm in < 1 ms and generally has an estimated
thickness of « 5-10 nm (Sutherland at al. 1993, Wieser at al. 1999, McCafferty
at al. 1999). This tenacious oxide film grows upon exposure of clean Ti to O
even in extremely low partial pressures of O because the equilibrium partial
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pressure of O in contact with Ti is many tens of orders of magnitude lower than
that which even the best vacuum system can achieve (Effah et al. 1995). This
gives Ti its “gettering” properties, which are the basis of its use in vacuum
technologies such as, for example, the titanium sublimation pumps commonly
used to achieve and maintain UHV.
The oxide produced is strongly and tightly bound to the surface and has
exactly the same Volume as the metal it replaces. This oxide is passive and
able

to

withstand

disintegrating,

which

both
is

saline
one

and

of the

physiological

environment

important factors

leading

without
to

the

biocompatibility of Ti (Brown 1997).

Surface topography
Clinical and in vivo studies have shown that the topography of the
implant surface plays a key role in osseointegration. Rough surfaces were
generally shown to elicit a more favourable cellular response as compared to
smooth surfaces. It has been reported that cell attachment seems to favour
roughened Ti (Keller at ai. 1990). However, MG63 bone-like cells were reported
to spread

more favourably on smooth Ti surfaces but displayed

less

proliferation when compared to roughened Ti surfaces. The cells were altered in
appearance as well and the authors concluded that the response of cells to
surface roughness depends on the maturation stage of the cells themselves
(Boyan at ai. 1995). Cells were reported to discriminate between surfaces with
similar roughness but different topographies (Deligianni at ai. 2001). It was
shown that rough Ti bound larger amounts of fibronectin than smooth Ti due to
the increase in the hydrophilic properties of the surface. However, albumin was
reported to absorb better on smooth Ti. AFM, STM and SEM are now
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commonly applied to measure the surface roughness of the CP Ti (Ungerbock
etal. 1994, Botha 1998, Kilpadi etal. 1998b).

Surface chemistry
Morphological and cell adhesion studies for Ti surfaces have provided
information on the initial interactions and the cellular behaviour. However the
optimal surface characteristics required to induce predictable and favourable
bone formation are still unclear (Boyan et al. 1995). The chemical nature of the
surface is as critical in governing the biological interfaces as surface topography
and although separating the two is challenging, it is vital for a better
understanding of surface effects. One approach to this has been to study the
surface of different dental implant systems in current clinical use.
XRD is a commonly applied tool to examine crystalline structure of the
surface, offering an insight to the subsurface region with depth resolution of 5 10 pm. Lausmaa examined Ti surfaces using XRD but could not identify a
crystalline phase and suggested that as most clinical Ti implants have thin
surface oxides, they can be expected to have amorphous surfaces (Lausmaa
1996). Ti implants were recently analysed by Sul et ai. where the XRD
diffraction patterns obtained from turned surfaces were dominated by peaks
from the Ti substrate and the thin oxide layer. These could not be assigned to
rutile or anatase. The authors suggested the thin oxide may be neither
amorphous nor crystalline but behaves more like a molecular layer (Sul et al.
2002 ).

The surface chemistry of four clinically used dental implant systems was
characterized using XPS and SEM (Olefjord et al. 1993). The research
concluded that as well as the Ti and O expected at the implant surface,
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contamination with organic and inorganic compounds was observed on all
systems. The authors highlighted the potential role of these contaminants and
the compositional variations between different implant systems on subsequent
tissue response. The elements found in all the dental implant systems
examined were most prominently Ti, O and C and to a lesser extent Ca and N.
Some of the systems also showed traces of Si and 01. Manufacturing processes
significantly altered the surface chemistry of these implants as specimens of
one system contained traces of F due to the use of hydrofluoric acid during
processing while another contained traces of Zn. Although the effect of these
elements on “tissue poisoning” was not known, the authors concluded that by
studying the surface chemistry, a process for developing contaminant free
implants could be developed.
Similar findings were reported by Sawase et al (Sawase et al. 1998) who
studied the surface composition of three dental implant systems used clinically
and found the chemistry of the surface to vary according to manufacturing
procedures. Most importantly, they concluded that all systems contained Ti, O
and C to varying concentrations.
Other studies have concentrated on “model” surfaces. For example, the
surface of CP Ti (grade 4) polished by SiC paper (600 grit) was reported to
contain, in addition to Ti, O and 0 at atomic concentrations of 4.4% and 3.7%
respectively. The concentrations of O and 0 were affected by prolonged
exposure to air prior to analysis (Placko et al. 2000). An earlier study
demonstrated that in addition to the elements identified above, the surface of
CP Ti contained N, Ca, P, Si, Fe and Pb with variations depending on surface
preparation and cleaning procedures (Ameen et al. 1993).
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In summary, the regions of interest when studying Ti have been
repeatedly pointed out to be Ti2p, 01s C Is, Ca2p and N Is for XPS (Lausmaa
e ta l. 1990, Hanawa et al. 1991, Oleljord e ta l. 1993, Lausmaa 1996, Pham et
al. 2000b, Krupa et al. 2001b). This is based on the composition of the oxide
layer and the organic and inorganic contaminants present in it. Therefore the
current study focuses on these regions.
Titanium has also been analysed using SIMS to study the chemical
composition of surface and subsurface regions. Edwards et al. utilised an 02^
primary ion beam at low energy for characterizing the surface of three
commercial brand implant systems. These were found to contain, in addition to
Ti and O, C and H as well as Ca, K, Na, Mg, Si and Fe. The presence of Fe was
due to machining while Na and K were thought to result from handling
contamination. Ca, Mg and Si were commonly found contaminants (Edwards et
al. 1992). Ameen et al. have also utilised SIMS with a pulsed liquid metal
primary ion source to study the surface composition of model CP Ti surfaces
and concluded that a carbonaceous layer was present on the surface and
referred it to either processing or cleaning procedures (Ameen et al. 1993).
Thus by combining XRD, XPS and SIMS for analysis of the surface
chemistry along with WLI and SEM for physical characterization, this section
aims to shed light on the surface properties of CP Ti prior to surface
modification by ion implantation.

Ill

4.2.2 Results
4.2.2.1 General Appearance
To the naked eye the surface of polished Ti was smooth and had a mirror
finish with no distinct tint or colour. This surface finish was difficult to achieve
and maintain, as Ti is challenging to polish owing to the softness of the surface.
Thus, once samples were polished extra care was practiced in handling and
storing them. Figure 4.1 shows the general appearance of an unpolished CP Ti
discs as compared to a polished one.

Figure 4.1 Polished CP TI as compared to unpolished CP TI.

4.2.2.2 SEM
The surface of polished CP Ti appears to be smooth as seen at a
relatively low magnification. However, it is not uniform as can be seen in figure
4.2, which shows two areas of the same disc. Although the overall appearance
of the surface is smooth, some areas display pits and grooves that are generally
in the direction of polishing. These features are typical of such surfaces and
could not be avoided.
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Figure 4.2 SEM images showing two areas o f a polished CP Ti disc.
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4.2.2 3 WLI
A measurement of the surface roughness (Ra) and the root mean square

roughness (Rq) values was conducted on six randomly selected C P Ti samples.
A minimum of three areas on each sample was measured and the average of

the readings is given in table 4.1. The surface roughness was almost uniform
across each sample with very little difference measured at the three randomly
selected areas of each disc. This was despite varying surface features such as
pitting and grooving.

S a m p le

Rq/pm (S D )

Ra/pm (S D )

C P Ti

0 .0 6 (0 .0 2 )

0 .0 4 (0 .0 1 )

Table 4.1 M easurem ent o f average roughness (Rq and Rg) on CP Ti using white
light interferometry.

4.2.2.4 XRD
Figure 4.3 shows the X-ray diffraction pattern from the C P Ti. The x-axis
represents the 20 angles while the y-axis represents the intensity of the peak in
arbitrary units. This confirms that the bulk structure is hexagonal as indicated in
table 4.2.
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Figure 4.3 XRD demonstrating the hexagonal crystalline nature o f CP TI.

Table 4.2

indicates the absolute 20 values,

d-spacing

and the

corresponding crystallographic planes as well as the relative intensity of each
plane. These are obtained from the JCPDS-lnternational Centre for Diffraction
Data which contains data for thousands of mineral species (JCPDS, 1980).
20 / Deg

d-spacing

29.406

3.03

35.400

Plane

Intensity

2.53

100 (Ti hexagonal)

25

38.520

2 33

002 (Ti hexagonal)

30

40.241

2.23

101 (Ti hexagonal)

100

53.148

1.72

102 (Ti hexagonal)

53.03

59.440

1.55

62.996

1.47

110 (Ti hexagonal)

11

70.765

1.33

103 (Ti hexagonal)

11

76.400

1.24

112 (Ti hexagonal)

9

77.431

1.23

201 (Ti hexagonal)

6

Table 4.2 measured 20 values measured by XRD and d-spacing In hexagonal CP
TI and their corresponding planes (JCPDS).

Diffraction lines at 20 values of 29.406 and 59.440 were observed but
could not be assigned to any Ti or titanium oxide crystallographic phases of
known stoichiometry.
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4.2 2.5 XPS
Since the samples were prepared by two different polishing techniques
and the XPS results were obtained using two operating modes (Chapter 3), the
figures presented in this section aim to compare:
1. The changes that may accompany different polishing regimes
(PR.1 and PR.2)
2. The differences if any between spectra obtained using the twin
anode as opposed to monochromated X-rays.
Figure 4.4 shows a widescan spectrum of a randomly selected CP Ti
sample polished using PR.1 and analysed using monochromated X-rays.
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Figure 4.4 Survey spectrum o f a randomly selected CP TI sample polished by
PR.1 and analysed using monochromated X-rays.

In this spectrum, the most prominent peaks at Eb = 458.9 eV and 530.4
eV are due to Ti2p and 01s photoelectrons respectively which is in agreement
with the oxide composition of the immediate surface of the sample. The other
prominent peak seen in the survey spectrum is at 285.0 eV and is due to C Is
photoelectrons, which arise from C present in the surface as adventitious
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contamination. This is widely reported in the literature and is impossible to
avoid. The small feature at 400 eV is due to N1s photoelectrons.
Additional peaks at Eb ~24 eV, -3 7 eV and -61 eV can also be
distinguished and are due to Ti3p, 02s and Ti3s photoelectrons respectively.
The small features at Eb of 199.2 eV, 154.2 eV and 89.3 eV are due to
the CI2p, Si2s and Mg2s peaks respectively. These are surface contaminants
which are present at very low levels (a few atomic percent), thus they will not be
referred to in the remaining spectra although some samples do contain trace
amounts of these elements at the surface.
The low end of the binding energy scale shows the metal oxide valence
band while the high end of the binding energy scale is dominated by Auger
peaks (Chapter 2). These were excluded from all analyses.
Fig 4.5 shows a survey spectrum of a CP Ti disc polished using PR.2.
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Figure 4.5 XPS widescan spectrum o f a typical CP Ti sample polished by PR.2
and analysed using monochromated X-rays.

As with the previous sample, the Ti2p and 01s peaks at Eb = 458.9 eV
and 530.4 eV respectively are due to the oxide composition of the immediate
surface of the sample. The C Is peak at 285.0 eV is also detected. Small
features arising from Ca in the surface of the sample are most clearly seen at
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374.5 eV due to Ca2p photoelectrons. The other features labelled in the
spectrum are the same as those found in the first sample.
The PR.1 regime was also investigated using the Al Ka twin anode as
illustrated in figure 4.6. This is very similar to the other samples in terms of the
peak position of Ti2p, 01s and C Is peaks. This sample like the first sample
polished using PR.1 has very little Ca detectable unlike the PR.2 sample, which
did display Ca2p and Ca2s peaks.
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Figure 4.6 XPS widescan spectrum o f a PR.2 CP Ti analysed using the twin anode
following PR.1 polishing.

Based on the above, one can conclude that any standard CP Ti sample
will contain primarily Ti, O and C in the surface layer. A closer look at these
elements using XPS was conducted. The peaks examined were those most
readily detected by XPS for the chosen element, which are Ti2p, 01s and CIs.
The XPS results are displayed with each figure containing two spectra that were
run using monochromated X-rays comparing the PR.1 samples (five) and PR.2
samples (six). Spectra of the PR.1 samples (three) acquired using the twin
anode, are shown separately for completeness.
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Fig 4.7 shows the TI2p region that consists of two peaks as a result of
spin-orbit splitting. As an electron is removed from the 2p level, an unpaired 2p
electron remains resulting in a system that has spin angular momentum s as
well as an orbital angular momentum /. These interact magnetically in what is
referred to as spin-orbit coupling. The total orbital angular momentum L and the
total spin angular momentum S are coupled together to give the total orbital
angular momentum J. As L= 1 and S = ± 1/2 for a 2p electron, J is 3/2 or 1/2
where the J = 3/2 final state has a lower energy, thus resulting in the lower
binding energy peak.
The prominent peaks at 458.9 eV and 464.6 eV (spin orbit splitting of
-5 .7 eV) are the 2p3/2 and 2pi/2 peaks respectively due to Ti"^^ which constitutes
the majority of the oxide layer. The small peak at the lower end of the scale at
453.9 eV is the 2p3/2 peak arising from Ti metal underneath the oxide layer (Ti°).
The 2pi/2 component of the peak is unseen as it is hidden under the larger and
more prominent Ti"^^ peaks. As XPS is more sensitive to the near surface region
of the sample, the T^^ peak arising from Ti in the oxide layer appears to be
larger than the Ti° representing the underlying metal. The fact that the
underlying metal can still be detected indicates that thickness of the oxide layer
is within the detection limit of XPS (-100 - 150 A in this work). The area in
between the 453.9 eV and 458.9 eV peaks represents the Ti^^ and Ti^^ states
which are minor components of the oxide layer.
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Figure 4.7 XPS spectra o f TI2p region in CP Ti samples polished by two different
methods and analysed using monochromated X-rays. A is PR.1 and B is PR.2.

Figure 4.8 shows the TI2p region for three samples polished by the PR.1
method but analysed using the Al Ka twin anode instead. The same features
are seen but the Ti° feature is less defined than that for samples analysed using
monochromated X-rays.
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Figure 4.8 XPS spectra o f Ti2p region in CP Ti samples polished by the first
method (PR. 1) and analysed using the twin anode.

The other element in the oxide layer is O. Fig 4.9 shows the 01s region
which displays a prominent peak at 530.4 eV due to O present as O^'. The
shoulder seen at higher binding energy contains compounds due to O in OH
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groups at -532 eV and H2 O at -533 eV and other 0-containing organic
compounds likely to be present at the surface. The intensity of this shoulder is
variable between different groups of polishing regimes and in samples within
the same group. When using the twin anode (Figure 4.10), the 01s peak is not
as sharp as the previous samples but generally displays the same chemical
states.
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Figure 4.9 XPS showing 01 s region in CP Ti samples polished by two different
methods and analysed using monochromated X-rays. A is PR.1 and B is PR.2
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Figure 4.10 XPS showing O ls region in three randomly selected CP Ti samples
polished by the first method (PR.1) and analysed using the twin anode.
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The C1s peak shown in Fig 4.11 indicates that most C on the surface is
present as hydrocarbons resulting in a large peak at -285 eV. The shoulder at
higher binding energy is due to C bound to heteroatoms. A broad shoulder seen
at -286.6 eV is commonly attributed to C bound to single O atom while the peak
at 288.7 eV is usually attributed to bound to two O atoms (table 4.8) although it
should be noted that C bound to N atoms would show similar chemical shifts.
There is clear shifting in the hydrocarbon peak position and intensity for
all samples indicating the different chemical states of the C contamination on
different samples.
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Figure 4.11 XPS showing C Is region in CP Ti samples polished by two different
methods and analysed using monochromated X-rays. A is PR.1 and B is PR.2.

The samples analysed using the twin anode show similar chemical states
but lower intensity peaks that are generally broader.
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Figure 4.12 XPS showing the C Is region in three randomly selected CP Ti
samples polished using PR. 1 and aniysed using the twin anode.

To establish the presence and baseline levels of the ions intended for
implantation, the Ca2p and K2p regions were also recorded. Ca2p and K2p are
the most suitable chemical states for the detection of Ca and K, based on the
binding energies

( E b)

of the photoelectrons and their detection probabilities

using XPS. However the K2p peak is not always clearly observed, as it is very
close in position to the 01 s peak and on occasions may overlap. In cases
where the K2p peak is not clearly defined, the K2s peak will be shown as well or
instead.
Fig 4.13 shows the Ca2p peak in the same samples which appear to
contain varying levels of Ca with peaks at 347.8 eV and 351.5 eV due to
Ca2p3/2 and Ca2pi/2 photoelectrons respectively. The Ca detected is mostly
thought to be present as a surface contamination although a minor part of this
peak could be compositional as reported in the literature for 99.6% CP Ti (see
discussion below). The levels of Ca are variable and significantly higher for one
particular sample polished using PR.2.
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Figure 4.13 XPS illustrating the Ca2p region in randomly selected CP Ti samples
prepared using two methods o f polishing (A is PR.1 and B is PR.2) analysed with
monochromated X -ra y s .

Meanwhile, very little Ca is detected on the PR.1 samples analysed
using the twin anode.
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Figure 4.14 XPS illustrating the Ca2p region in randomly selected CP Ti samples
polished with PR. 1 and analysed using the twin anode.

In contrast to the presence of Ca in these samples is the total absence of
K as seen in figures 4.15 and 4.16, which illustrates the K2p region for samples
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polished using PR.1 and PR.2 analysed with monochromated X-rays and the
twin anode respectively.-»-
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Figure 4.15 XPS illustrating the K2p region in randomly selected CP Ti samples
polished with PR.1 and PR.2 respectively and analysed with monochromated X-rays.
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Figure 4.16 XPS o f the K2p region demonstrating the lack o f K in randomly
selected CP Ti samples polished using PR. 1 and analysed using the twin anode.

The Ar2p region representing the third ion intended for implantation was
not run for these CP Ti samples as the survey spectra indicated that no Ar was
detectable in them.
In summary, XPS demonstrated that the near surface of the CP Ti
samples contain in addition to Ti and O some contaminants mainly as C and to
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a lesser degree Ca. K was not found to be present in these samples.
Quantification was carried out using the Eclipse software (see Chapter 3 for a
detailed

discussion

of

the

background

subtraction

and

quantification

procedures). The relevant peak area was measured following subtraction of a
linear background and corrected

by the atomic sensitivity factors and

transmission function of the spectrometer. The area of the peak for each
element was then ratioed to that of the Ti peak. In these calculations the
Wagner library of sensitivity factors was used (Wagner et al. 1981).
It is important to keep in mind that these quantification procedures do not
take into account the depth distribution of the element or the varying inelastic
mean free paths of the detected photoelectrons. Thus these compositions
should not be relied on as absolute surface concentrations but comparisons can
still be made when similar spectral evaluation procedures and analysis
parameters are employed. This approach has been reported in the literature
(Lausmaa 1996). It must also be stressed that XPS is a semi-quantitative
technique since quantification carries an inherent error of -20% (Vickerman
1997).
The chemical composition of the randomly selected CP Ti samples is
very similar as shown as by the elemental ratios in table 4.3.
PR.1 MONO

PR.1 TW IN

PR.2 MONO

x rri

Avg

SD

Min - Max

Avg

SD

Min - Max

Avg

SD

Min - Max

O/Ti

4.57

1.29

2.82 - 6.43

3.46

0.54

2 .8 2 -4 .1 5

3.24

0.22

2 .8 3 -3 .5

C/Ti

3.27

1.13

1 .8 3 -4 .9 9

2.43

0.55

1 .9 8 -3 .1 9

2.04

0.62

1 .0 2 -3 .1 2

Cam

0.03

0.05

0 - 0 .1 3

0.03

0.02

0.01 -0 .0 5

0.03

0.01

0.01 -0 .0 5

Table 4.3 Quantification o f elements seen in CP Ti sam ples including the average
ratios, standard deviation (SD) and m inim um and maximum data.
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Table 4.4 shows the binding energies of Ti2p, 01s, C Is and Ca2p as
measured by XPS in the current research.
Element

Position eV

Ti2p3/2 of Ti metal

453.9

Ti2 p3/2 of the oxide

458.9 - 459

Ti2 pi /2 of the oxide

464.6

01s of the oxide

530.4

C Is as hydrocarbons

284.3 - 285.3

Ca2p3/2

347.8

Ca2pi/2

351.5

Table 4.4 Elem ental position and composition o f as polished CP Ti.

4.2.2.6 SIMS
As XPS is limited to probing the near surface region within a depth limit
of around 100 - 150 A, SIMS was used in order to probe deeper into the Ti.
An 02^ primary ion beam was used and mass channels were recorded
for the secondary ions Ti'" (48), K"” (39) and Ca"" (40) to record the depth
distribution of the implanted ions into the Ti matrix. In addition to the implanted
mass, isotopes of both K and Ca at masses 41 and 43 respectively were also
recorded. A clear signal from O in the oxide layer cannot be obtained due to
overlap with O in the primary ion beam. O'" (12), S^ (28) and P^ (31) mass
channels were also recorded but will not be presented, as they were always too
low in concentration and at the instrument background noise level.
Figure 4.17 illustrates the SIMS depth profile of a CP Ti sample. The xaxis represents the depth in pm and the y-axis represents the secondary ion
intensity in arbitrary units. Ti is clearly the most prominent element in the matrix.
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"^°Ca is present in minute amounts at the very near surface. The "^^Ca isotope
and both K isotopes

and

were not detectable.
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Figure 4.17 SIMS data illustrating the depth profile o f a CP Ti sample.

It must be stressed that the intensity counts in all SIMS graphs were
scaled in such a way that the Ti channel levelled at 10® for presentation
purposes, and to allow for direct comparison between different samples (the
same scaling factor was applied to all mass channels). The presence of Ca and
K in the Ti is very minute and can even be considered as background noise. It is
also important to establish that SIMS as used in the current work is not surface
sensitive as the first segment of the analysis corresponding to the oxide layer is
not accountable for. This period of analysis is commonly referred to as the
equilibration period during which the beam current stabilizes, affecting the
intensities of the secondary ions in that time scale. The sputter rate of the
samples used in the current work was measured to be 0.44 pm/h. This indicates
that the first few A of the surface corresponding to the oxide layer is literally
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sputtered off during the equilibration period. Using XPS renowned for its
remarkable surface sensitivity compensates for this shortcoming.
Although both XPS and SIMS were used to establish baseline levels of
Ca and K (two ions intended for implantation), baseline levels of Ar (the third ion
intended for implantation) were not investigated by either technique. In the case
of XPS, widescans of the sample proved the absence of Ar from the surface of
CP Ti. SIMS, on the other hand, cannot be used to analyse Ar (which has a
mass of 40). This is because the inert nature of Ar results in an extremely low
secondary ion yield. This renders Ar undetectable by SIMS, as 99.999% of
sputtered Ar, if present, will be in the form of neutral particles.

4.2.3 Discussion
4.2.3.1 General appearance
The polished Ti discs had a smooth surface with a mirror finish but no
distinct tint or colour. This indicates that the polishing and cleaning procedures
do not alter the surface visibly. Lausmaa et al stated that naturally formed
titanium oxides are too thin to give rise to any interference colours (Lausmaa at
a/. 1985). Ungersbock at a!, demonstrated that the surface appearance and tint
of CP Ti samples varied according to preparation methods. Samples that were
anodized to a fine finish displayed a gold colour as compared to samples
anodized then roughened by blasting which were darker in colour. Ti plates that
were hand ground, blasted with AI2O3 or electropolished did not display any
interference colours. The authors used reflecting light microscopy to gain
information on the thickness of the oxide layers, which will result in the Ti
appearing with different colours. The gold / yellow tint observed on smooth Ti
was reported to arise from the oxide layer as apposed to the grey areas of
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metallic Ti delimited by metal grain boundaries of the oxide layer (Ungerbock et
al. 1994). These surface discolorations are a result of light reflected from
varying layers of the surface (namely the oxide layer and the underlying Ti
substrate),

which

can

either be

in-phase

or out-of-phase

resulting

in

constructive or destructive interference respectively and hence the surface tint.
Lausmaa at a! offered two possible explanations to observed blue and brown
discolouration on Ti surfaces following autoclaving. These were thought to be
either light absorption due to contamination layers deposition during autoclaving
or light interference following oxide growth > 0.01 pm (>100 A) (Lausmaa at ai.
1985). Keller attributed the dark blue discolouration on autoclaved Ti surfaces to
thickening of the oxide layer in the region of 0.025 - 0.07 pm (250 - 700 A)
(Keller at ai. 1990). As the samples produced in the current work did not display
such colour changes and based on the XPS findings, the thickness of the oxide
layer could be estimated at <100 A.

4 2.3.2 SEM
It appears that although care was practiced during handling of the
polished CP Ti samples, scratches were still apparent on the surface as shown
by SEM. This is due to the softness of Ti and poor abrasion resistance. The
surface is characterised by pits and grooves, with similar features displayed on
different areas of the same disc. Although these surface features are not
uniformly distributed across the surface the orientation of grooving is generally
in the direction of polishing although some are not and appear to be scratches
on the surface due to handling. This is in agreement with several reports on
similarly prepared surfaces. Ameen at al have studied the surface of CP Ti
prepared to either a rough finish to simulate the surface of the fixture, or a
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smooth finish similar to that of the abutment. They demonstrated the presence
of pitting and pores on all surfaces (although they were of the opinion that these
were related to the hydrocarbon overlayer) (Ameen et al. 1993).
Similar features are also reported for other Ti grades. Lincks at al.
reported on the surface characteristics of Grade 2 CP Ti polished to 1200 grit
using AI2O 3 paper, where small pits of up to 2 pm diameter and randomly
oriented scratches were seen on the surface and thought to arise from the
polishing procedure (Lincks at al. 1998). Grade 4 CP Ti samples polished using
600 grit SiC with 1 pm finish displayed striations and pits using SEM which the
author believed to have resulted from the mechanical polishing process (Placko
at al. 2000). Similar findings were reported for clinically prepared Ti surfaces.
CP Ti samples prepared using the Brànemark procedure of electropolishing and
cleaning illustrated grooving and/or steps of different width and height as well as
pore-like structures when viewed using SEM (Baro at al. 1986). A group of
researchers reported that even with electropolishing, CP Ti surfaces had small
pores and structural inhomogeneities (Ungerbock at al. 1994). The topography
of implant fixtures was studied by Esposito at al. who reported the presence of
grooves and ridges along machining direction (Esposito at al. 1999). This was
also reported by Mouhyi at al. who describe the grooved appearance of two
fixtures to be a result of machining, adding that the surface illustrated pits at
higher magnification (Mouhyi at al. 1998).

In a more recent study of dental

fixtures, the surface was found to be characterized by grooves and ridges of
widths less than 10 pm and pits (induced by machining) that were oriented in
the turning direction (Sul atal. 2002).
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4.2.3 3 WLI
It is now established that surface roughness will influence the biological
response around the implant, as porosities in the region of >10 pm will provide
mechanical interlocking allowing in-growth of tissues. Surface topography on a
smaller scale (10 nm - 10 pm) may also influence the interface biology affecting
cellular and biomolecular interactions (Baro et al. 1986, Lincks et al. 1998). The
thickness, structure and cellular composition of the soft tissue layers covering
an implant will depend on several factors including the roughness of the implant
surface.
The Rq roughness values measured by WLI in this work are not
significantly different from those reported for CP Ti surfaces prepared in a
similar manner. As these samples were polished metallographically, surface
variations are to be expected, however these were not found to significantly
affect the roughness values of the surface as a minimum of three areas were
randomly measured on each disc and were found to be very similar as indicated
by the low standard deviation. The roughness

(Rq)

value on mechanically

polished CP Ti surfaces was reported to be 0.08 pm (Chauvy et al. 1998) while
Ra values on CP Ti surfaces polished mechanically to 1200 grit were reported to

be 0.07 pm (Yoshinari et al. 2000). These values are broadly in agreement with
the Rq = 0.06 (± 0.02) pm and Ra = 0.04 (± 0.01) pm measured in the current
work.
It should be noted however that the roughness values obtained using
different measurement techniques can only be compared within the same
spatial frequency domain as they are influenced by the measured area, lateral
resolution of the equipment used and differences in machining parameters
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(Lausmaa 1996, Brunette et al. 2001). To emphasize the role of lateral
resolution and measured areas a comparison was offered by Lausmaa on the
reported roughness values of laser measurement over areas of 100 x 100 pm^
which resulted in Ra values of 0.5 pm as compared to AFM measurement over
areas of 1 x 1 pm^ which gave Rq values of 0.2 pm when same group of
researchers used the same Ti substrate to gauge the bone response to Ti
surfaces (Larsson et ai. 1994b). The following are reports on the roughness
values measured on Ti surfaces prepared using different polishing or grit
blasting regimes to highlight the role of mechanical preparation on altering the
surface roughness, although these do not offer a direct comparison to the
roughness values presented in the current work for the reasons stated above.
Baro reported that the surface roughness of CP Ti prepared by clinical
methods and measured using scanning tunnelling microscopy was 0.1 pm, a
value expected for machined samples in which large variations in surface
topography are commonly observed on a single sample (Baro et ai. 1986).
Ungersbock et al. used a profilometer to measure the Rq values on CP Ti
surfaces. Those anodized to a fine finish were reported to be at 0.41 pm as
compared to values of 0.3 pm for hand ground surfaces and values as high as
1.9 pm for Ti prepared by AI2O3 blasting (Ungerbock et al. 1994). Lincks et al.
measure the surface roughness on CP Ti (Grade 2) prepared to a smooth finish
of 1200 grit to have a value Ra of 0.22 - 0.23 pm (Lincks et al. 1998).
Roughness values were reported on Ti grade 2 CP Ti surfaces polished to 600
grit using SiC paper. The Ra and Rq values as measured using AFM were 0.14
pm and 0.18 pm respectively (Kilpadi et al. 1998b). Larsson et al. reported Rq
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values on CP Ti surfaces of 0.2 pm over an area of 1 x 1 pm^ (Larsson et al.
1994a).
In a recent report, Sul at al. measured the average surface roughness of
CP Ti dental implants to be 0.83 pm and reported an increase in surface
roughness following anodic treatment (Sul at al. 2002), which again highlights
the effect of surface treatment and preparation procedures of the substrate on
the macrostructure, microstructure and ultrastructure of the surface as reported
by Ellingsen (Ellingsen 1998).
Most of these values are much higher than values reported in the current
work which is understandable seeing that the surface preparation of samples
used in this research was to a 2400 grit followed by polishing in a suspension of
0.1 pm particle size (Chapter 3).

4.2.S.4 XRD
The most prominent peaks in the X-ray diffractogram indicate the
structure of the Ti to be hexagonal. XRD is primarily a technique for the analysis
of the bulk structure of a material. Even in the grazing incidence geometry used
in the current research, the sampling depth is of the order of 5 - 10 pm. If the
surface oxide is largely crystalline and sufficiently thick, it should be possible to
see reflections in the diffractograms.
Ti 02 can exist in three crystalline forms namely anatase, rutile and less
commonly

reported,

brookite.

Table 4.5

lists the 20 angles

and

the

corresponding planes for the strongest rutile and anatase planes as well as
hexagonal Ti.
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Hexagonal

20

Intensity

Rutile

20

Intensity

Anatase

20

Intensity

100

35.10

25

110

27.43

100.00

101

25.31

100

002

38.44

30

101

36.08

46.10

103

36.95

6.29

101

40.24

100

111

41.24

19.07

004

37.79

20.24

102

53.03

13

211

54.32

58.66

200

48.05

28.08

110

62.96

11

220

56.62

17.60

105

53.89

17.92

103

70.70

11

002

62.75

8.43

211

55.08

17.56

112

76.24

9

301

68.99

21.52

204

62.70

13.68

201

77.38

6

112

69.79

10.6

215

75.06

10.24

Table 4.5 2 9 angles and the corresponding planes and intensities fo r som e o f the
hexagonal T1 O 2 , rutile, an d anatase planes (JCPDS).

However, reflection from the TiOz crystallographic phases was not seen
either because the native oxide is too thin for detection by the XRD (estimated
in the current work to be < 0.01pm or 100 A) or because the oxide is present in
an amorphous state or possibly both.
According to Kasemo et a/., the lack of XRD patterns assigned to oxides
is proof of the non-crystalline nature of the thin oxide (Kasemo et al. 1988).
However, the oxide layer may be too thin to detect by XRD. Lausmaa
suggested that as most clinical Ti implants have thin surface oxides, they can
be expected to have amorphous surfaces (Lausmaa 1996). The study of the
crystalline structure on thin films such as titanium oxides was reported to be
very difficult and unreliable due to the inability of the available experimental
techniques to detect such thin structures (Brunette et al. 2001).
Ti implants were recently analysed by Sul et al. where the XRD
diffraction patterns obtained from turned surfaces were dominated by peaks
from the Ti substrate and the thin oxide layer. These could not be assigned to
rutile or anatase. On the basis of both the XRD patterns and Raman spectra,
the authors suggested that a non-continuous oxide network may be formed at
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the Ti/Ti02 interface which is either amorphous or consists of ultrafine
crystallites beyond the sensitivity of the used equipment. They also suggested
that the thin oxide may be neither amorphous nor crystalline and that it behaves
more like a molecular layer (Sul et al. 2002).

4.2.3.S XPS
The survey spectra show the surface to be composed of mainly Ti, O and
C as well as minor contaminants namely N and Ca.
The results obtained in the current research in terms of peak position and
elemental concentrations of CP Ti are in agreement with previous reports as
shown in table 4.6.
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Peak

Position
eV

Chemical
State

Authors

Ti2p3/2CPTi

458.5459

Tf+

(Hofman at al. 1982, Siemenemeyer at al.
1990b, Sutherland atal. 1993, Hanawa atal.
1993, Ameen atal. 1993, Hanawa atal. 1995,
Kilpadi atal. 1998a, Pham atal. 2000, Maeztu at
al. 2003)

Ti2p3/2CPTi

459.2

Tf+

(Kim atal. 1975, Lausmaa a tal. 1990, Lausmaa
1996, Placko atal. 2000, Sul atal. 2002)

Ti2p3/2 Ti02

458.8

Tf+

(Hofman atal. 1982)

TI2p3/2 (Ca-Ti)

458.5

TT+

(Hanawa atal. 1993)

TI2P3/2 (CP Ti)

458.5

TT+

(Healy atal. 1992, Hanawa atal. 1995)

Ti2p3/2 (Ca-Ti)

459.1

Ti2p3/2 (CP Ti)

456.4

Tf+

(Kilpadi atal. 1998a, Krupa atal. 2001b)

Ti2p3/2 (Ca-Ti)

457

Ti2p3/2

457.2 457.7

Tf+

(Siemensmeyer ef a/. 1990, Lausmaa atal.
1990, Ameen atal. 1993, Lausmaa 1996, Pham
at al. 2000, Sul at al. 2002)

Ti2p3/2

4 5 5 .3 455.8

Tf+

(Hofman atal. 1982)

Ti2p3/2

453.4 453.8

Ti°

(Hofman atal. 1982, Healy atal. 1992, Maeztu at
al. 2003)

Ti2p3/2

454.5

Ti°

(Alonso atal. 1995)

Ti2p3/2 (CP Ti)

454.1

Ti*

(Kilpadi atal. 1998a, Krupa atal. 2001b)

Ti2p3/2

454.6

TiC

(Maeztu at al. 2003)

Ti2pi/2 C P T i

464.6

TT+

(Hofman atal. 1982)

Ti2pi/2

462.9 464.2

Tf+

(Hofman atal. 1982, Siemensmeyer ef a/. 1990,
Healy atal. 1992)

Ti2pi/2

461

Tf+

(Hofman atal. 1982, Siemensmeyer ef a/. 1990)

Ti2pi/2

466

Ti*

(Hofman atal. 1982)

Single crystal

Ti2p3/2 (Ca-Ti)

Table 4.6 Some o f the m ost com m only reported TI2p peak positions o f CP TI In
the literature.

The Ti2p region indicates the presence of Ti in two main chemical states,
Ti° from the metal substrate and Ti"^^ from the oxide surface layer. This reveals
that the oxide layer is thin enough to allow the detection of the underlying Ti
substrate (i.e. < 0.01 fim or 100 A). There is an obvious variation between
samples analysed using monochromated X-rays and those using the twin
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anode. The Ti° peak is more defined when investigated by the monochromated
source as compared to the twin. This is probably due partially to the additional
broadness of the X-ray lines and

partially due to satellite

intensities

superimposed on the Ti° peak in spectra obtained with the twin anode.
It is clear that no shift in peak position was seen with samples polished
by either method except for one particular sample polished using PR.2, which
showed a significantly larger Ti° peak at 453.9 eV with a minor shift in peak
position. This may be due to differences in the thickness of the contaminant
overlayer, which varies according the sample’s history and time of air exposure
prior to analysis. Unfortunately this cannot be avoided in either experimental or
clinical settings. The Ti2p peak position measured in the current research was
reported not to be statistically different from that of Ti02 rutile (Ong et a i 1995).
Lausmaa et a i stated that although the exact composition is still unknown in
detail, the surface of machined Ti is not pure Ti02 stoichiometry (Lausmaa
1996). This is in agreement with the findings of the present work which show
that the more prominent Ti"^"" peak overshadows the Ti peaks for lower oxidation
states (Ti^^ and Ti^""), which although not identifiable as prominent peaks, show
contributions in the photoelectron spectra in the region between tl^e Ti'^'"2 p3/2
and Ti°2 p3/2 peaks.
Ameen et al. have shown the Ti° metal peak at 455 eV to be detectable
only on the surface of smooth polished Ti and not on rough Ti when studied
using XPS. They refer this to be either the results of increased oxide thickness
or reduced effective sampling depth on the rough Ti (Ameen et a i 1993). These
authors measured the Ti2p concentration to be at 13.57 atomic percent (± 2) on
smooth Ti surfaces present mostly as Ti"^^ at a binding energy of 458 eV.
Oleljord et a i were able to detect other forms of Ti oxides when analysing
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dental implants. These were mainly Ti^^ at 455.6 eV and Ti^^ at 457.5 eV
(Olefjord et al. 1993).
The oxide layer composition of 99.99% CP Ti has been analysed using
XPS depth profiles, which employed Ar'" sputtering for various time periods. The
authors concluded that the oxide layer thickness is approximately 0.008 pm (80

A) thick, with the lower oxidation states Ti^'" and Ti^"" formed preferentially at the
metal / oxide interface whereas Ti"^”" was dominantly at the oxide / gas interface
(McCafferty at al. 1999). However Ti02 single crystals bombarded by Ar ions
have shown the suboxide formation to be a result of the Ar sputtering process
itself which results in the reduction of the surface oxides (Jones 2001). The first
observation of Ti02 reduction by ion bombardment using 30 keV Ar"" ions was
reported by Parker and Kelly in 1975 as referenced by Hofman at al. who
concluded that Ar"" ion bombardment resulted in build up of a steady state
altered layer within which the oxides decompose as a result of O depletion
which gives rise to lower oxide phases (Hofman at al. 1982). These reports
could not conclude where the suboxides exist in the surface. Although Kasemo
at al reported that the composition of the oxide layer at the outer 2-5 nm was
mainly Ti02 , the authors did not speculate on the composition of position of the
suboxides (Kasemo atal. 1988).
In another study, Ti surfaces were sputtered using Kr"" to remove O from
the surface (<4%) and controlled surface oxidation was allowed to take place at
room temperature (RT) with high purity O. The authors concluded that the oxide
formation takes place initially by O dissolving into the Ti to form mixed layers of
TiO, Ti203 and Ti02 at the metal/oxide interface, but as the distance from the
metal increases the layer becomes Ti02 only. This suggests that the suboxides
may exist at the metal/metal oxide interface (Siemenemeyer at al. 1990b).
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In the current research, the exact position of the suboxides could not be
identified, but their presence in the surface oxide was established.
The 01s detected is present as O^' from the oxide as well as surface
contamination, which is the component of the peak between 531 eV and 533 eV
assigned mostly to OH and to a lesser extent H2O. The presence of O in
organic species like 0 = 0 , C-OH and COOH is also probable since 0 was
detected on all samples. These findings are in agreement with the published
data as shown in table 4.7.
Peak

Position eV

Chemical State

Authors

01s

530

Oxides 0^'

(Lausmaa etal. 1990, Hanawa of
al. 1995, Pham etal. 2000)

01s

530.3

0^'

(McCafferty at a/. 1999)

01s (C P Ti)

530

Oxides 0^'

(Krupa etal. 2001b)

01s (Ca-Ti)

531.1

O lsT iO z

531

Single crystal

(Placko et al. 2000)

01s

5 3 0 - 536

Oxides. OH & HgO

(Kim etal. 1975, Hofman etal.
1982, Siemensmeyer ef a/. 1990,
Healy ef a/. 1992, Sutherland etal.
1993, Ameen etal. 1993, Hanawa
etal. 1995, Pham etal. 2000, Sul
ef al. 2002)

01s

531 - 533

OH & H2 O
0 = 0 & C-OH

(Lausmaa etal. 1990, Lausmaa
1996, Kilpadi etal. 1998a)

01s

532

MOH

(McCafferty ef al. 1999)

01s

533.2

M-H 2 O

(McCafferty ef a/. 1999)

01s

532 - 534

OH, H2 O & CO

(Placko ef al. 2000)

01s (CP Ti)

532

OH

(Krupa ef al. 2001b)

01s (Ca-Ti)

532.9

01s (C P Ti)

534

H2 O

(Krupa ef al. 2001b)

01s (Ca-Ti)

534.9

Table 4.7 Some o f the m ost com m only reported 0 1 s peak positions and
compositions o f CP TI In the literature.

Ong et ai. (Ong et ai. 1995) attributed the difference in the 01s region
between CP Ti and rutile Ti02 single crystal partly to different concentration of
contamination on the surface. Some researchers attributed the higher binding
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energy 01s peak component to surface defects, low coordinate O and plasmon
excitation as well as O bound to OH and H2O (Sayers et al. 1978, Gopel at al.
1984, Rocker at al. 1987). Ameen at al. studied the surface of implant systems
and assigned the 01s features at Eg = 531 eV to the oxides while features
between 531 eV and 536 eV were assigned to O bound as OH and H2O
(Ameen at al. 1993). OH groups in the oxide layer are known to exist as two
types, basic OH and acidic OH coordinated to one Ti cation and two Ti cations
respectively (Healy atal. 1992, Brunette atal. 2001).
The ratio of O/Ti on CP Ti in the current work was measured to range
from 3.24 to 4.57. This is not significantly different to published reports on
similar surfaces. Sutherland at al. stated the Ti and O atomic percentage on
medical grade Ti to be 6% and 34% respectively. Thus the O/Ti ratio was
calculated to be 5.67 (Sutherland at al. 1993). Others report the O/Ti ratio to be
4.4 on polished grade 4 Ti and 4.54 on CP Ti. (Placko at al. 2000, Yang at al.
2001). These values are similar to those measured in the current work.
Interestingly the surface topography was reported to alter the O
concentration of dental implants. The O atomic percent on rough Ti was
measured at 36.89% as compared to 39.83% on smooth Ti (Ameen at al.
1993). The variability in the O/Ti ratio observed in the current work cannot be
assigned to variation in surface topography as samples used had comparable
surface roughness. However, this variability is attributed to the samples’ history
and time in air prior to analysis as stated by Lausmaa at al. (Lausmaa 1996). It
is worth noting that the Lausmaa research group have analysed more than
1000 grade 1- 99.6% CP Ti samples over a period of 10 years.
The shape of the C Is peak indicates the presence of C as contaminants
in the form of hydrocarbons at ~285 eV and to a lesser extent at higher binding
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energies (< 290 eV) as C bound to O and N. Shifting in the C1s peak position of
the CP Ti samples analysed indicates the many forms of 0 present on these
surfaces that varied according to the samples’ history. Contaminants in similar
CP Ti samples to those used in the current research were reported by other
researchers (see table 4.8). The presence of such contaminants as carbide and
even nitrides is expected on machined Ti, as they are present in the air, in the
lubricant used for machining and in the solutions used for cleaning the samples.
C contamination acquired during preparation is still detectable in vacuum. It was
reported that (sub) monolayers of carbon containing species are adsorbed on
the surface oxide mainly as hydrocarbons resulting from the preparation
procedures (Kasemo et al. 1988). Another group of researchers suggested that
such hydrocarbon contamination are from ambient air (Kilpadi at al. 1998b).
Variable C levels in CP Ti are reported in the literature. Lausmaa at al.
reports on 0 levels at 20% - 60% (Lausmaa at al. 1990) and even as high as
80% (Lausmaa 1996). Sutherland at al. measured the 0 atomic percent on
medical grade Ti to be 58% resulting in a C/Ti ratio of 9.67 (Sutherland at al.
1993). The presence of C contaminants on grade 2 CP Ti was reported to be
mainly as hydrocarbons at 21% - 36% (Ong at al. 1995). Polished grade 4 Ti
was reported to have a C/Ti ratio of 3.7 (Placko at al. 2000). Other researchers
quoted a C/Ti ratio of 4.97 (Yang at al. 2001). C contamination levels on CP Ti
of up to 45% were measured and were reported to vary in relation to surface
roughness where smooth Ti was claimed to have more C present on the
surface at 43.92% as compared to rough Ti, which had surface C at 42.32%
(Ameen atal. 1993).
These studies are generally in good agreement with the findings of the
current work where the measured C atomic percent concentration in randomly
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selected samples was 44% - 56% keeping in mind that only the Ti, O and C
levels were measured.
The variations in the C/Ti ratio in the current work may be attributed to
the time of exposure to air prior to analysis. The level of 0 on Ti implants was
reported to increase with increased air exposure at room temperature when
comparing Ti implants opened and analysed within the XPS chamber to those
exposed to air in a period similar to clinical time scale required to prepare Ti
implants prior to surgical implantation. The 0 levels increased from 25.5% on
samples analysed with short time exposure to 46.3% following long exposure.
This was accompanied by a decrease in the Ti and O concentrations (Mouhyi et
al. 1998). Such levels of 0 contamination were reported to constitute very small
absolute amounts of foreign elements at the surface and to be restricted to one
monolayer or less in most cases corresponding to 1-1 Ong of hydrocarbons per
cm^ of surface (Lausmaa 1996).
The samples' history was also found to affect the C Is peak position in
different samples. Table 4.8 presents a list of the most commonly reported C Is
binding energies. These are in agreement with the findings presented in the
current work.
The especially higher variability in both the O and C contamination in the
PR.2 samples might possibly be due to wax remnants that were not completely
dissolved by the toluene.
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Peak

Position eV

Chemical
State

Authors

C1S

282.2

TiC

(Alonso etal. 1995)

C1s

284 - 285

Hydrocarbons

(Ameen at al. 1993, Alonso at al. 1995, Kilpadi
atal. 1998a, Sul a tal. 2002)

C1s

286

Hydrocarbons

(Alonso atal. 1995, Placko atal. 2000)

C1s

286.2286.6

C -0

(Kilpadi atal. 1998a, McCafferty et a/. 1999)

C1s

286 - 290

C = 0 & C-OH

(Lausmaa atal. 1990, Ameen atal. 1993)

C1s

288.2288.6

0 -C = 0

(Kilpadi atal. 1998a, McCafferty ef a/. 1999)

Table 4.8 Some o f the m ost com m only reported C1s peak positions and
composition o f CP Ti in the literature.

Another common contaminant detected in the current work was calcium.
The presence of Ca on CP Ti surfaces is widely reported in the literature as
being due to CaO or CaCOs at the surface. It has been suggested that this may
be due to bulk contaminants segregating to the surface or remnants from the
cooling liquid used in machining (Table 4.6). Lausmaa et al. reported the
presence of Ca in 12 of 15 CP Ti samples (99.6%. Grade 1) analysed by XPS
but no Ca/Ti ratios were offered (Lausmaa at al. 1990). The elemental atomic
percentages in the surface of medical grade Ti were stated by Sutherland to be
6% Ti, and 0.3% Ca, These were used to calculate the Ca/Ti ratio which was
found to be 0.05 (Sutherland at al. 1993). This is very close to another report of
Ca/Ti = 0.06 (Yang at al. 2001) and not significantly different to the findings in
the current work (0.03).
Ameen at al. measured the N atomic percent on the surface of dental
implants to be 6.02% (Ameen at al. 1993), while Ong at al. reported the
presence of Si and N surface contamination on CP Ti at 1% - 2% and < 2%
respectively (Ong at al. 1995). Other contaminants reported on the surface of
CP Ti include P, Si, Na, Cl and S at a few % or less with occasional reports of
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Fe, AI, Pb, Sn and F. (Lausmaa et al. 1990, Lausmaa 1996). Although in the
current research minute amounts of P, Si and Cl were occasionally detected, no
mention of these is made in the following chapters unless appropriate, as they
are not out of character with such CP Ti samples. It is probable that the Si on
the current samples is from the SiC paper used for polishing the samples while
Cl and P may arise from water or glassware used during preparation of the
samples. The increased variability in the Ca content (as well as other
contaminants including Cl and Si) of samples polished using PR.2, may be as a
consequence of using wax to mount these samples onto the jigs which required
toluene to dissolve. It is possible that these contaminants were embedded into
the surface during polishing, as it was not possible to achieve thorough cleaning
by ultrasonication in between polishing stages.
Esposito at al. studied the surface of dental implant fixtures and found
the surface to be covered by a C-dominant contamination layer which also
contained trace amounts of N, Ca, P, Cl, S, Na and Si. They referred these to
either the fabrication process or handling and storage conditions but stated that
Si was only detectable on samples stored in glass vials and not those stored in
plastic vials concluding that Si ion leaching from the glassware used was the
source of Si detected on the samples. These researchers also studied the
surface composition on failed dental implants (early and late failure) and found
similar surface composition and concentration of the above elements, and
concluded that the presence of Ca, P and other trace elements as well as C in
the overlayer does not appear to be a related cause for failure of the implants
(Esposito at al. 1999). They even showed that handling implants with stainless
steel tweezers as compared to Ti tweezers does not result in altered surface
composition of the samples analysed.
145

Previously, Kasemo et al have questioned whether the removal of the
carbon-containing contamination layer on the surface of implants would have a
positive, negative or any effect on subsequent clinical results (Kasemo et al.
1988).
Table 4.9 offers a list of binding energies as reported in the literature for
the surface contaminations most commonly observed on CP Ti.
Peak

Position eV

Chemical State

Authors

N1s

397

Inorganic
TiNx

(Lausmaa etal. 1990, Lausmaa
1996)

N Is

400

Organically
Bound N

(Lausmaa etal. 1990, Lausmaa
1996)

N Is

401.1

Organic amides

(Sutherland etal. 1993)

NH 2 . NH
Ca2p3/2

345.7

Metallic

(Briggs etal. 1977)

Ca2p3/2

345.9

Metallic

(Wieser et al. 1999, Chang et al.
2002)

Ca2p3/2

346.6

(CaTi0

Ca2p3/2

347

CaO & CaC 0

Ca2p3/2

347

(Ca-Ti at
1x10'^)

(Hanawa etal. 1993)

Ca2p3/2

347.1

CaO

(Briggs etal. 1977)

Ca2p3/2

347.2 -347.5

(CaO)

(Hanawa et al. 1993, Wieser et al.
1999)

Ca2p3/2 (Ca-Ti)

347.8

CaO

(Krupa etal. 2001b)

Ca2p3/2

348

3

(Hanawa etal. 1993)

)
3

(Lausmaa etal. 1990, Hanawa etal.
1995, Wieser etal. 1999)

(Sutherland etal. 1993)

Table 4.9 Some o f the m ost com m only reported N1s and Ca2p peaks positions
and composition o f CP Ti.

In summary, the surface characterization of CP Ti by XPS in the current
research is in agreement with that reported in the literature. Therefore any
changes that may result from ion implantation may readily be assessed.
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4.2.3.G SIMS
A common problem accompanying the use of SIMS is molecular
combination between the surface and the primary ion beam used. The
application of an O2'" primary ion beam limits further combinations, which would
arise from using other primary ion beams. This approach was reported for the
study of Ti dental implants by SIMS (Edwards et al. 1992). The use of an 02 ^
primary ion beam in the energy range of 1-15 keV is routine to obtain stable and
enhanced secondary ion yields as the presence of O enhances the ionisation
probability. Unfortunately, this also leads to the formation of a continuous
surface oxide layer hindering, for example, the detection of the native oxide on
the surface of Si (Kilner et ai. 1992). Similar effects of the 02 "” primary ion beam
on the Ti surface are to be expected. Therefore the current analysis is limited to
the detection of Ti and the ions to be implanted.
The SIMS depth profiles indicate that the CP Ti matrix contains very low
levels of "^°Ca ions concentrating at the immediate surface. However, the Ca
isotope at mass 43 was not detectable which is probably due to the low
abundance of the naturally occurring isotope. As no trace for O was obtained
due to the use of an 02 "^ primary ion beam, an attempt to overcome this by
using a Xe"’ primary ion beam (10 mA current discharge, 8 kV ion beam energy
and 50 pm beam width) was made. However, it was found that the Xe"" beam
induced

mixing

of the

surface

atoms deeper into the

sample

(recoil

implantation) giving rise to a false depth distribution. Thus only the 02 ^ primary
ion beam data is considered throughout this work. In future work, the use of
either an ^^02 "" primary ion beam, to trace the

ion distribution in the surface,

or a N2'" primary ion beam may be employed. Alternatively, since analysis at low
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energies will also minimise the recoil implantation and beam mixing, future work
could also apply beam energies of 250 eV to analyse a depth of a few A.
The SIMS results obtained are in agreement with the XPS findings in
terms of chemical composition and can be used as a guide for the depth
distribution of ions in the Ti matrix but no estimation of element concentration
(except for the implanted ions later in this chapter) was attempted with the SIMS
data. This is because the surface oxide is too thin to allow any depth profile
measurement and more importantly due to yield enhancement accompanying
progression of analysis with time.
Lausmaa et al. presented a SIMS analysis of 15 CP Ti samples (99.6%
Grade 1) applying an O2"’ primary ion beam at 10 keV beam energy over an
area of 250 mm^. They showed the surface to be composed of mainly Ti, O, 0
and N. Ca contamination was seen in almost all of the samples, besides Mg, H,
Al and K. The K observed was dismissed on the basis of the high SIMS
sensitivity to K (Lausmaa et al. 1990).
This is in agreement with our findings where in addition to Ti, O and Ca,
C and N were detectable but at very low levels and thus were not included in
the results.
Edwards et al. (Edwards et al. 1992) applied SIMS using an 02 ^ primary
ion beam at an energy of 10 keV and a current density of 25 nA over an area of
8 pm. They analysed six root form dental implants (Nobelpharma, Steri-oss and
Intoss) and found masses corresponding to
these masses to

O

C , CHn, O ,

and

O H n.

They assigned

in the surface layer as oxide and present with H in the

hydrocarbons. However, they did not account for mass combinations in their
results, nor for the

secondary ions detected that are actually arising from the

02 ^ primary ion beam itself. Na and K were detected, however, they were

148

thought to arise from handling contamination. It was noted that Na, Mg, Al, Si,
Ca and Fe were also present to varying degrees in all the Ti implants, and the
authors concluded that the variation in surface contamination in these samples
resulted from the various surface treatments used by each manufacturer. These
results are consistent with our findings.
Ameen et al. studied the surface composition of CP Ti using a pulsed
liquid metal primary ion source and detected Ti and O present as Ti02 as well
as TiO. C contamination at the surface was also detected not only as
hydrocarbons but also as amides, fatty acids and polydimethylsiloxane (PDMS)
which they attribute to the lubricant used in polishing and machining (Ameen at
al. 1993).
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4.3 Ion implanted Ti
As explained in the first part of this chapter, an understanding of the
surface properties of modified Ti surfaces is essential to assess changes that
may arise following ion implantation. Thus the same analytical techniques were
applied to determine both the physical and the chemical surface properties of
the implanted samples as compared to those of CP Ti.
In this section of the thesis, a review of the literature in the area of ion
implantation into Ti surfaces will be presented followed by the results obtained
by ion implantation of the three chosen ions and its affect on the surface
chemistry and topography of the CP Ti substrate. For literature in the area of Ti
modification by methods other than ion implantation please refer to chapter 1.

4.3.1 Literature review
Initially the majority of ion implantation experimentations were to modify
the physical properties of CP Ti and aimed at enhancing wear and corrosion
resistance through the implantation of C, O and N into Ti.

(Buchanan et al.

1987, Sioshansi 1989, Hohl et al. 1995, Krupa et al. 1996, Krupa et al. 1999,
Sundararajan et al. 1999). The implantation of C and N were reported to
increase micro-hardness through the formation of Ti compounds such as TiN
and TiC which leads to stabilisation of the alpha-Ti phase accompanied by a
decrease of pitting corrosion and wear. The authors suggest this to be a
suitable method for reducing the wear in hip and knee joint prostheses which
reduces the lifetime of such appliances (Schmidt et al. 1999, Schmidt et al.
2001). Others have shown that N ion implantation into CP Ti and Ti alloy does
not result in prolonged enhancement of wear resistance as findings of
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prolonged testing corresponding to approximately one year’s use of a hip-joint
prosthesis indicated complete removal of the ion implanted layer leading to
dramatic increase in the wear rate (Lausmaa 1996).
AI ion implantation in order to improve the surface properties of Ti by
precipitation hardening was reported to enhance the mechanical and corrosion
properties of the CP Ti substrate (Tsyganov et al. 2000).
However, the most significant reports were those claiming to enhance
the chemical properties of CP Ti via Ca ion implantation to enhance
osseointegration. Hanawa et al. reported in vitro and in vivo enhancement of
calcium phosphate deposition on Ca implanted Ti surfaces, which was directly
related to the amount of ions implanted. The characteristics of such modified Ti
surfaces at different implantation doses or following different treatments were
published in a number of articles by the same authors, where they showed not
only enhanced calcium phosphate precipitation on Ca-Ti, but also an increase
in the activity of osteogenic cells on these surfaces resulting in a faster yield of
osteoid tissues (Hanawa et al. 1991, Hanawa et al. 1993, Hanawa et al. 1995,
Hanawa et al. 1996a, Hanawa et al. 1996b, Hanawa et al. 1998a, Hanawa et al.
1998b).
The role of Ca ion implantation on biological and physiological process
has been studied by others using in vitro models. Variation of the implantation
dose and energy among other experimental parameters revealed that Ca ion
incorporation into the Ti lattice at a dose of 1 x 10^^ ions cm"^ resulted in
amorphized surfaces which, following immersion in simulated body fluids (SBF),
promoted calcium phosphate deposition. This was accompanied

by an

improvement in cellular spreading on Ca-Ti in spite of similar viability of the
osteoblasts cultured on both Ca-Ti and control surfaces. The ALP activity was
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also at the same level for both substrates. Meanv\/hile the corrosion resistance
under static conditions was found to be increased by two - three folds on Ca-Ti
surfaces (Krupa et al. 2001b). While Ca ion implantation resulted in an
amorphized modified layer with increased oxide thickness, P ion implantation
into CP Ti resulted also in amorphized modified layer but an oxide layer
thickness similar to the native oxide on CP Ti (Wieser at a/. 1999). Other
researchers have shown P ion implantation into CP Ti to encourage in vitro
calcium phosphate deposition from simulated body fluids (SBF) and increased
corrosion resistance (Krupa et al. 2002).
Based on the enhanced HA nucléation by pre-treatment of Ti in NaOH
where the number of surface OH groups, which are thought to act as nucléation
sites, was found to increase, Na ion implantation into CP Ti has been studied.
Sodium titan ate was formed within the surface layer, resulting in rugged
surfaces that are sensitive to inducing HA precipitation from SBF (Pham et al.
2000). In the current research, K ion implantation was attempted as it belongs
to the same group as Na and is also a monovalent ion, to assess whether HA
precipitation could be enhanced in a similar manner.
Other reports of ion implantation into Ti surfaces include the implantation
of O, C, CO, N and Ne at variable energies and doses. The percentage of
contact between bone and implant (% BIC) was found to be higher on implanted
surfaces using in vivo models of rabbit tibial bone and histomorphometric
analysis. This was especially higher on C-Ti and even more so on CO-Ti. The
authors related this to the covalent bonding Ti-O-C in CO-Ti as opposed to the
weaker and less stable ionic bonding on other surfaces (Maeztu etal. 2003).
One other interesting application of ion implantation is that reported by
Yoshinari et al. As Ti itself has no antibacterial activity, they reported that
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surface modification by F ion implantation into 99.9% CP Ti significantly
inhibited the growth of Actinobacillus actinomycetemocomitans (A.a) and
Porphyromonas gingivalis (P.g), as compared to polished CP Ti surfaces and
Ca-Ti surfaces. A.a. and P.g. are the major periodontopathic bacteria adhering
to Ti (Yoshinari et al. 2001).

4 .3 .2 R e s u lt s

The same analytical techniques used in the study of CP Ti were applied
to characterise the modified surfaces.

4.3.2.1 SRIM / profile code
Simulations for ion implantation into amorphous Ti02 were carried out by
Dr T.J. Tate at Imperial College London. The Profile Code curves (2003) (not
shown) indicated that the ion implantation process was sputter limited for all
doses applied in the current work. However, the simulations also indicated that
a considerable amount of the oxide was sputtered off as detailed in table 4.10
Implanted Ion

Dose / ions cm'^

Depth sputtered / A (pm)

Ca*

1.4x10^^

838.1 (0.08)

1 X 10^7

598.6 (0.06)

1.5x10^^

848.5 (0.08)

1 X 10^7

565.7 (0.06)

2 x lb "

1085.8 (0.11)

1 X 10^7

542.9 (0.05)

K*

Ar*

Table 4.10 A m ount o f oxide sputtered as a result o f ion impiantation into T/Og at
different doses as predicted b y Profile Code.

Since XPS was able to detect the metal substrate, the oxide layer on the
CP Ti samples was estimated to be <100 A (0.01 pm) thick. The Profile Code
data therefore indicate that the implantation would probably sputter off all of the
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oxide. Thus simulations of implantation into Ti metal (without oxide) are
required.
Profile code depth distributions are shown in figure 4.18 for the
implantation of the three ions into Ti at the stated doses.
3.5e+22
Ca 1.4

X

10'

3.0e+22 - —
•

2.5e+22 ■

K 1 .5 x 10'
K 1 X 10'^
A r 2 x 10'^

“

2.0e+22 -

2?

1.5e+22 ■

1.0e+22 -

5.0e+21 -

0.0
0

200

400

600

800

1000

Depth / A

Figure 4.18 Profile Code simulations of ion implantation into Ti matrix at
implantation energy o f 40 keV and different doses (x 10^^ ions cm'^).

The

higher dose simulation

is seen to give

a maximum

concentration at the immediate surface for Ar-Ti that is representative of the
sputter-limited situation. Ca^ and

ion implantation, however, was achievable

at slightly lower doses resulting in an implantation where the surface is not fully
sputter-limited. The curve is seen to maximise slightly away from the surface at
a depth o f -100 A (0.01 pm).
For the lower implantation doses of 1 x 10^^ ions cm'^, the ionic
concentration curves are all similar and maximise at a greater depth into the
surface of the Ti at -200 A (0.02 pm). In all cases, the implantation is shown to
extend to a maximum depth of -600 A (0.06 pm).
SRIM simulations (Ziegler 2000) give an indication of the amount of
damage induced by the ion implantation process.

Figure 4.19 shows
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simulations for ion implantation into Ti at 40 keV, to a dose of 1 x 10^^ ions cm’^
for ail ions. The damage per atom (DPA) curves are very similar with a
maximum value of -300 at -200 A (0.02 pm) into the titanium.
350
C a -T i
K -T I

300 -

A r-T i

250 -

200

-

Q.

150 -

100

-
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200

300

400

500
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Depth / A

Figure 4.19 SRIM simulations o f damage per atom induced by ion implantation
into Ti for 40 keV, at a dose o f 1 x 10^^ ions cm'^.

4.3.2.2 General appearance
There was no clearly visible change in sample appearance following ion
implantation. Both the colour and texture of the samples appear to be unaltered
by the implantation process.

4.3.2.3 SEM
If the implantation process in any way alters the surface topography, this
must be beyond the SEM limitations as is apparent from the following images.
Grooves and pitting similar to those recognised on the surfaces of CP Ti
samples are also distinguished on the implanted samples.
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4.3.2.4 WLI
Ion implantation may have a physical effect on the surface of CP Ti as a
result of the ion bombardment and the sputtering that occurs during
implantation. Six samples for each implanted ion were therefore randomly
selected for measurement of the Rq and Ra roughness on a minimum of three
areas of each disc using WLI (Table 4.11). The results indicate that the surfaces
of implanted discs had similar roughness values to CP Ti.
Sample

Rq /pm (SD)

Ra /pm (SD)

CPTi

0.06 (0.02)

0.04 (0.01)

Ca

0.07 (0.01)

0.05 (0.01)

K

0.08 (0.01)

0.06 (0.01)

Ar

0.07 (0.02)

0.05 (0.01)

Table 4.11 Rq and Rg roughness values fo r CP Ti and im planted Ti discs.

4.3.2.S XRD
The diffraction patterns from the Ca and K implanted Ti samples do not
differ from the CP Ti sample. Figure 4.23 is intended for comparing peak
positions only but not intensities. All peaks seen correspond to CP Ti in the
hexagonal form and despite the difference in peak intensities, the 20 angle
remains constant as shown in table 4.12 which was again generated using the
JCPDS published data (JCPDS 1980).
The unidentified peak observed on CP Ti at 20 = 29.406 is still seen on
the surfaces implanted with Ca and K ions and was not identified.
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Figure 4.23 XRD Illustration o f the crystalline structure In CP TI as compared to
Ca - TI and K - TI at low dose Ion Implantation.
20 / Deg

20 / Deg

C a-T i

K-Ti

2 9 .3 7 2

29.421

d-spacing

Plane

3.03

3 5 .1 1 5

3 5 .1 1 6

2.55

100 (Ti hexagonal)

3 8 .4 6 5

3 8 .4 6 9

2 .33

002 (Ti hexagonal)

4 0 .1 8 4

4 0 .1 8 6

2.23

101 (Ti hexagonal)

5 3 .0 2 8

5 3 .0 2 7

1.72

102 (Ti hexagonal)

6 3 .0 3 4

6 2 .9 6 5

1.47

110 (Ti hexagonal)

7 0 .6 9 3

70.6 8 2

1.33

103 (Ti hexagonal)

7 6 .2 6 5

7 6 .2 7 6

1.24

112 (Ti hexagonal)

7 7 .3 6 9

7 7 .3 8 7

1.23

201 (Ti hexagonal)

Table 4.12 Table o f measured 20 values obtained using XRD and d-spacing In CaTl and K-TI as well as their corresponding planes (JCPDS).
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4.S.2.6 XPS
Since there were different implantation doses (2 doses per ion), different
XPS operating modes (monochromated and twin anode) and two methods of
polishing the samples (Chapter 3), the figures presented in this section are
intended to compare:
1. The implanted samples to the control CP Ti (section 4.2.2.5)
2. The changes brought about by altering the polishing regime (PR.1
and PR.2)
3. The chemistry resulting from different implantation doses.
4. The differences if any between spectra obtained by the twin
anode as opposed to monochromated X-rays.
The XPS results will be displayed with each figure containing three
groups of spectra. A represents the higher implantation dose (first implantation
run and PR.1) recorded using the twin anode while spectra B and C represent
the lower implantation dose second and third implantation runs (PR.1 and PR.2
respectively) acquired using monochromated X-rays. The binding energies for
the relevant peaks are listed in table 4.16.

4.3.2.6.1

Ca implanted TI

Figure 4.24 shows widescan XPS spectra of three randomly selected Ca
implanted Ti (Ca-Ti) samples. Line A shows the survey from a higher dose of
implantation at 1.4 x 10^^ ions cm'^ (twin anode), while lines B and C show the
lower dose of implantation at 1 x 10^^ ions cm'^ (monochromated X-rays). A and
B are from samples polished using PR.1 while sample C was polished using
PR.2.
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The presence of Ca in all the samples is clearly seen in addition to Ti, O
and 0 typical of CP Ti surfaces. The small peaks at

Eb<200

eV are

contaminants of Si at -153eV and 101eV. The peaks seen at Eb= -2 4 eV, -3 7
eV and -61 eV are due to Ti3p, 02s and Ti3s photoelectrons respectively,
similar to those observed on CP Ti samples (section 4.2.2.5). Some samples
showed the presence of N (N 1s at Eb -4 00 eV)

01s

Ti2s
Ti2p

C IS

Ca2p
Ca2s

3c
2
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<
w
c
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0
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Binding E n e r g y /e V

Figure 4.24 XPS widescan spectra o f C a-T i at different implantation doses. A is at
a dose o f 1.4 x 10^^ ions cm'^ and is analysed using the twin anode while B and C are at a
dose o f 1 X 10^^ions cm'^ analysed with monochromated X-rays.

For detailed analysis, several samples from both implantation doses
were randomly selected and analysed. Figures 4.25 - 4.28 illustrate the most
significant regions for Ca-Ti samples. Six samples from the higher implantation
dose were analysed using the twin anode (A). Samples from the lower
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implantation dose were analysed by studying the chemistry of four samples
from the second run and six samples from the third run (B and C respectively).
These were analysed using the monochromatic source. The twin anode was
used for the first implantation

batch due to technical failure of the

monochromatic source at the time of earlier experimentation. (For details of
experimental parameters including lens mode please refer to the appendix).
The Ti2p peak (Figure 4.25) is different to that of control CP Ti in terms
of shape. The Ti'^" peak position is very similar to that of CP Ti at Eb = 458.7 eV
(as compared to 458.9 eV for CP Ti), but the feature at lower binding energy
maximized at Eg = 454.9 eV as compared to 453.9 eV, therefore shifting to a
higher binding energy by 1.0 eV. This peak is therefore no longer referred to as
Ti°, but rather Ti"^, where n < 4 as the range of binding energies over which
intensity is observed corresponds to those of reduced oxide species (table 4.6).
The exact position of Ti^^ and Ti^^ were not ascertained as peak fitting was not
carried out.
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Figure 4.25. XPS demonstrating the Ti2p region in randomly selected samples of
Ca-Ti. A is 1.4 x 10^^ ions cm'^ PR.1, twin anode. B is 1 x 10^^ ions cm'^ PR.1, mono and C
is 1 X 10^^ions cm'^ PR.2, mono.
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The 01s region was found to be notably different to what is seen in CP Ti
samples with broader and more intense components at higher binding energies
arising from O in OH and H2O at the surface, especially on one particular
sample polished using PR.2
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Figure 4.26 XPS illustration o f 01s region in C a-Ti where A is 1.4 x 10^^ ions cm'^
PR.1, twin anode. B is 1 x 10^^ ions cm'^ PR.1, mono and C is 1 x 10^^ ions cm'^ PR.2,
mono.

The 01s region also displays an increase of 0 mainly as hydrocarbons
and to a lesser extent as 0 in other organic species. This is accompanied by
some shifting of the peak position as seen on CP Ti samples. An additional
feature at 281.9 eV is seen which is assigned to carbides.
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Figure 4.27 illustration o f C I s region in C a-T i at A is 1.4 x 10^^ ions cm'^ PR.1, twin
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anode. B is 1 x 10^^ions cm'^ PR.1, mono and C is 1 x 10^' ions cm'^ PR.2, mono.
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The last and probably the most important region of interest in these
samples is the Ca2p region, which validates the ion implantation process. This
is shown in figure 4.28. The measured Eb of the Ca2p3/2 and Ca2pi/2 peaks are
347.2 eV and 350.5 eV respectively and their elevated intensities compared to
CP Ti reflect the presence of Ca in the surface at notably higher concentration
than seen in CP Ti discs. Both the peak shape and position are found to be very
similar in all samples regardless of the implantation dose.
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Figure 4.28 XPS demonstrating the Ca2p region o f C a-T i in randomly selected
samples where A is 1.4 x 10^^ ions cm'^ PR.1, twin anode. B is 1 x 10^^ ions cm'^ PR.1,
mono and C is 1 x 10^^ ions cm'^ PR.2, mono.

Its is clear that the 1 x 10^^ ions cm'^ samples are generally less
reproducible and show higher variability in the ratios of surface elements
detected as shown in the quantification of the ratios to Ti in table 4.13.
PR.1, Twin (1.4 x 10^^ Ions
cm'2)

PR.1, Mono (1 X 10^^ ions
cm'^)

X/Ti

Avg

SD

Min - Max

Avg

SD

Min - Max

Avg

SD

Min - Max

GATi

4.09

0.36

3 .3 9 -4 .5 2

4.29

0.58

3 .3 6 - 4 .8 0

5.00

0.49

4 .1 2 - 5 .7 7

cm

2.81

0.36

2.23 - 3.38

3.75

1.17

2 .0 4 -5 .1 2

5.36

0.95

3.94 - 7.03

Cam

0.41

0.06

0.34 - 0.52

0.31

0.05

0 .2 5 -0 .3 7

0.37

0.07

0.24 - 0.47

PR.2, Mono (1 X 10^^ ions
cm'2)

Table 4.13 Quantification o f atomic percent ratios to Ti for C a-T i samples
including the average ratios, standard deviation (SD) and minimum and maximum data.
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4.3.2.6.2

K implanted Ti

Figure 4.28 shows the wide scan of three randomly selected K-Ti
samples, where A is a higher dose of implantation at 1.5 x 10^^ ions cm'^ (twin
anode) as compared to B and C at 1 x 10^^ ions cm'^ (monochromated X-rays).
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Figure 4.29 XPS wide scan of two randomly selected K -T i samples at two
different doses o f implantation where A is 1.5 x 10^^ ions cm'^ PR.1, twin anode. B is 1 x
10^^ ions cm'^ PR.1, mono and C is 1 x 10^^ions cm'^ PR.2, mono.

The survey shows the K2s peak at 378.0 eV as well as the K2p peak at
293.9 eV in addition to the 01s, Ti2p and C Is peaks. The small peaks at
Eb<200

eV are contaminants of Si at

-1 5 3

eV and 101 eV. Again, additional
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peaks are seen at Eb -24 eV, -37 eV and -61 eV which are due to TiSp, 02s
and TI3s photoelectrons and at -400 eV due to NIs photoelectrons.
It is important to examine the XPS spectrum for each element from both
implantation doses to demonstrate the effect of varying the dose and the
variability between implantation runs on surface chemistry, keeping in mind
again the discrepancies brought about by the use of twin anode to analyse
samples from the higher dose of implantation.
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Figure 4.30 XPS narrow scan of TI2p region in K-Ti. A is 1.5 x 10^^ ions cm'^ PR.1,
twin anode. B is 1 x 10^^ions cm'^ PR.1, mono and C is 1 x 10^^ions cm'^ PR.2, mono.

As seen in figure 4.30, the Ti2p peak shape is altered by the implantation
of K. The Ti"^^ peak position is similar to that of CP Ti at Eg = 458.6 eV (as
compared to 458.9 eV for CP Ti). The low binding energy features maximized at
Eb = 454.2 eV as compared to 453.9 eV, therefore shifting to a higher binding
energy by just 0.3 eV. The intensity between these peaks is slightly increased
compared to CP Ti (representing Ti^^ and Ti^^ peaks) similar to but not identical
to the case of the Ca-Ti samples.
The 01s region (figure 4.31) displays a general increase in O bound to
the surface as OH and H2O represented by the shoulder at the high binding
energy compared to CP Ti. This was also noted following Ca ion implantation.
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The variation in the intensity of this high binding energy feature should be
noted.
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Figure 4.31 XPS display o f O ls region in different doses o f K ion implantation. A
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is 1.5 X 10^^ ions cm'^ PR.1, twin anode. B is 1 x lOi'' ions cm'^ PR.1, mono and C is 1 x
10^^ions cm’^PR.2, mono.

Both the C1s and K2p peaks can be seen in figure 4.32. The effect of
implantation dose is apparent when looking at the shape of the C1s peak at the
high dose A as compared to low dose B. It seems that at the higher implantation
dose, a considerable amount of C is present as CO, COO species whereas the
lower implantation dose samples are quite similar to CP Ti in terms of their C
content with a noted higher C contamination on most of the low dose samples
polished using PR.2 which is similar to the findings on Ca-Ti. A small feature
representing carbide is again detected to lower binding energy at 281.7 eV.
The K2p peak at Eb 292.9 eV is also seen in this region shows relatively
little variation in both shape and intensity.
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Figure 4.32 XPS presentation o f C1s and K2p regions on randomly selected K-Ti
samples at the two doses o f implantation. A is 1.5 x 10^^ ions cm'^ PR.1, twin anode. B is 1
\1 7

X 10^^ ions cm'^ PR.1, mono and C is 1 x 10^^ ions cm'^ PR.2, mono.

Figure 4.33 shows the K2s region of K-Ti at Eb = 377.8 eV. This peak
shows reproducible levels of K in both doses of ion implantation. The K/Ti ratios
are very similar as seen from the elemental ratios in table 4.14. Nonetheless the
presence of Ca contamination is still clear and comparable to that noted earlier
on CP Ti discs (Ca/Ti = 0.03).
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Figure 4.33 XPS presentation o f K2s regions on randomly selected K-Ti samples
at the two doses o f implantation. A is 1.5 x 10^^ ions cm'^ PR.1, twin anode. B is 1 x 10^^
ions cm'^ PR.1, mono and C is 1 x 10^^ions cm'^ PR.2, mono.
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PR.1, Twin (1.5 x 10^^ ions

PR.1, Mono (1 X 10^^ ions

PR.2, Mono (1 X 10^^ ions

cm'^)

cm'^)

cm'^)

X/Ti

Avg

SD

Min - Max

Avg

SD

Min - Max

Avg

SD

Min - Max

0/Ti

5.02

0.27

4.61 -5.28

4.23

0.16

4 .0 7 -4 .3 8

4.72

0.56

4 .0 4 -5 .7 2

cm

3.01

0.73

2 .3 8 -4 .5 6

2.47

0.26

2.21 -2.72

4.21

1.35

2 .2 8 -5 .7 3

K/Ti

0.46

0.06

0 .4 0 -0 .5 7

0.41

0.01

0.40-0.41

0.43

0.07

0 .3 4 -0 .5 4

Ca/Ti

0.04

0.02

0 .0 2 -0 .0 8

0.05

0.01

0.04 - 0.06

0.01

0.01

0 .0 0 -0 .0 3

Table 4.14 Quantification table of elemental ratios to Ti in K -T i including the
average ratios, standard deviation (SD) and minimum and maximum data.

4.3.2.6.3

A r implanted Ti (Ar-Ti)

The last of the implanted ions was Ar. The widescan (Fig 4.34) compares
samples from the two doses of implantation at 1 x 10^^ and 2x10^^ ion cm'^.
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Figure 4.34. XPS wide scans o f Ar-Ti. A is 2 x 10^^ ions cm'^ PR.1, twin anode. B is
2 X 10^^ions cm'^ PR.1, mono and C is 1 x 10^^ions cm'^ PR.2, mono.
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Here again the TI2p, 01s and C1s peaks are seen clearly and are in
agreement with the other samples in terms of peak position. The survey shows
a very small Ar2p peak at -242 eV. The other peaks observed are the same as
for Ca-Ti and K-Ti. The narrow scans of the Ti2p, 01s, C Is and Ar2p peaks
display the alteration brought about by ion implantation.
The Ti2p region is not unlike that seen in Ca-Ti and K-Ti, since the Ti2p"^^
peak appears at Eb = 458.6 eV and the low binding energy peak appears at
454.6 eV (compared to CP Ti at 458.9 eV and 453.9 eV respectively) which is a
shift of +0.7 eV to higher binding energy.
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Figure 4.35 XPS examination o f Ti2p region in A r-T i samples at two implantation
doses. A is 2 X 10^^ ions cm'^ PR.1, twin anode. B is 2 x 10^^ ions cm'^ PR.1, mono and C is
1 X 10^^ ions cm'^ PR.2, mono.

Figures 4.36 and 4.37 show the 01s and C Is regions respectively.
These appear to be consistent with those seen in CP Ti except for the presence
of a carbide peak to the low binding energy end of the C Is region at 281.9 eV,
which is better defined than the corresponding carbide peaks on Ca and K
implanted Ti.
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The increase in the high binding energy shoulder in the 01s spectra
following implantation is noted to be lower in general than that observed on Ca
and K implanted Ti presented earlier in this chapter.
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Figure 4.36 XPS showing the 01s region in A r-Ti. A is 2 x 10^^ ions cm'^ PR.1,
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twin anode. B is 2 x 10^^ions cm'^ PR.1, mono and C is 1 x 10^' ions cm'^ PR.2, mono.
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Figure 4.37 XPS demonstrating the C Is region in A r-T i at two doses of
implantation. A is 2 x 10^^ ions cm'^ PR.1, twin anode. B is 2 x 10^^ ions cm'^ PR.1, mono
and C is 1 X 10^^ions cm'^PR.2, mono.

The Ar2p spectrum indicates the presence of Ar in very small quantities
at the surface at Eb = 242.8 eV.
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Figure 4.38 XPS representation o f Ar2p region in randomly selected A r-T i
samples. A is 2 x 10^^ ions cm'^ PR.1, twin anode. B is 2 x 10^^ ions cm'^ PR.1, mono and C
is 1 X 10^^ ions cm'^ PR.2, mono.

The ratio of Ar/TI in these twelve randomly selected samples was much
lower than that of the other implanted ions (Table 4.15) and the levels of Ca
present in the samples are similar to those measured for the other discs.
PR.1, Twin (2
cm'^)

x 10^^ ions

PR.1,
cm'^)

Mono (1

X

10^^ ions

PR.2, Mono (1

X

10^^ ions

cm^)

XTTi

Avg

SD

Min - Max

Avg

SD

Min - Max

Avg

SD

Min - Max

0/Ti

2.77

0.25

2 .3 6 -3 .1 6

2.68

0.08

2 .6 0 -2 .7 5

3.17

0.16

2.94 - 3.40

cm

1.73

0.43

1 .0 9 -2 .4 3

1.32

0.20

1 .1 2 -1 .5 2

1.98

0.23

1 .6 3 -2 .2 8

Ar/Ti

0.04

0.01

0 .0 3 -0 .0 5

0.03

0.00

0.03

0.05

0.01

0.05 - 0.07

Ca/Ti

0.01

0.01

0.01 0.03

0.02

0.01

0.01 - 0.02

0.02

0.01

0.00 - 0.03

Table 4.15 Quantification o f elemental ratios to Ti in A r-T i including the average
ratios, standard deviation (SD) and minimum and maximum data.

It is worth noting that, as shown in the quantification tables, all implanted
discs had variable levels of contamination mainly as C and to a much lower
extent Ca. These could not be completely avoided in spite of altering the
cleaning method and substituting deionised water with ultra pure water for
cleaning. This may be due to the different mounting methods applied to polish
different samples (please refer to Chapter 3 for polishing and cleaning
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protocols). The samples (including CP Ti discs) also contained minute traces of
Si possibly as a residue from the SiC paper used for polishing these samples.
The peak positions on the modified surfaces are generally consistent
with those measured for CP Ti and there is very little binding energy shifting
measured except for the C1s peak and the low binding energy component of
the Ti2p peak (Ti"""). Table 4.16 lists a selection of the peak positions for the

Sample

Ti""2p3/2

Ti""2p3/2

Oxide

OH

CPTi

458.9

453.9

530.4

532.2

Ca

458.7

454.9

530.2

532.3

K

458.6

454.2

530.2

Ar

458.6

454.6

530.2

Carbide

Ca2p3/2

K2s

K2p

Ar2p

NA

NA

NA

NA

281.9

347.2

NA

NA

NA

532.4

281.7

NA

377.8

292.9

NA

532.2

281.9

NA

NA

NA

242.8

modified surfaces.
Table 4.16 XPS binding energies values (eV) fo r CP Ti and m odified Ti.

4.S.2.7 SIMS
SIMS depth profiles display the secondary ion intensity as a function of
depth for the Ca and K implanted surfaces. Ar implanted discs were not
analysed by SIMS due to the inert nature of Ar which makes it impossible to
detect by SIMS.

4.3.2.7.1

C a-T i

As for the analysis of CP Ti, an 02^primary ion beam was utilized to
obtain the depth profiles from a randomly selected Ca-Ti sample from the third
implantation run implanted at a dose of 1 x 10^^ ions cm'^ (Figure 4.39). SIMS
indicates that the maximum of the "^^Ca"" ion distribution is away from the
immediate surface region. The intensity of the Ti matrix is initially lower than
that in CP Ti samples but increases as the concentration of Ca ions decreases.
The near surface region can be seen to be rich in "^°Ca and depleted in Ti with a
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maximum Ca signal at a depth of ~ 0.02 pm (200 Â) compared to bulk levels.
The Ca intensity tails off at a depth of ~ 0.1 pm while the Ti signal increases
steadily and crosses over at a depth of ~ 0.05 pm (500 A).
To ascertain that the Ca detected is a result of the ion implantation, the
^^Ca isotope was traced, while

and

isotope traces were obtained to

account for possible surface contamination. None of these isotopes were
detectable.
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Figure 4.39 SIMS depth profiles from C a-Ti (1 x 10^^ ions cm'^).

4.3.2.T.2

K -T i

K ion implantation into Ti resulted in a near surface region rich in K and
depleted in Ti as seen figure 4.40 of a K-Ti sample from the third implantation
run (1 X 10^^ ions cm'^). This figure indicates a different

ion depth

distribution as compared to the "^°Ca^ ion distribution in the Ca-Ti. This
maximises at the surface and again at -0.02 pm and extends to a depth of
-0.06 pm (600 A). From the '^^Ca'" trace, the presence of Ca contamination
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towards the surface cannot be ruled out. However, it is possible that the tail of
the

mass channel may overlap this trace. This trace might also be attributed

to mass overlap from K H \
To verify that the K detected by SIMS is a result of the ion implantation
only, a trace of the

isotope was obtained. Figure 4.40 shows the lack of

isotope confirming that the K present in the samples is due to ion implantation.
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Figure 4.40 SIMS depth profile from K -T i (1 x 10^^ ions cm'^).

4.3.3 Discussion
4.3.3.1 SRIM and Profile Code
In this research the choice of implantation dose was based on both
published work, where 1 x 10^^ ions cm'^ was quoted to induce enhanced
calcium phosphate deposition, and on the achievable ion implantation doses
(see chapter 3).
In the current research the profile code simulations suggested that due to
the sputtering process that occurs during ion implantation, the native oxide layer
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on CP Ti substrate was removed in the very early stages of the implantation
process and thus the substrate for implantation was actually Ti and not Ti02.
Such simulations were used to predict the implanted ion ratio to Ti at the
predetermined implantation doses and beam energy of 40 keV.
Ti has a density of pTi=4.507 g cm'^ and an atomic weight of 47.867. With
a mass (Mji) of 7.95 x 10'^^g per atom, the number of Ti atoms in 1cm^ is:
(n r) - p r /M n = 5 .6 7 X 1 (f^

Equation 4.1

The concentrations of the implanted ions at the immediate surface were
obtained from the Profile Code simulations by using the first data point which is
the concentration at the immediate surface to represent n%as displayed in table
4.17
Ion

Dose (ions cm'^)

nx (10"")

nx/nji

Ca

1.4 x10^^

2.59

0.46

1 xlO^f

1.62

0.29

1.5x10^^

2.70

0.48

1 xIO^^

1.73

0.31

2x10^^

3.13

0.55

1 xlO^f

1.53

0.27

K

Ar

Table 4.17 Ratios o f the different Im planted Ions to TI to specified doses as
predicted using profile code sim ulations.

However these ratios are neither absolute nor precise, as several
assumption are entailed in such an approach rendering the values as
approximate only. This method of predicting X/Ti ratios undertakes the following
unsubstantiated notions:
1. The surface is exclusively composed of Ti and implanted ions
only, although the presence of O at the surface as well as surface
contaminants has been well established.
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2. The density of Ti remains unaltered by the ion implantation
process, which neglects the changes to the lattice and bonding
imposed by ion bombardment.
3. Homogeneous XPS sampling depth (i.e. a constant concentration
of the ions in the top 100 A), which the simulation clearly opposes,
as indicated by the bell-shaped distribution of implanted ions in
the near surface region (Figure 4.18).
Nonetheless, this approach provides a “ball park” ratio, which may be
used for comparison to the actual measured XPS ratios that carry inherent
errors as discussed earlier in this chapter.
In addition to the predicted ratios. Profile Code simulations indicate the
depth distribution of ions implanted into Ti relative to the implantation dose.
These are comparable to the SIMS analysis of the modified Ti surfaces.
SRIM simulations predicted the damage per atom (DPA) resulting from
radiation damage at the implantation energy and dose applied in the current
work to be very similar with all ions with a maximum value of 300 at 0.02 ^im

(200 A) into the titanium. In crystalline materials, DPA values above 0.2 are
generally found to be consistent with amorphization as gauged by XRD. In any
material, the DPA saturates at a value of 1, since multiple displacements cannot
be distinguished (Li et a/. 1995). Such radiation damage is likely to result in a
highly reactive surface, which might be expected to re-oxidise on removal from
the implanter.
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4.3.3.2 General Appearance
The implantation process did not alter the samples’ appearance as the
surfaces had the same colour as control Ti, which is a significant observation as
compared to other reports in the literature where colour changes were found to
accompany ion implantation into CP Ti. Hanawa et al. have always maintained
that in order to obtain Ca ion implantation into Ti, the surface must acquire a
golden tint during implantation or the process of implantation is deemed
unsuccessful (Hanawa at si. 1991, Hanawa at al. 1993). The reported gold
discoloration of Ca implanted samples is believed to be a result of oxide growth
and to arise from interference between light reflected from the modified layer
with light reflected from the Ti substrate (section 4.2.3.1).
Krupa at al. have also reported an alteration in the surface colour
following Ca ion implantation. They stated that the light gold yellow tint is a
result of surface oxidation during the implantation of Ca, which is present on the
surface as CaO or Ca(0H)2 based on the measured Eb of Ca2ps/2 ~ 347.8eV
(Krupa at al. 2001b).
Others found the surface colour alteration to be directly related to the
dose of implantation. Arenas at al. recorded no change of colour following N ion
implantation into Ti at a dose of 1 x 10^^ ion cm'^ while a golden yellow tint was
observed on samples implanted with 3 x 10^^ ions cm'^. This yellow tint
changed to blue/purple upon air exposure of samples implanted to a dose of 6 x
10^^ ions cm'^. They concluded that this colour change is due to stoichiometric
excess of N or Ti in low valence states Ti203 or TisOs (Arenas at al. 2000). A
study of thermal oxidation of grade 1 CP Ti samples concluded that the gold
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surface tint is indicative of a thinner oxide compared to surfaces which
displayed violet or blue tints (Tzavaras 2002).
We have shown here that ion implantation (of a number of ions) is
achievable at two doses without altering the surface optical appearance or
colour.

4.3.3.S SEM
The modified discs showed pitting and grooving, features typical of Ti
surfaces, regardless of the chemical nature of the disc. In a study of Na ion
implantation into CP Ti at beam energies ranging from 1 8 - 2 2 keV and to a
maximum dose of 4 x 10^^ ions cm'^, rugged structures in micrometer scale
were seen to homogeneously populate the entire surface as compared to the
smooth surface of the control CP Ti. Therefore, these rugged surfaces were
thought to result from ion bombardment and the subsequent atom displacement
which led the authors to conclude that this large-scale roughness is dependent
on the dose and current density of the implantation. The authors also suggested
that these features may act as additional mechanical anchoring centres (Pham
et al. 2000).
In the current work however, the surface morphology of the ion implanted
surfaces did not significantly vary from that of the control CP Ti.

4.3.3.4 WLI
Ion implantation is thought to induce topographical changes, which may
include alteration of the surface roughness. In this work the trivial increase of
measured surface roughness is thought to be largely insignificant as it is within
the standard deviation values for CP Ti samples. This is in contrast to previous
reports by Hanawa at al. of an increase in surface roughness following ion
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implantation into CP Ti (Hanawa 1997). However this paper fails to include the
measured value of surface roughness on the ion implanted Ti.

4.3.3.S XRD
In the current project it was found that the ion implantation of Ca and K
into the Ti matrix resulted in an amorphous modified layer indicating that the
implant does not segregate or form a separate crystalline phase (within the
detection limit of the technique). Diffraction from Ti02 and oxide phases such as
CaO, CaTiOs and K2O crystallographic phases were also undetectable either
because these phases do not exist and the surface is present in an amorphous
state or because they are too thin for detection by XRD.
Wieser et al. reported additional peaks to Ti on surfaces implanted with
Ca ions at a beam energy of 195 keV to a dose of 5 x 10^^ ions cm'^. They
referred these additional peaks to the “hexagonal modification” of Ca (Wieser et
ai. 1999). These authors quote different findings following P ion implantation
into CP Ti at similar dose and energy where the XRD diffractograms disclosed
an amorphous structure. The authors concluded that the amorphous P-Ti
surface inhibited the diffusion of O along grain boundaries thus restricting the
oxide layer growth on P-Ti surfaces as compared to the crystalline Ca-Ti in
which oxide growth was clear. The XPS results obtained in the current work
however showed oxide layer growth on implanted surfaces (as will be discussed
in depth in the following section) in spite of the lack of a detectable crystalline
phase in XRD patterns.
Others have reported new phase formation upon modification of CP Ti
through ion implantation. Al ion implantation into CP Ti at a range of doses (to a
maximum of 5 x 10^^ ions cm'^) and 195 keV beam energy was reported
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(Tsyganov et al. 2000). XRD analysis of the surface suggested the precipitation
of TisAI phases as the surface displayed a hexagonal a -T i structure with
smaller contribution from the TisAI phase at the high-angle side of the Ti peaks.
This

phase

developed

to

a

pronounced

shoulder with

increasing

Al

concentration. Annealing for various times and at different temperatures
resulted in the formation of a TiAl phase replacing the TisAI phase. Pham at al.
detected a new phase of Na2Ti03 in addition to the TiÛ 2 and Ti phases following
Na ion implantation at variable doses using a beam energy of 18 - 22 keV. The
modified layer was reported to be -0.1 pm thick and displayed an increase in
Na phase and a decrease of Ti phase as the dose of implantation was raised
(Pham at al. 2000). It is important however to point out that these Ti surfaces
were outgassed at 500°C in Ar for 5 hours prior to implantation.
Published TEM examination of CP Ti surfaces implanted with either Ca
or P ion to a dose of 1 x 10^^ ions cm'^ using beam energy of 25 keV indicated
that ion implantation resulted in the amorphization of the surface with an
estimated 2.22 -2.33 A spacing between neighbouring rings (Krupa at al. 2001b,
Krupa at al. 2002).

This is in agreement with the current work where no

evidence of specific crystalline phases was observed.

4.3.3.G XPS
The discussion of the immediate near surface chemical composition as
analysed using XPS will address the characterisation of the modified Ti in the
following order.
1. Discussion of the atomic concentrations of the implanted ions in
the Ti matrix and the ratios of these to Ti, compared to the
proposed ratios based on profile code simulations.
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2. Analysis of the Ti chemical state in these implanted surfaces
compared to the control CP Ti.
3. Discussion of the chemical states and ratios to Ti of other relevant
elements at the surface, namely O and 0.
As an aid to these discussions, figure 4.41 offers a direct comparison
between samples from the third implantation (1 x 10^^ ions cm'^) and CP Ti, the
regions of the Ti2p, 01s and C Is peaks.
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Figure 4.41 XPS spectra of Ti2p, O ls and C1s peaks for CP TI and ion implanted
Ti (1

X

lOi'^ ions cm'^).

The average ratios of Ca/Ti as measured from XPS narrow scans are
0.41, 0.31 and 0.37 corresponding to the first (high dose) implantation and the
subsequent second and third implantations (low dose) respectively (Table 4.13).
These not only confirm the implantation of Ca ions into the Ti lattice, but are
also in broad agreement with the predicted Ca/Ti ratio (0.29 - 0.46) discussed
in section 4.3.3.1.
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Hanawa et al. suggested that the surface of Ca-Ti consisted of CaTiOs
when the ions were implanted with 18 keV beam energy at doses of 1 x 10^®
and 1 X 10^^ ions cm'^, while implantation at a higher dose of 1 x 10^® ions cm'^
resulted in the formation of both CaO and CaliO s (Hanawa 1999). Ca ion
implantation into CP Ti to a dose of 5 x 10^^ ions cm’^ at 41 keV energy was
reported to result in a surface composed of CaTiOs, Ti02 and TiO (Yoshinari et
al. 2001). Krupa et al reported on CP Ti implanted with Ca to a dose of 1 x 10^^
ions cm'^ using 25 keV beam energy and stated that the implanted surfaces
contained Ca as CaO or Ca(0H)2 as examined by XPS (Krupa et al. 2001b).
In the current work no evidence of any new phase formation was
detectable by XRD and the measured Eb of the Ca2p3/2 peak at 347.2 eV
indicated the presence of Ca in the top -100 A of the surface in a chemical
state similar to CaO and not metallic Ca or CaTiOs based on published values
in the literature (Table 4.9).
Implantation of K ions into Ti was verified by the presence of clear K2p
and K2s peaks in XPS. The ratio of K/Ti was not largely affected by the dose of
implantation, at 0.46 in the higher implantation dose (first run) compared to 0.41
and 0.43 in the lower dose (second and third runs - Table 4.14). These values
are generally in good agreement with the profile code estimations (0.31 - 0.48)
although the lack of variation with implantation dose is slightly surprising.
As K ion implantation into Ti has not been reported previously, direct
comparison with previous work is not possible. However, binding energies of
potassium oxides on the surface of industrial styrene were reported for K2 ps/2
and K2pi/2 at 293 eV and 295.5 eV respectively arising from KO species while
poorly resolved structures at higher binding energies were attributed to KOH
groups (Miyakoshi et al. 2001). The binding energy of K2p3/2 in K2CO3 groups
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was reported to be 293.3 eV in cobalt-molybdenum catalysts (Iranmahboob et
al. 2001). In the present work, the K2ps/2 peak was measured at Eb =293.9 eV
which suggests that K is present in potassium oxides species based on the
above reports. However, the different chemical environment of the K ions in this
work compared to that in the reported papers should not be overlooked.
Ar, the third implanted ion, was found at much lower concentrations as
indicated by the small Ar2p peak. This is despite having the highest
implantation dose in the first and second implantation runs. The measured Ar/Ti
ratios were at 0.04, 0.03 and 0.05 in first, second and third implantation runs
respectively. These values are around a tenth of the estimated ratios, and much
lower than the observed Ca/Ti and K/Ti ratios. This may be attributed to the
inert nature of Ar causing the highly energetic implanted ions to penetrate into
the Ti bulk without being trapped in lattice positions or interstitially (as assumed
for the Ca and K implanted ions) and remain at a penetration depth that is
beyond the detection limit of the XPS in the current work. Alternatively the
implanted ions may escape from the surface altogether following implantation
and resulting in the low Ar/Ti ratio measured.
The main features of all the Ti2p spectra were the dominant Ti"^^ peaks,
suggesting that the surface must reoxidise following ion implantation and the
sputtering that accompanies it. The Ca-Ti surfaces showed only poorly defined
low binding energy features assigned to Ti""’ instead of the sharp Ti° metal
features, which were clearly identified on the surface of CP Ti. This indicates an
increased oxide thickness preventing the detection of the Ti in metallic state at
greater depth. The Ti'^’^peak showed a slight shift towards lower Eb while the
Ti""’ feature was significantly shifted (1 eV) towards a higher Eb compared to the
Ti° peak in CP Ti as indicated in table 4.16. These changes arise from the
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alteration to the surface chemistry as well as the increase in the oxide layer
thickness, probably due to the formation of T\^* and Ti^^. Similar shifts in the low
binding

energy Ti"^2p3/2 peak

position

were

reported

following

N ion

implantation into CP Ti and were attributed to the formation of TiN (Hohl et al.
1995). The formation of TiC during ion implantation would certainly account for
some of the features seen to the low binding energy side of the Ti"^^ peak as
some carbide formation was observed in the C Is spectra (see below). In
addition to the formation of carbide, Ti^^ and Tp^ arising from the re-oxidation
after implantation would enhance the features seen at the low binding energy
side of the main

peak. A shift from Eb = 454 eV to 455 eV was reported

following O ion implantation into Ti which was attributed to the formation of TiO
below the sample surface (Hohl at al. 1995). Some Ti^^ and TP^ species might
be formed at the metal - metal oxide interface by recoil implantation. However,
this is likely to be relatively small since the recoil-implanted layer would be
sputtered away again rapidly. Ti^"’ and TP'" have been shown to form at the
interface during oxidation of clean Ti and it is possible that a similar process
occurs following ion implantation (Siemenemeyer at a i 1990).
For the K-Ti samples, the Ti"^ peak was found to shift only slightly
towards higher binding energy (0.3 eV shift). This peak may again contain
components due to Ti^"" and TiC, with Ti^"" at higher Eb- Alternatively, this could
conceivably be the Ti metal peak slightly shifted in energy. The presence of K
metal (zero oxidation state) as well as K oxides might therefore be expected.
Although the XPS findings suggest that the implanted K ions are most likely
present on the surface as potassium oxides, the sensitivity factor for the K2p
peak (1.24) is lower than that for Ti2p peak (1.80), so the metallic Ti might be
just detectable while the metallic K2p peak is not.
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The Ar-Ti sample shows a slightly lower binding energy shift (0.7 eV) of
the Ti'^'" peak than the Ca-Ti, but a higher overall intensity of the low binding
energy features. This surface may be more defective than Ca-Ti, or may carry a
thinner Ti02-like overlayer allowing better detection of these features. Ti° may
contribute to this peak, which extends down to -453 eV.
Ca and K implanted Ti surfaces displayed a general increase in the
concentration of both O (Figure 4.26 and 4.31 respectively) and C (Figure 4.27
and 4.32 respectively). For the 01s peak this increase is mainly in the feature to
higher binding energy of the O^' peaks representing O as bound OFI groups /
FI2O. This increase was measured on both Ca and K implanted surfaces but not
on Ar implanted Ti. Similar reports of elevated O and C concentrations with Ca
ion implantation but not P ion implantation signifies the effect of the nature of
the implanted ion on the surface chemistry of Ti (Wieser et al. 1999). The O/Ti
average ratios measured for CP Ti and implanted Ti are displayed as a scatter
plot in figure 4.42.
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Sputtering of the surface during implantation has been shown to remove
the thin oxide film leading to a Ti implantation substrate, which is rapidly re
oxidised upon removal from the implanter UHV environment. It is probable that
the Ca-Ti and K-Ti surfaces are immensely active which may lead to the re
growth of a thicker oxide film (than the original native oxide on control Ti
surfaces) containing elevated OH concentrations. The O/Ti ratio on the Ar-Ti is
somewhat lower than that on CP Ti. These samples were generally implanted at
the highest dose and, hence underwent the most sputtering. Furthermore, the
inert nature of the Ar may subsequently discourage further surface interactions
with O or OH. Surface hydroxylation may result in favourable biological
interactions as hydroxyl groups have been proposed as nucléation sites for
hydroxyapatite formation (Li etal. 1997).
Such re-oxidization in air of implanted surfaces (following removal from
the implanter) to form thicker oxide / hydroxide layers with high organic
contamination would explain why XPS was not capable of detecting the Ti°
peak arising from the metal underneath the oxide in the case of the Ca-Ti. The
K-Ti and Ar-Ti are clearly more complex since the presence of the low binding
energy Ti° peak in the Ti2p spectra cannot be readily determined on the basis
of binding energies alone.
Similar findings were reported by Hanawa et a i following Ca ion
implantation at a dose of 1 x 10^^ ions cm'^ with beam energy of 18 keV. They
found the outermost layer of the surface oxide to consist of Ca(0H)2 and
reported oxide film growth to 10 times the original thickness during Ca ion
implantation (The oxide layer thickness was measured to be 4 nm thick before
implantation as compared to 40 nm after implantation) which they suggested
was due to the heating caused by impact of the implanted Ca ion in the
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presence of residual O, which exists even under the vacuum of the implanter.
The increase of the film thickness prevented XPS detection of the Ti° metal
peak (Hanawa etal. 1993, Hanawa 1999).
Similarly, Ti° was not detectable following Ca ion implantation to a dose
of 1 X 10^^ ions cm'^ at energy of 25 keV (Krupa et ai. 2001b). Only Ti'^"’ and
were detected for modified Ti samples, which also contained higher O
concentration as bound OH and H2O indicating an increased oxide thickness
following Ca ion implantation as well as high C contamination at the surface as
compared to

non-implanted Ti. These

researchers suggested

that the

interference colours on their implanted surfaces were evidence of oxide growth
and concluded that Ca was present in the near surface region as CaO or
Ca(0H)2 to a depth of 0.03 pm (300 A) based on the measured Eb for the
Ca2p3/2 at 347.8 eV.
In another publication by the same group of researchers, the Ti° peak
was not detectable following P ion implantation into CP Ti (Krupa et al. 2002).
This was accompanied by a shift in the Ti2p peak of 1 eV to higher binding
energy (P-Ti at 459.5), which the author used to confirm the formation of a TiP
phase. The implanted P was found in two forms, TiP was the dominant phase
with lower concentrations of POT^.
However, when Wieser et al. examined the role of implantation energy by
implanting Ca and P into 99.9% CP Ti at low (30 keV), medium (60 keV) and
high (195 keV) implantation energies, the increase of O concentration was
noted only with the implantation of Ca ions and not with P ions. The thickness of
the modified layer measured using AES was found to be directly related to the
implantation energy used. The increase in O content of these surfaces
(oxidation) was attributed to O recoil implantation as a result of radiation
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damage as well as the elevated temperature of samples during implantation.
They stated that Ca existed in two modifications, at 345.9 eV as metallic Ca,
and at 347.5 eV as CaO which is in contrast to the current work where only
Ca^^ was observed. They also reported low Ti in the surface following Ca ion
implantation as a result of C and O contamination. 10% Ti was reported at 30
keV implantation energy and 20% Ti with 60 keV implantation energy.
An increase in O content upon implantation was also reported for Na ion
implantation into CP Ti at varying energies of 18 - 22 keV to a maximum dose
of 4

X

10^^ ions cm'^ (Pham et al. 2000). The increase of the O and C content

reported following NH2'' amino group implantation into CP Ti was attributed to
the formation of an organic overlayer on the Ti surface and was directly related
to the dose of implantation (Yang et al. 2001).
In the current work the increase in C concentrations was highly variable
in both concentration and Eb position, which was also found to be weakly
related to the chemistry of the implanted ion with generally higher ratios on the
Ca-Ti and K-Ti samples as shown in figure 4.43.
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The elevated C concentrations on these samples could have resulted
from either surface contamination (as adventitious hydrocarbons and other
organic species at Eb <290 eV), residues from the sputtered nail varnish (used
to fix the samples to the implanter plate), or both. However, it is unlikely that
sputtered nail varnish has a major contribution to the peak as Ar-Ti has the
lowest C/Ti ratios at lower values than seen on CP Ti.
The C1s region also displays a small definite sharp peak at ~ 282 eV
arising from carbides, which was not detectable in the CP Ti samples. This peak
is clearer on the Ar-Ti surfaces possibly because of the thinner oxide film on
these (as insinuated by the lower O/Ti ratios and greater Ti"^ intensity) enabling
the detection of this carbide species which is also seen on the Ca-Ti and K-Ti
but to a lesser extent. Since carbide formation was only detectable on the ion
implanted Ti surfaces and not the control CP Ti, it is almost certainly related to
the implantation process and is most likely a result of recoil implantation.
The high variability in the O and C concentrations is probably due to the
samples’ history, storage and duration in air prior to analysis. Samples from
second and third implantation runs (1 x 10^^ ions cm'^) have a particularly high
variability in their O and C content which may be related to the fact that the
samples from the first implantation were all run on the same day and very soon
after the implantation process itself unlike the second and third implantation
samples, which were run further apart and not immediately following ion
implantation.
Finally, both K and Ar implanted samples contained trace levels of Ca
comparable to those measured on CP Ti and presented in the first part of this
chapter. All surfaces had Si contamination which again was seen in the CP Ti
samples. Similar Si trace contamination was reported following ion implantation
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of amino groups into CP Ti at doses of 1 x 10^® (60 keV) and 1 x 10^^ ions cm'^
(100 keV) which the authors attributed to machining procedures or to the
substrate composition (Yang et al, 2001, Yang at al. 2002).

4.3.S.7 SIMS
The surface analysis based on SIMS results will be discussed in the
following order;
1. Analysis of the shape and depth distribution of both Ca and K
implanted ions in the Ti substrate.
2. Comparison of implanted ion concentrations with the predicted
Profile Code simulations.
3. Discussion of the molecular species and chemical environment at
the surface of modified Ti.
SIMS was set to detect for the

and ^^Ca isotopes as well as the

implanted isotopes (^^K and ^^°Ca) to verify that the secondary Ca and K ions
detected were a result of the implantation and not due to surface contamination
or other sources.
The very low levels of

and "^^Ca isotopes (at background noise level)

confirmed that the high intensities of K and Ca detected were a result of the
implantation process. The maximum concentration of the Ca implanted ions at a
lower implantation dose of 1 x 10^^ ions cm'^ was at a depth of -0.02 pm and
trailed off without subsiding throughout the depth of the analysis into the bulk of
Ti. This is in good agreement with the Profile Code simulations presented in
section 4.3.2.1 where the maximum concentration of the implanted ions was
predicted to be at a depth of 0.02 pm (200 A).
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In contrast, the maximum concentration of K ions was found at the
immediate surface of the modified Ti with broader and flattened distribution of
the peak into Ti and towards the bulk (figure 4.40), peaking again at 0.02 pm.
Previous reports of

ion implantation into the Ti alloy (OTi-4-0) at 100

keV showed a bell shape depth distribution with no surface segregation of N
similar to the Ca ion depth distribution presented in the current research. The
maximum concentration of N implanted at a dose of 1 x 10^^ ions cm"^ was
found to be at a depth of 80 nm (0.08 pm) which is understandable since N was
implanted at a much higher energy of 100 keV (Krupa et al. 1996). P ion
implantation into CP Ti at a dose of 1 x 10^^ ions cm'^ and energy of 25 keV was
found to result in a maximum P ion depth of 60 nm (0.06 pm) into the surface
(similar to that found in the current work). The maximum concentration of the P
secondary ions was at a depth of 12 nm (0.012 pm) which is in good agreement
with the findings of the present work considering the lower implantation energy
used in this publication (Krupa at al. 2002). The depth of distribution was shown
to be related to the implantation energy (and dose) as sputtering would lead to
shallower depths with lower implantation energies (Hanawa at al. 1993, Krupa
at al. 2001a).
The mass spectra recorded by SIMS can be used to calculate the ion
concentration as a function of depth. This is derived from the following equation:
p = c 1
Equation 4.2

Where
p raw data of ion concentration in arbitrary units
I Intensity
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c constant where
c=

{f)

8(ax XX i )

Equation 4.3

Where
(|) = dose of implantation (1x10^^ ions cm'^)
I = intensity
X = Depth increment between data points (cm)
8 is the number of mass channels run in the current work
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Figure 4.44 SIMS graph demonstrating the ionic concentration o f the implanted
^^Ca and

ions as a function o f depth.

The ion concentration profile of Ca ion implantation at a dose of 1 x 10^^
ions cm'^ is shown in figure 4.44 and is in agreement with the simulations of
implantation into Ti (Figure 4.18). This is in contrast to other reports of deeper
Ca ion penetration following ion implantation into CP Ti at a dose of 1 x 10^^
ions cm*^ and implantation energy of 25 keV (SIMS analysis using Cs primary
ion gun at energy of 6 keV), where the maximum Ca ion concentration was
measured to be at a depth of 4 nm (0.004 pm, which is deeper than the
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simulations of such implantation at the given energy). The authors also
remarked that O extended to a depth of 20 nm (0.02 pm) but remained lower
than the concentration of Ca. However, they did not address the Ti trace
following implantation, which showed an initial bell shaped distribution to a
depth < 20 nm and then resumed to increase in intensity from there onwards
(Krupa et al. 2001b). This is neither logical nor typical in titanium oxide layers
where a surface rich in O and depleted in Ti is usually seen. The presence of
titanate such as CaTiOa at the surface could result in such a distribution but the
authors claimed that only CaO and Ca(0H)2 formed following implantation.
The trace of the

deviates from that obtained for Ca as the near

surface region shows as increased K intensity (figure 4.44). This is not in
agreement with the Profile Code simulations (figure 4.18). One theory is to
attribute the near surface component of the peak to K surface contamination or
more precisely the increased sensitivity of SIMS to K and the deeper part of the
curve to the implanted K ion as seen on figure 4.45.

I

C o n ta m in a tio n
K ion im plan tation

Depth! pm

Figure 4.45 Schematic demonstration o f the K peak shape components in K-Ti.
The solid line represents the trace seen by SIMS as a result o f combining K surface
contamination and the K ions from the implantation.

195

Similar concentration profiles in the near surface region have been seen
in SIMS analysis (Ar primary ion beam at energy of 4 keV) of implantation of
ions into a Ti alloy (OTi-4-0) at 100 keV. The near surface C layer was assigned
to surface contamination in this case, and was found to be at a thickness of 25 nm overlying the implanted C peak which had a maximum concentration at a
depth of ~ 150 nm (0.15 pm) at an implantation dose of 1 x 10^^ ions cm'^
(Krupa etal. 1999).
However, this scenario is unlikely in the current work since the

trace

is not seen at the immediate surface at the immediate surface, which would be
expected if the near surface component was surface contamination or an
instrumental artefact (figure 4.40). Therefore it is more likely that the shape of
the K ion distribution in the Ti reflects the tendency of the K ions to segregate
towards the surface following implantation into Ti.
In the current work there was no correlation between the maximum
concentration of the implanted Ca and K ions to that of Ti. On the contrary the
near surface region rich in implanted ions concentration always corresponded to
a Ti depleted surface indicating that the compounds formed are not likely to
contain Ti.
Baunack at al. have found no evidence of P chemical bonding to Ti when
implanting at an energy of 20 keV to a dose below 1 x 10^® ions cm'^. However,
a new phase of TiP was formed at an implantation dose > 1 x 10^^ ions cm"^.
This phase was found to increase in direct relation to the dose of implantation
(Baunack at al. 1998). Following 0 and N ion implantation referred to earlier,
Krupa’s research group concluded that the implantation resulted in the
formation of carbides (TiC) and nitrides (TiN) respectively since the SIMS
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showed the Ti

maximum

concentration to correspond to

a maximum

concentration of the implanted ion.

4.3.3.S Summary
In light of the findings presented in this section, a model can be proposed
of the surface changes that follow ion implantation into Ti. During implantation
at the beam energy and ion doses used in this work the entire native oxide layer
is sputtered off, consequently leading to implantation into a Ti substrate and not
TiOz.
Implantation results in the amorphization of the surface regardless of the
implanted ions chemical nature. This is accompanied by surface re-oxidization
upon removal from the implanter.
As a result of the oxide layer growth a well defined Ti° peak at the same
Eb as the CP Ti was undetectable on all implanted samples. Recoil implantation
and surface re-oxidation may lead to the formation of titanium suboxides and
carbides which contribute to the Ti2p peak in the form of a broad feature at the
low binding energy side of the main Ti"^^ peak. This feature was identified on all
implanted Ti surfaces examined by XPS, but was found to be different
depending on the nature of the implanted ion. Ca-Ti surfaces appear to present
a significantly increased oxide film thickness indicated primarily by the complete
lack of the Ti° peak.
K-Ti surfaces displayed a definite Ti2p peak to the lower binding energy
side of the Ti^^^g/z peak, which was only slightly shifted and could be attributed to
either Ti metal or reduced Ti oxides. In combination with the SIMS findings it
appears to be more likely that K ion implantation does not encourage oxide
growth to the same extent as seen on Ca-Ti surfaces upon removal from the

197

implanter. This may explain the depth profile of K in Ti as seen by SIMS with the
surface segregated K ions located primarily within a thin oxide layer.
Ar-Ti surfaces on the other hand have lower O/Ti and C/Ti ratios than
any of the other surfaces including Ti. Again it is hard to ascertain whether the
Ti"^ peak contains a contribution from the metal. However, the higher general
intensity in this region may indicate an increases defectiveness of the oxide
layer, or a reduced oxide thickness compared to the Ca-Ti case. It appears that
the immensely active surface on Ca and K implanted Ti, reacts rapidly with O
resulting in thicker oxide formation and/or hydroxylation of the surface while the
inert nature of Ar may inhibit such interactions.
At the same time Ca/Ti ratios and K/Ti ratios are found to be in good
agreement with the predictions of the implantation simulations while the Ar/Ti
ratio is measured at only a tenth of the estimated value. The re-growth of the
oxide appears to be accompanied by the surface segregation of the chemically
active K ions, which concentrate at the immediate surface as revealed by SIMS
and may explain the similar K/Ti ratio for different implantation doses. The Ca
ion distribution was found to be in agreement with the Profile Code simulations
suggesting a higher mobility of K in Ti compared to the more stable Ca in Ti. Ar
on the other hand may either escape the surface altogether or penetrate deeper
into the Ti resulting in the significantly lower Ar/Ti ratio at the surface of these
samples.
Formation of specific Ca or K containing compounds as a result of
implantation could not be proved in this work. XRD was incapable of detecting
any phase other than bulk Ti, which could either be due to the amorphous or
low crystalline structure of such phases or due to limited XRD sampling
sensitivity. XPS did not establish the presence of more than one clearly defined
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Chemical state of Ca^^ and

ions while SIMS results offered no real evidence

of the formation of compounds with Ti, at least not in large amounts, as the Ti
secondary ion concentrations did not reflect those of the implanted ions.
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5 Dissolution studies
The release of biologically active osteoconductive ions such as Ca ions
into any bio-liquid or experimental medium may indicate their subsequent
release into the surrounding tissues in vitro and in vivo. This may in turn affect
the biological and molecular interactions around an implant by inducing HA
precipitation and subsequently enhancing bone deposition around the implant.
Such micro dissolution of Ca ions from Ca-Ti was reported by Hanawa et a!
when samples were immersed in solutions with varying pH values (Hanawa et
al. 1996). However, whether such ion release is dependent on the chemical
nature of the solution used was not ascertained.
The stability of the modified layer is also especially crucial when
considering solutions commonly used in the cleaning and/or sterilization of the
biomaterial prior to implantation into the host. One concern is the stability of this
modified layer in water, which is the subject of this chapter. It would not be
feasible to incorporate osteoconductive ions within the Ti lattice if they were to
completely dissolve during cleaning procedures prior to surgical implantation.
In the current research, one major aim was to verify whether micro
dissolution of implanted Ca, K and Ar ions into water is occurring, whether it
depends on the chemical nature of the modified layer, and if so, to investigate
the role of immersion temperature and time on the rate of ion dissolution.
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5.1 Literature review
Hanawa et al suggested that the desirable bone conductivity of Ca-Ti
might at least be partially due to micro-dissolution of Ca ions into the
surrounding bioliquid, inducing precipitation of calcium phosphates onto the
substrate. The confirmation that Ca ions dissolve and estimation of the rate of
dissolution are important for understanding the behaviour of Ca-Ti in biological
systems. However, it is difficult to detect or measure the dissolved ions by
analysing the solutions in which Ca-Ti is immersed due to the low concentration
of dissolved Ca ions. The above researchers used XPS to characterize the
surface following immersion in nitric acid and buffer solutions thus estimating
the amounts of dissolved ions as well as changes in the compositions and
chemical states of the substrates (Hanawa et ai. 1996).
These authors examined the effect of nitric acid solutions and phosphoric
acid buffers (pH 5.2 and 7.2 respectively) on Ca-Ti surfaces (to a dose of 1 x
10^^ ions cm'^ at an implantation energy of 18 keV) at 310 K. They noted a
decrease in the Ca and O concentrations following various immersion periods
which was accompanied by an increase in the Ti"^^ intensity. The rate of Ca ion
leaching was found to be inversely related to the pH of the solution and directly
related to immersion time. The authors suggested that the dissolution of Ca ions
may be responsible for inducing calcium phosphate deposition on the substrate
by supersaturating the bioliquid near the material in a manner similar to the
dissolution of Ca and Si from bioactive glasses.
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Howlett et al studied the stability of Mg ions implanted into CP Ti
surfaces following immersion in physiological solutions. XPS analysis indicated
that most of the implanted Mg ion “disappeared” following 48 h immersion in aMEM

X

10% PCS culture fluid (Howlett 1999). Pham et a! studied the stability of

Na^ ions implanted into CP Ti to a maximum dose of 4 x 10^^ ions cm'^ at
energies varying from 1 8 - 2 2 keV. They found that Na^ leached out following
immersion in deionised water for 20 minutes while O levels remained
unchanged, indicating that Na is present as a mobile species while O is
anchored in immobile complexes (Pham et al. 2000).
In a more recent study, Pham et al modified the surface of CP Ti by
double implantation of Ca and P ions to varying doses. Upon immersion in 140
mM NaCI solution, XPS measurement indicated loss of the Ca and P ions from
the surface. Dissolution was also confirmed upon exposure to water vapour and
a water film in a controlled temperature of 80°C as a result of ion exchange with
the water film (Pham et al. 2002).

5.2 Results
In this part of the current project CP Ti and modified Ti were immersed in
water for various periods of time at both room temperature (RT) and body
temperature (37°C). The aim was to assess the mechanisms and rate of ion
dissolution and establish if the rate of such dissolution is dependent on the
surface chemistry of the substrate. CP Ti was also subjected to similar
treatment as a control to gauge the hydroxylation process and its effects on the
surface chemistry. The topography was characterized using SEM, while XPS
and SIMS analysis were utilised to study the chemical state and composition of
the surface.
213

5.2.1 General appearance
Most samples displayed no visible change upon 24 h immersion in H2O
except for the Ca-Ti, which displayed uniform blue discolouration following
immersion at 37°C. This was not observed when Ca-Ti was immersed at RT
where the bright blue surface tint was restricted to some areas of the surface
only as a ring-like feature at the edges of the sample.
Shorter immersion times of up to 10 min did not affect the surface colour
of the samples except on Ca-Ti where only slight darkening of the sample
surface was noted (not shown). The Ca-Ti samples immersed in water at 37°C
and RT are displayed in figure 5.1

Figure 5.1 Ca-Ti samples (1 x 10^^ ions cm'^) following 24 h immersion in H 2 O. A is
at 3 7 °C while B is at RT.
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5.2.2 SEM
CP Ti and modified Ti surfaces were immersed in ultra pure water (H2O)
at room temperature (RT) and at body temperature (37°C) for 24 h. SEM
images of immersed surfaces are presented in this section.
Figure 5.2 shows the surface of a CP Ti sample following immersion in
H2O at 37°C and RT respectively, while figures 5.3 - 5.5 show the Ca-Ti, K-Ti
and Ar-Ti samples respectively under similar experimental conditions.
The surfaces of all samples appears unaltered by the immersion in
water, displaying only the pitting and grooving that is characteristic of such Ti
surfaces, except on the Ca-Ti samples immersed at 37°C for 24 h. This appears
to be much smoother than the control surfaces shown earlier (chapter 4).
There does not appear to be any difference related to the surface
chemistry on different discs, or to the immersion temperature on discs of similar
chemical nature immersed in H2O.
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Figure 5.2 SEM Images o f CP Ti where A is following 24 h immersion in H 2 O at
37°C and B is following 24 h immersion in H 2 O at RT.
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Figure 5.3 SEM Images o f Ca-Ti at a dose o f 1 x 10^^ ions cm'^. A is Ca-Ti
following 24 h immersion in H 2 O at 37°C and B is following 24 h immersion in H 2 O at RT.
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Figure 5.4 SEM Images o f K-Ti at a dose o f 1 x 1017 ions cm-2. A following 24 h
immersion in H 2 0 at 37°C and B is K-Ti following 24 h immersion in H 2 0 at RT.
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Figure 5.5 SEM images of Ar-Ti at a dose o f 1 x 10^^ ions cm'^. A is Ar-Ti following
24 h immersion in H 2 O at 37°C and B is Ar-Ti following 24 h immersion in H 2 O at RT.
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5.2.3 XPS
A pilot study was conducted on a CP Ti sample as well as Ca-Ti, K-Ti
and Ar-Ti samples from the first implantation run (1.4 x 10^^ ions cm'^, 1.5 x 10^^
ions cm'^ and 2x10^^ ions cm*^ respectively). This aimed to assess the stability
of implanted ions and to establish whether micro dissolution resulted from the
interaction with the aqueous environment. Although it is a simple solution,
deionised water was used for the studies carried out in the current work to rule
out any ionic interactions or bonding that may take place if other “complex”
solutions were used. The following figures (5.6 - 5.9) show the implanted ion
region of the pilot study where immersion for 24 h at 37°C was conducted in
deionised water. These spectra were run using the twin anode and large area
lens mode.
For completeness, a CP Ti sample was also immersed in H2O at 37°C
for 24 h and shows little change in terms of peak position and shape (figure
5.10).
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Figure 5.6 XPS showing the Ca2p region o f high dose (1.4 x 10^^ ions cm’^) Ca-Ti.
A is before immersion and B is after 24 h immersion in H 2 O at 3 7 'C.
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Figure 5.7 XPS showing the K2s region o f high dose (1.5 x 10^^ ions cm'^) K -Ti. A
is before immersion and B is after 24 h immersion in H 2 O at 37'C.

As the K2s peak was very difficult to detect following immersion, the K2p
peak (included in the C1s region) is also shown and is significantly weaker in
intensity following immersion.
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Figure 5.8 XPS showing the K2p region of high dose (1.5 x 10^^ ions cm'^) K -Ti. A
is before immersion and B is after 24 h immersion in H 2 O at 3 7 ’C.
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Figure 5.9 XPS showing the Ar2p region of high dose (2 x lOi'^ ions cm'^) A r-Ti. A
is before immersion and B is after 24 h immersion in H 2 O at 37’C.
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Figure 5.10 XPS spectra of the TI2p region o f a CP Ti sample. A before immersion
and B is after 24 h immersion in H 2 O at 37 °C.

As clearly displayed in the above figures, levels of implanted Ca and
K ions decrease following immersion at 37°C for 24 h. This is particularly more
evident on the K-Ti surface as seen from the K2s and K2p peaks. The Ar-2p
peak also appeared slightly weaker (lower signal to noise ratio) but this is hard
to judge by eye. The Ti2p peak was similarly unaltered.
Table 5.1 shows the elemental ratios in samples immersed in H2 O for 24
h at 37°C as compared to the average ratios of six randomly selected samples
(from each group) as presented in chapter 4.

Sample

Tx

0 /T i

C/Ti

Ca/Ti

K/Ti

Ar/Ti

CPTi

Avg

346

2.43

0.03

NA

NA

CPTi

Post

2.91

1.23

0.02

NA

NA

C a -T i

Avg

4.09

2.81

0.41

0

NA

C a -T i

Post

2.99

1.74

0.15

0

NA

K -T i

Avg

5.27

3.36

0.05

0.48

NA

K-Ti

Post

3.66

2.94

0.06

0.08

NA

A r-T i

Avg

2.77

1.73

0.01

0

0.04

A r-T i

Post

3.30

3.04

0.04

0

0.04

Table 5.1 Quantification table for pilot study immersion at 24 h in H2 O at 37 °C as
compared to the average elemental ratios measured in 6 randomly selected samples.
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It was found that 24 h immersion in H2O at 37°C resulted in reduction in
the concentration of Ca and K implanted ions (Figures 5.6, 5.7 and 5.8
respectively). The Ca/Ti ratio decreased to almost a third of its original value
(36.6%). However no shift in the Ca2p3/2 peak position at 347.3 eV was noted
indicating that the chemical state of the Ca ions was unaltered. The relative K
ion concentration fell to just over a tenth of its pre-immersion levels (16.7%) but
the K2s peak position was very difficult to measure precisely (-377 eV). The
stronger K2p peak was also very weak and difficult to measure accurately
following immersion and was approximately at Eb -293 eV.
Both the Ca-Ti and K-Ti samples displayed a decrease in the 0/Ti and
C/Ti ratios following immersion as compared to the average ratios of pre
immersion samples.
Ar levels on the other hand remained almost constant at an Ar/Ti ratio of
0.04 and the Ar2p peak position remained at the same binding energy of 242.6
eV (fig 5.9). Unlike the previous samples, increased 0/Ti and C/Ti ratios were
noted on the Ar-Ti as compared to the pre-immersion ratios. The control CP Ti
sample (fig 5.10), showed hardly any change in the Ti2p peak shape or position
following immersion. The measured O/Ti and C/Ti ratios on this sample
indicated a decrease in the relative concentrations of O and C at the surface.
It was noticed that Ca/Ti ratios on the non-Ca-implanted samples
occasionally increased very slightly following such immersions. Therefore
deionised water was substituted with ultra pure water to overcome this possible
contamination.
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5.2.3.1 Short time immersion at room temperature
To allow for a better understanding of the dynamics of ion dissolution,
shorter immersion times were attempted for a CP Ti sample and modified Ti
samples. Spectra were recorded first from the control “baseline” state and then
following immersion for two, five and ten minutes at room temperature (RT).
These spectra were run using the twin anode to analyse the CP Ti, K-Ti and ArTi samples (1.5 x 10^^ and 2 x 10^^ ions cm'^ respectively) while the Ca-Ti
sample (1 x 10^^ ions cm'^) was analysed using the mono. All spectra were
recorded using the large area XL lens mode.
Not surprisingly the Ti2p peak remains unaltered in shape and position
(not shown).
Figure 5.11 shows the Ca2p peak in the Ca-Ti sample.
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Figure 5.11 XPS showing the Ca2p region o f low dose (1 x lO'^ ions cm'^) C a-T i
for short immersion times at RT.
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This is in total contrast to the results of short time immersion of K-Ti,
where the majority of the K ion dissolution occurred within two minutes of
immersion as indicated in figures 5.12 and 5.13.
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Figure 5.12 XP S show ing the K2s region o f high dose (1.4 x 10^^ ions cm'^) K -T i
im m ersed fo r s h o rte r tim es a t RT.
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Figure 5.13 X P S show ing the K2p region o f high dose (1.4 x 10^^ ions cm'^) K -T i
im m ersed fo r s h o rte r tim es a t RT.
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As with the 24 h immersion, the Ar2p peak remains unchanged in
intensity and position at short immersion times at Eb = 242.8 eV. Figure 5.14
shows the Ar2p peak in the Ar-Ti sample.
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Figure 5.14 XPS showing the Ar2p region o f high dose (2 x 10^^ ions cm'^) A r-T i
im m ersed for shorter times at RT.
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Table 5.2.lists the relative ratios of the implanted ions as well as O and C
to Ti.
Sample

Min

0/Ti

C/Ti

Ca/Ti

CPTi

0

4.15

3.19

0.05

CPTi

2

3.10

1.20

CPTi

5

3.15

2.04

CPTi

10

3.33

1.83

C a -T i

0

4.24

3.34

C a -T i

2

3.13

1.28

0.26

C a -T i

5

3.17

1.36

0.23

C a -T i

10

4.33

0.27
0.04

KTTi

Ar/Ti

0.34

K -T i

0

5.19

3.93
3.68

K -T i

2

3.55

2.75

0.01

K -T i
K -T i

5
10

2.78
3.31

2.49
3.07

0.02
0.02

A r-T i
A r-T i
A r-T i

0
2

2.78

2.27

0.04

5

3.18
2.99

0.04
0.02

A r-T i

10

3.26

2.59
2.59
2.62

0.32

0.05

Table 5.2 Quantification table for short time immersion at 0, 2, 5 and 10 minutes in
H 2 O at RT.

The quantifications indicated that the relative Ca ion concentration
decreased to 79.4% of its initial value as compared to the relative K ion
concentration which was at less than a tenth of the original value (6.25%). It is
surprising to note that the value of K/Ti following a short immersion time of 10
min was even less than that recorded after 24 h immersion at 37°C. The ratios
of 0/Ti and C/Ti are also altered by the immersion as displayed in table 5.2 and
the ratios at 2 and 5 min immersion differ from the originally recorded ratios at
baseline. However, if only the ratios of the final stage, following 10 min
immersion were to be considered, a slight increase of the 0/Ti and C/Ti ratios
on Ca-Ti and Ar-Ti as opposed to a decrease in both on the CP Ti and K-Ti
samples was recorded. The spectra for these are not included in this section.
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Based on the findings of short and long immersion periods and since CP
Ti, Ca-Ti and Ar-Ti samples were not greatly altered by the short term
immersions, 24 h immersion was chosen to be an adequate time period for
significant alterations on the surfaces to be studied. The role of temperature
was analysed by immersing the Ti and modified Ti surfaces for 24 h at body
temperature (37°C) and ambient temperature (RT).

S.2.3.2 Immersion at body temperature (37‘C).
Using the AI Ka monochromatic X-ray source and the large area XL lens
mode, CP Ti and low dose implantation samples (1 x 10^^ ions cm'^) were
analysed before and after immersion in ultra pure water at body temperature
(37°C). The spectra of pre and post immersion for all samples in the relevant
regions are shown in figures 5.15 -

5.18. Quantification of the relevant

elemental concentrations are presented in table 5.3, while table 5.4 lists the
peak positions of the Ti2p, Ca2p, K2s, K2p and Ar2p peaks when applicable.
The peak positions were not significantly altered by the immersion as compared
to the control surfaces as discussed earlier (chapter 4).
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Figure 5.15 XPS showing the Ti2p region in CP Ti, Ca-Ti, K -T i and A r-T i (low
dose) before and after 24 h immersion in H 2 O at 3 7 ’C.

Prior to immersion the Ti2p3/2 peaks from all the samples are in
agreement with the surface characterization discussed earlier (Chapter 4) with
the similar observation of the lack of a well-defined feature at Eb -454 eV
arising from Ti° on the ion implanted samples, especially for Ca-Ti.
Following immersion there was no significant alteration to the Ti2p peak
in position, shape or intensity of all samples except on the CP Ti sample in
which the Ti° peak was less defined following immersion as shown in figure
5.16.
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Figure 5.16 XPS showing the TF*2p region in CP Ti, Ca-Ti, K -T i and A r-T i (low
dose) before and after 24 h immersion in H 2 O at 37’C.

Figure 5.17 shows the 01s region from ail samples prior to and following
immersion in H2O at 37°C. Please note that the “spiky” appearance of the 01s
region in the CP Ti samples is due to equipment artefacts and has no significant
implication on the interpretation of the results.
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Figure 5.17 XPS showing the O ls region in CP Ti, Ca-Ti, K -T i and A r-T i (low
dose) before and after 24 h immersion in H 2 O at 3 7 'C.

The 01s peak on the other hand shows variation in the intensity of O
bound to the surface as OH and H2O, which appears to increase on K-Ti and
Ar-Ti while a decrease is noted for this O state on Ca-Ti. There also appears to
be a decrease in the intensity of the O^' state at -530 eV arising from the oxide
on the Ar-Ti sample.
The O ls region (fig 5.18) in the control samples shows shifting in the O ls
peak position which has been discussed earlier (chapter 4).
This region indicates a decrease in the relative 0 concentration on all the
samples except K-Ti presented an increase in C/Ti as shown in table 5.3.
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Figure 5.18 XPS showing the C1s region in CP Ti, Ca-Ti, K -T i and A r-T i (low
dose) before and after 24 h immersion in H 2 O at 37’C.

A noted increase is the CO and COO species was observed on the Ar-Ti
sample as indicated by the growth of the shoulder at the higher binding energy.
This spectrum also shows the presence of carbides at Eb = 281.9 eV on the CaTi sample and more clearly on the Ar-Ti samples, however the intensity of this
peak on the later sample is reduced following immersion.
Another feature worth pointing out is the K2p peak seen in the C Is
spectrum of the K-Ti sample at -292 eV, which decreased in intensity
considerably following immersion.
The alterations in the implanted ion spectra are shown in figures 5.19 5.21.
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Figure 5.19 XPS showing the Ca2p region in low dose (1 x 10^^ ions cm'^) C a-Ti
following immersion for 24 h in H 2 O at 37'C.
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Figure 5.20 XPS showing the K2s region in low dose (1 x 10^^ ions cm'^) K -T i
following immersion for 24 h in H 2 O at 3 7'C.
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Figure 5.21 XPS showing the Ar2p region in low dose (1 x 10^^ ions cm'^) A r-T i
following immersion for 24 h in H 2 O at 37'C.
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The most significant result following immersion in H2O at 37°C is the
reduction in the concentration of the implanted ions. This is most notable for CaTi and K-Ti samples. This reduction can be seen in detail in the quantification
table (table 5.3).
0/Ti

C/Ti

Ca/Ti

K/Ti

Ar/Ti

C PTi

Pre

3.28

2.12

C PTi

Post 2.90

1.14

C a -T i

Pre

4.12

3.94

0.24

C a -T i

Post 3.24

2.35

0.16

K -T i

Pre

4.59

5.73

0.40

K -T i

Post 4.72

7.57

0.07

A r-T i

Pre

3.73

2.58

0.05

A r-T i

Post 2.99

1.63

0.05

Table 5.3 Table showing the quantification o f relevant ions in a il sam ples p rio r to
an d follow ing 24 h im mersion in w ater a t 3 7 ‘C

The K/Ti ratio in K-Ti the sample fell from 0.40 - 0.07 (17.5%) which is a
value close to that measured in the pilot study. The Ca/Ti ratio decreased from
0.24 - 0.16 which corresponds to 66.7%, a rather higher value than that
recorded in the pilot study. Unfortunately the Ca sample used in this experiment
had a lower ratio of Ca/Ti than other samples used throughout the research. It is
also worth noting that the dose of implantation was lower in these samples than
that used in the pilot study.
The Ar/Ti ratio, on the other hand was unaltered within the experimental
limitation of the technique. Changes in intensity of this peak are particularly hard
to assess due to its low intensity.
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In this case, the 0/Ti and C/Ti ratios decreased following immersion on
all surfaces except K-Ti where they increased as compared to their baseline
levels. This experiment however was carried out in a systematic manner unlike
the pilot study in which the ratios following immersion are given in comparison
to average ratios from six randomly selected samples.
The binding energies of the relevant peaks are shown in table 5.4
Sample

Ti2p4+

Ti2p"+

CP Ti

458.7

453.8

Ca

458.7

455.0

K

458.6

454.4

Ar

458.6

454.8

Ca2p3/2

K2s

K2p3/2 Ar2p

377.8

292.9

347.2

242.8

Table 5.4 XPS p eak position o f the relevant peaks in CP Ti and m odified Ti
surfaces foliowing 24 h im m ersion in H 2 O a t 37°C.

S.2.3.3 Immersion at room temperature (RT).
Using the AI Ka monochromatic X-ray source and large area XL lens
mode, CP Ti and low dose implantation Ca-Ti, K-Ti and Ar-Ti samples (1 x 10^^
ions cm'^) were analysed before and after immersion in ultra pure water at RT.
The Ti2p, 01s and C1 regions for all samples are shown in figures 5.22 - 5.24
prior to and following immersion.
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Figure 5.22 XPS showing the Ti2p region in Ti, Ca-Ti, K -T i and A r-T i samples
(low dose) prior to and following 24 h immersion in H 2 O at RT.

The Ti° peak is again not well defined in the implanted surfaces prior to
immersion. This peak is clearly seen on the control CP Ti surface. However, it is
less prominent following immersion. Otherwise the Ti2p peak remains largely
unaltered in both shape and position by the immersion. These results are very
similar to the 24 h immersion at 37°C.
The 01s peak is shown in figure 5.23 revealing little if any change in the
O^* peak which remains at a constant peak position (530.3 eV) and intensity.
Meanwhile the OH and H2O species bound to the surface and represented by a
shoulder at the higher binding energy decreased in intensity following
immersion on all samples.
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Figure 5.23 XPS showing the 0 1s region in Ti, Ca-Ti, K -T i and A r-T i samples
(low dose) prior to and following 24 h immersion in H 2 O at RT.
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Figure 5.24 XPS showing the 01 s region in Ti, Ca-Ti, K -T i and A r-T i samples (low
dose) prior to and foliowing 24 h immersion in H 2 O at RT.
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The C1s relative concentration (figure 5.24) remains almost unchanged
on the CP Ti sample but decreases on the Ca-Ti and K-Ti samples compared to
the original values (table 5.5). The Ar-Ti shows a relatively large carbide peak
prior to and following immersion at Eb = 281.9 eV as well as an increase in the
intensity of the C bound to the surface following immersion, however, unlike the
immersion at body temperature, this sample does not show a large increase in
the organic bound C in the higher binding energy states of CO and COO
species.
This region includes the K2p peak of the K-Ti that is seen initially and
decreases significantly following immersion similar to 37°C.
Figures 5.25 - 5.27 show the implanted ion core level spectra prior to
and following immersion. The Ca2p peak in the Ca-Ti was lower in intensity
following immersion but remained unaltered in position at Eg = 347.2 eV.
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Figure 5.25 X P S show ing the Ca2p region in C a-T i, p rio r to a n d follow ing
im m ersion fo r 24 h in H 2 O a t RT.
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The K2s peak in the K-Ti sample decreased significantly following
immersion but the position was not changed at Eb = 377.8 eV.
Meanwhile, the Ar2p peak on the Ar-Ti sample was not affected by the
immersion and remained at the same intensity and Eb = 242.8 eV.
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Figure 5.26 XPS showing the K2s region in K -Ti, prior to and following immersion
for 24 h in H 2 O at RT.
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Figure 5.27 XPS showing the Ar2p region in A r-Ti, prior to and following
immersion for 24 h in H 2 O at RT.
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The relative concentrations of the implanted ions as well as the O/Ti and
C/Ti ratios are displayed in table 5.5.
0/Ti

C/Ti

Ca/Ti

K/Ti

Ar/Ti

C PTi

Pre

2.83

1.02

C PTi

Post 2.78

1.19

C a -T i

Pre

5.77

7.03

0.40

C a-Ti

Post 4.42

4.17

0.27

K -Ti

Pre

4.53

5.09

0.40

K -T i

Post

3.88

3.75

0.09

A r-T i

Pre

3.21

2.14

0.05

A r-T i

Post 2.23

2.56

0.05

Table 5.5 Table showing the quantification o f relevant ions in ail sam ples p rio r to
and follow ing 24 h Immersion In H 2 O a t RT.

The relative concentration of implanted Ca ions decreased to 67.5% of
its original value following immersion, which is almost an identical value to that
measured for immersion at 37°C. The relative concentration of the K ions
declined to 22.5% of its original value, a slightly higher value than seen with
other immersion parameters. The relative Ar concentration remained constant
as indicated previously. The 0/Ti ratio decreased on all samples while the C/Ti
ratio increased on CP Ti and Ar-Ti but decreased on the other surfaces. The
changes in these ratios were not systematically correlated to the chemical
nature of the surface or to those measured following immersion at 37 ° C.
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5.2.4 SIMS
Utilizing an 02^ primary ion beam and the same experimental settings as
previously discussed (chapter 4), SIMS depth profiles were obtained for a
control CP Ti sample as well as Ca-Ti and K-Ti samples of low ion implantation
dose

(1 X 10^^

ions cm'^). For the reasons given earlier (Chapter

4),

Ar-Ti was

not analysed using SIMS.
Figure 5.28 displays the Ti trace for a control CP Ti sample as compared
to CP Ti samples immersed in H2O at either 37°C or RT.
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Figure 5.28 SIMS profile o f ^^Ti mass channel in polished CP Ti as
compared to CP Ti after immersion for 24 h at RT and 37 °C.

The near surface region of the control CP Ti samples appears to be
depleted in Ti following immersion and to a depth of -0.025 pm beyond which
the signals increase and stabilise at the same intensity at a depth of -0.15 pm.
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Figure 5.29 SIMS profile o f

and ^^Ti mass channels in control Ca-Ti as

compared to Ca-Ti after immersion in H 2 O for 24 h at R T and 3 7 °C.

Similarly, a control Ca-Ti sample was compared to Ca-Ti samples
immersed in H2O at both body and ambient temperature as seen in figure 5.29.
The secondary ion intensities of both the "^°Ca and "^®Ti mass channels are
displayed for all samples. SIMS confirmed previous XPS findings and
demonstrated the loss of Ca ions, which was mostly from the near surface
region and to a depth of -0.02 pm beyond which the Ca intensity increased due
to Ca ions present deeper in the surface with a maximum concentration at a
depth of -0.03 pm. More Ca ion loss appeared to occur at RT. The decrease in
the Ca concentrations following immersion corresponded to a slight increase in
the intensity of Ti secondary ions especially following immersion at body
temperature. The Ti traces from all the samples crossed the Ca trace at a depth
of - 0.05 pm and the intensity of the Ti signal was stationary beyond a depth of
-0.07 pm.
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Figure 5.30 displays the intensities of the

and ^^11 mass channels in

a control K-Ti sample and the samples immersed at both body temperature and
room temperature.
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Figure 5.30 SIMS profile o f

and *^Ti mass channels in control K-Ti as

compared to K-Ti after 24 h immersion at RT and 3 7 ‘C

There is little change in the shape of the depth profiles. The main
difference is seen in the sample immersed at 37°C, indicating that K ion loss is
mainly from the immediate surface only. There is a slight difference in the K ion
intensities, which may be attributed to the varying levels of K in the different
samples as these were not run in a series of before and after (see discussion).
The Ti mass channel indicates the subtle changes arising from immersion of KTi as the Ti lines are found to cross the K lines and stabilise to a stationary
secondary ion intensity in less time and at a shallower depth than seen with CaTi samples (<0.01 pm).
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5.3 Discussion
In an attempt to characterise the surfaces following immersion and to
understand the rate of dissolution, samples were immersed in water for various
time periods at two different temperatures. The discussion of the results
obtained from these experiments will be in the following order:
First the general surface appearance of the immersed samples will be
discussed followed by the analysis of the topographical features as seen using
the SEM. XPS and SIMS data will be discussed jointly for the CP Ti sample.
Similarly the results for the implanted samples accompanied by models of the
possible surface interactions will be proposed when relevant. A final conclusion
on the results and possible bearing they might have on subsequent in vitro and
in vivo interactions will conclude this chapter.
The general appearance of most samples was not altered by the
immersion indicating that the oxide layer thickness was not affected on these
samples. The Ca implanted surfaces however displayed a blue interference tint
upon immersion for 24 h that was uniform across the surface when the
immersion was carried out at body temperature but only covered some areas of
the surface following immersion at RT. This tint was not observed with shorter
immersion times but the sample surface was notably darker in this case. The
interference of light resulting in this discolouration has been described earlier
(chapter 4).
Lausmaa et a! offered two possible explanations to observed blue
discolouration on Ti surfaces (following autoclaving). These were thought to be
either light absorption due to contamination layers deposition during autoclaving
or light interference following oxide growth >100 A (0.01 pm) (Lausmaa at ai.
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1985). Keller attributed the dark blue discolouration on autoclaved Ti surfaces to
thickening of the oxide layer in the region of 250 - 700 A (Keller et al. 1990).
Similar blue-violet colouration was observed on Ti surfaces following
immersion in electrolyte solutions and was attributed to either an increase in the
oxide thickness or alternatively, the formation of low valance Ti oxides as TiaOs
and TiaOs, resulting form the reduction of Ti"^^ to

(Pan at a i 1996).

The blue colouration on the Ca-Ti samples in the present research can
thus be attributed to either the reduction of Ti'^'^ in the oxide to Ti^^ or growth of
the oxide layer to an estimated thickness of 100 - 700 A. However, the XPS
data suggests that the Ti"^^ is the dominant valence in the oxide layer as
indicated by the poorly defined Ti"^ region in figure 5.16 which does not change
noticeably on immersion. Thus oxide layer thickening is most probably the
cause of such blue discolouration of the surface. This is homogeneous across
the whole surface following immersion at body temperature as indicated by the
even blue surface tint. However, following immersion at RT, the blue
discoloration is only noted at the edges of the sample suggesting that the oxide
thickening occurs at some areas of the surface only.
SEM images of surfaces immersed at RT and 37°C showed no variation
to those of control surfaces presented earlier (chapter 4) except on the surface
of the Ca-Ti sample which was smoother in appearance than the as implanted
samples shown in chapter 4 which may be a reflection of a thicker and possibly
more homogeneous oxide layer.
Prior to analysing the XPS and SIMS findings on CP Ti samples following
immersion, a model of such dissolution will be presented. Brunette at a! have
detailed

the

dissolution

of the titanium

oxide

film

in water “from

a

thermodynamic point of view” (Brunette at a i 2001). They stated that the well245

established oxide layer in the ambient environment is not stable in the aqueous
environment. The mechanism of dissolution of the oxide and release of the Ti
species into water is presented by the following equation:
{ T i O ^ solid + 2 H 2 O

<

----------------- ►

T i ( 0 H ) 4 aq

Equation 5.1

The neutral species of Ti(0H)4 forms in only small amounts with typical
concentrations in the range of 10'®M. Meanwhile the concentration of the other
ionic species is present at four to five orders of magnitude lower (10'^° - 1 0 '
^^M). These are displayed in the following equations:
{ T i O ^ } solid

+

2 H 2O

<

----------------- ►

[ T i ( 0 H ) 3r a q

+

[ T i 0 2 0 H ] ' aq

+

O hT

Equation 5.2

{ T i 0 2 } solid

+

2 H 2O

^ ----------------- ►

Equation 5.3

In addition to these species, very small amounts of charged corrosion
products are expected which would elicit minimal unfavourable biochemical
reactions. The dissolution rate (which represents the amount of dissolved
oxides per time) was shown to depend on several factors including the oxide
thickness,

oxide stoichiometry, electrolyte composition

and temperature.

However, these authors do not provide this rate or elaborate on the changes to
the oxide thickness following such dissolution.
In the present work, CP Ti samples showed little change following
immersion except for the minor decrease in the intensity of the Ti° peak (which
was independent of the immersion temperature). This was coupled with with
variations in the concentration of O and 0 contamination on the surface,
however these were not systematically related to the experimental parameters.
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As the ratios of O/Ti and C/Ti measured on all samples were not ordered or
systematic, these will not be discussed any further.
The possible scenarios in the case of CP Ti immersed in H2O could
either be the dissolution or the growth of the oxide layer. Dissolution would
result in a higher intensity of the Ti° peak. This probability is immediately
dismissed as the intensity of the Ti° peak decreased following immersion, which
suggests an increased oxide thickness hindering the detection of the metal
substrate. Although SIMS used in the current work is not suitable for the
detection of the O or identifying the oxide layer (as discussed in chapter 4), the
results show that the Ti signal intensity at the surface decreases representing a
near surface region depleted in Ti. This may be attributed to either oxide growth
or the formation of surface overlayers but it is virtually impossible to draw any
conclusions from these findings.
As for the implanted ions, the relative concentration of the Ca and K ions
repeatedly

decreased

following

immersion

in

H2O

regardless

of

the

experimental settings. Starting with the Ca-Ti, the Ca ions concentration fell to a
third of the original measured value when using a higher implantation dose, as
opposed to only two thirds of the original value when immersing samples from
the low dose implantation. This was independent of the temperature at which
the immersion was conducted. The Ti2p peak remained unaltered by the
immersions and the Ti° peak was still not detectable.
The decrease in the relative concentration of Ca as measured using XPS
might be explained by a number of simplistic models.
1. Dissolution of the ion-containing titanium oxide layer
2. Growth of the titanium oxide film
3. Ion leaching
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Dissolution of the oxide layer should be accompanied by an increase in
the intensity of the detected Ti° peak or an increase in the Ti"^ peak intensity (if
it were localised at the metal / oxide interface). However, if such suboxides
were homogeneously distributed within the oxide film, then no change in their
intensity would be expected to result from the dissolution of the oxide. More
importantly would be the relative Ca ion concentration, which based on the
SIMS findings of chapter 4 has a parabolic depth distribution and should
therefore increase as a result of such dissolution. This model is understandably
dismissed as Ca ion levels reduced and the Ti"'" peak remained unaltered while
the Ti° peak was still undetected.
The second model suggests growth of the oxide layer which might result
in a decrease in the capability of detecting Ca, Ti° and Ti""" (whether it is
localised at the metal/oxide interface or homogeneously distributed) if the newly
formed oxide were simply Ti02. Again, this is not supported by the Ti2p spectra.
The third model suggests simple ion leaching from the oxide, which would
display a decrease in the Ca/Ti ratio only while the O/Ti ratio and the Ti"'" peak
will remain constant. From the XPS spectra alone, this appears to be the most
likely scenario.
Although the SIMS findings indicate the loss of Ca ions with exposure to
H2O, again supporting the third model of ion leaching, SIMS as applied in the
present work can not speculate on the oxide film thickness, or rule out the
growth of the oxide layer. In fact the Ti mass channel trace suggests the
formation of an overlayer. Based on this and the observation of blue
discolouration on the Ca-Ti samples it appears possible that oxide growth is
actually occurring. The oxide may grow (following immersion) by only a minor
percent but due to the originally thicker film on these implanted surfaces
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compared to the others (discussed in chapter 4) the build up results in the blue
discoloration for these samples.
In the current work the binding energy of Ca2p and all other relevant
peaks on the Ca-Ti samples did not show any change of peak positions, which
suggests that the chemical environment around the Ca remained unchanged.
By applying the above models to the K implanted surfaces, the third
model of simple K ion leaching upon immersion of K-Ti samples in water seems
to be the most likely cause for the significant reduction in the K/Ti ratio. This is
based on:
•

The general appearance of the samples where no colour change
was observed.

•

The XPS findings where the Ti"^ peak was at the same intensity
following immersion.

•

SIMS findings where a minor decrease in the near surface K ion
levels following immersion at 37°C was suggested but was not
accompanied by a change in the Ti trace.

Although the SIMS findings on samples immersed at RT suggest higher
K levels at the surface than on the control K-Ti sample, this may arise from the
variable K/Ti ratios in the different samples indicated earlier (chapter 4).
Alternatively, this may actually be a true effect arising from the thin oxide layer
on the K-Ti samples (as indicated in chapter 4) that is analysed by XPS but is
too thin for the SIMS technique applied in the present work. A model can thus
be proposed based on the above theory in which the K ions present at the very
near surface of the control samples (chapter 4) are highly soluble and leach out
into the solution upon immersion at very short time periods. Owing to their
active and dynamic nature within the modified layer, the K ions present at a
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greater depth may then segregate to the surface and repopulate the near
surface region in the thin oxide. This would explain a number of observations
including the seemingly unaltered depth distribution of K ions on the K-Ti
sample immersed for 24 h at RT as compared to the XPS findings of significant
reduction in the relative K concentration following short immersion periods of 2
minutes which was even higher than that observed at 24 h immersion. It would
also explain how in spite of cleaning the K-Ti samples by ultrasonication in
water following implantation, K is still detectable in control samples.
It must still be acknowledged that it is impossible to draw any firm
conclusions from these findings on the K-Ti samples due to the fact that the
SIMS results were attained by the immersion of only one disc at each
experimental condition. To obtain any conclusive evidence on the K-Ti samples
at least, the SIMS results must be repeated for a larger number of discs and
probably utilizing a much lower energy to look at the very near surface of the
sample as indicated in chapter 4.
The SIMS findings on the Ca-Ti and K-Ti are similar to the observations
made on glass surfaces immersed in water where Ca ions were retained in the
surface as opposed to the large K ion leaching of up to 99% detected (personal
communication with Dr. D. McPhail). This is a result of the higher solubility in
water (msat) of K oxides as compared to that of Ca oxides (Harrison 1972). The
msat (mol per 100 g of H2O, at a temperature of 298K) of some of the Ca and K
oxides are listed below:
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Oxide

msat

CaO

2.34 X 10‘^

Ca(0H)2

1.53x10-3

K2O / KOH

1.71

(298K)

KOH.2 H2O 2.12
Table 5.6 Values o f solubility In w ater o f som e o f the Ca and K oxides.

Ar-Ti surfaces were not greatly affected by the immersion as the Ar/Ti
ratios, (which were very difficult to measure) were very similar to the control
following different immersion times and temperatures. This static Ar level was
independent of the implantation dose and, in spite of the small decrease
suggested by the spectra following immersion at 37°C, there appeared to be
very little Ar lost from the surface, which is probably a result of its inert nature.
Overall, the modified surfaces produced in the current work showed
different responses to immersion in water depending on the nature of the
implanted ion. While the K-Ti surfaces showed the most significant decrease in
K/Ti ratio, the Ar-Ti samples were virtually unchanged. Related reports in the
literature of similar Ti dissolution in H2O are scarce and mostly focus on the
effect of aging by immersion in boiling water, which does not directly compare to
the present work. The few reports on the dissolution of various ions implanted
into CP Ti, mention in passing the dissolution of the implanted ion following
exposure to water such as Na ion dissolution following immersion in water for
20 min (Pham et al. 2000). However, such reports do not offer a quantitative
description of the dissolution rate or the ionic ratios at the surface (Hanawa at
si. 1996a, Hanawa at a i 1996b, Pham at a i 2000).
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Although Hewlett reported a significant decrease in the concentration of
Mg ions implanted into Ti and Ti alloy upon immersion in physiological solutions
for 48 h, this was not quantified (Hewlett 1999). The author statement that the
Mg ions “virtually disappeared” does not specifically consider the possibility of
overlayer formation covering the surface. The decrease in Mg ions is attributed
solely to ion leach out based on the stability of Mg ions implanted into AI
following immersion under similar experimental conditions.
In a more recent study, Pham et al exposed Ti surfaces implanted with
Ca and P ions to water vapour and a thin water film in a controlled environment.
The authors sketched a chain of events resulting in ion leach out into the water.
The initial oxidation of P in the oxide layer is followed by the hydrolysis of Ca
and P from the modified layer. The water film becomes supersaturated with
these oxides (CaO and P2O 5) and subsequently, the precipitation of a calcium
phosphate rich layer on the Ti surface is observed (Pham et al. 2002).
In summary, the findings of immersion in water support the model
suggested in chapter 4 for the Ca and K implanted surfaces, where Ca was
thought to be relatively stable in the oxide while K was found to be actively
mobile and segregated to the surface. The relative stability of the Ca ions and
higher solubility of K ions from the immediate surface may have a significant
clinical bearing, particularly at the preparation stage and cleaning of such
surfaces. The biological implications are also important, as the release of such
ions into the vicinity of the implant in vivo may alter the cellular response as well
as dictating the type of the attached cells.

252

5.4 References
Brunette, D. M, Tengvall, P, Textor, M, and Thomsen, P. 2001, “Titanium in
Medicine”. Springer.
Hanawa, T, Asami, K, and Asaoka, K. 1996a, "AES Studies on the Dissolution
of Surface Oxide from Calcium-lon-lmplanted Titanium in Nitric Acid and Buffer
Solutions", Corrosion Science, Vol. 38, no. 11, pp. 2061-2067.
Hanawa, T, Asami, K, and Asaoka, K. 1996b, "Microdissolution of Calcium Ions
from Calcium-lon-lmplanted Titanium", Corrosion Science, Vol. 38, no. 9, pp.
1579-1594.
Harrison, R. D. 1972, “Book of Data. Chemistry, Physical Science, Physics”.
Nuffield Advanced Science, Longman Group Ltd, London.
Howlett, C. R. 1999, "Early Bone Formation around Calcium-lon-lmplanted
Titanium Inserted into Rat Tibia", Journal of Biomedical Material Research, Vol.
44, pp. 352-353.
Keller, J. C, Wightman, J. P, Dougherty, W. J, and Meletiou, S. D. 1990,
"Characterization of Sterilized CP Titanium Implant Surfaces", International
Journal of Oral and Maxillofacial Implants, Vol. 5, pp. 360-367.
Lausmaa, J, Kasemo, B, and Hansson, S. 1985, "Accelerated Oxide Growth on
Titanium Implants during Autoclaving caused by Fluorine Contamination",
Biomaterials, Vol. 6, pp. 23-27.
Pan, J, Thierry, D, and Leygraf, C. 1996, "Hydrogen Peroxide towards
Enhanced Oxide Growth on Titanium in PBS solution: Blue Coloration and
Clinical Relevance", Journal of Biomedical Material Research, Vol. 30, no. 3,
pp. 393-402.

253

Pham, M. T, Maitz, M. F, Matz, W, Reuther, H, Richter, E, and Steiner, G. 2000,
"Promoted Hydroxyapatite Nucléation on Titanium lon-lmplanted with Sodium",
Thin Solid Films, Vol. 379, pp. 50-56.
Pham, M. T, Matz, W, Reuther, H, Richter, E, Steiner, G, and Oswald, S. 2002,
"Interface-Mediated

Synthesis of Hydroxyapatite",

Journal of Biomedical

Material Research, Vol. 59, pp. 254-258.

254

6 Passivation
The high surface energy of a “clean” surface arises from the presence of
unsaturated bonds often referred to as dangling bonds at this surface. These
can strongly attract surrounding molecules that consequently form the surface
contamination layer. It is this layer on the surface of an implant, which can have
a positive, negative or negligible effect on clinical results (Kasemo et al. 1988).
Understanding such surface interactions highlights the importance of the pre
treatment of biomaterials in general especially for long-term implants, such as
those used in dentistry. While the American Society for Testing and Materials
(ASTM) recommends chemical or electrochemical passivation regimes to
enhance the oxide layer of metallic implants, this is not considered to be an
essential step in the European clinical protocols for Ti implants, since they are
believed to be inherently corrosion resistant (Kilpadi at ai. 1998b, Kilpadi at a/.
2000 ).

As passivation of CP Ti in nitric acid has been recommended by the
ASTM and widely reported in the literature as a standard method of preparing Ti
surfaces, this chapter presents the results of acid passivation on the near
surface chemistry of CP Ti and modified Ti surfaces that have been implanted
with Ca and K ions. Based on the results of the previous chapter, where Ar-Ti
was not found to be significantly affected by water and the Ar2p peak showed
little if any change upon immersion, it was decided to exclude Ar-Ti from these
clinically related experiments. SIMS was found to offer limited information about
the near surface region, which is the area of interest in such an experimental
model, thus only XPS analysis was conducted on the passivated samples.
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6.1 Literature review
Passivation of CP Ti has been recommended as it is thought to enhance
the oxide layer, minimise corrosion and remove debris embedded in the surface
during machining (Kilpadi et al. 1998b). The ASTM recommendation for Ti
passivation states the use of either
• 20 - 40% (by volume) solution of nitric acid for at least 1 h at RT, or
• Heat treatment in air or in boiling water.
The guidelines also describe the subsequent neutralization by thorough
rinsing and drying (Brunette at ai. 2001).
Although the biocompatibility of Ti is mainly attributed to the native oxide
film formed upon exposure to air which offers protection against corrosive attack
in bio-fluids (Lautenschlager at al. 1993), this film is not capable of preventing
ion release from the bulk metal as a result of stress corrosion cracking and
corrosion fatigue. The combination of this over time at body temperature within
the corrosive biological environment can lead to complete mechanical failure of
the implant (Parr at al. 1985). Nitric acid passivation of such metallic implants
prior to surgical implantation aims at enhancing the oxide layer to prevent ion
release from the bulk metal into the immediate biological vicinity of the implant,
which may have an adverse affect on the osseointegration process (Lacefield
1999).

Thus

the

American

Food

and

Drug

Administration

requires

manufacturers of Ti implants to passivate their products in a nitric acid bath
prior to sale (Parr at al. 1985). However these recommendations were not
specifically drawn up for the preparation of Ti implants but were originally set for
stainless steel and cobalt chromium implants, and have in fact been proven to
reduce oxide film thickness on Ti alloy. Ion release from passivated Ti alloys
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was found to increase following passivation, leading some researchers to
question the validity of such treatment for Ti alloy (Callen et al. 1995).
Numerous reports in the literature showed the use of nitric acid for the
passivation of Ti at various suggested dilutions, time periods and temperatures.
However, there seems to be a general agreement that the use of diluted nitric
acid for passivation periods of 20 - 30 minutes at RT followed by rinsing in
water is a sufficient and acceptable passivation regime (Kilpadi et ai. 1998a,
Kilpadi et ai. 1998b, Kilpadi et ai. 2000, Ong et al. 1995). Some authors
however, do report the use of elevated temperatures for passivation of Ti
surfaces in nitric acid, such as the use of 40% (by volume) nitric acid for 20
minutes at 55°C (Effah et al. 1995, Kim et al. 1991). Other research groups
quote the application of nitric acid passivation as a standard preparation
technique, failing to state the temperature at which it was conducted (Keller et
al. 1990, Ku et al. 2002, Placko et al. 2000, Sodhi et al. 1991, Wisbey et al.
1991). It is assumed that RT was used in these cases.
The application of nitric acid passivation might be expected to affect both
the chemical and structural surface properties, yet no major influence on the
topography or oxide composition following passivation was detected by most
workers. The oxide was reported on passivated surfaces to be composed of
mainly Ti02 with some Ti20s and TiO suboxides similar to that observed on the
native oxides of Ti surfaces (Brunette et al. 2001, Callen et al. 1995, Kilpadi et
al. 1998a, Sodhi etal. 1991). However, the Kilpadi research group subsequently
reported increased surface roughness on passivated implant grade Ti surfaces
(30% nitric acid at RT for 20 minutes followed by 10 minutes cleaning in
deionized water) as compared to those cleaned in ethanol alone (10 minutes
cleaning in 95% ethanol) (Kilpadi etal. 1998b).
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Nitric acid passivation (33% solution for 20 minutes) of Ti and Ti alloys
was found to result in a small reduction in the metal dissolution rate while
passivation at elevated temperatures of 60°C gave no reduction in dissolution
rate. A reduction of metal dissolution was also observed on passivated surfaces
that were oxidized for 45 minutes at 400°C which was thought to be associated
with transformation of the surface oxide of Ti02 from anatase to the more
compact rutile structure while no change in the thin film of surfaces passivated
in nitric acid alone was evident (Wisbey et al. 1991). Reduction of ion release
from passivated Ti implants subjected to corrosion testing was reported by
some authors following passivation at RT (Kilpadi et ai. 1998b). This is in
contrast to other reports where nitric acid passivation of CP Ti had no effect on
the metal ion release or oxide film thickness (Callen et ai. 1995).
There is a definite agreement that acid passivation of Ti alloys results in
reducing the oxide film thickness and increasing metal ion release. Most of the
reports agree that passivation of CP Ti results in thinning of the oxide film. It has
been suggested that this is due to the reduction in the number of point defects
on the surface of Ti, that in turn reduces the number of available ionic
pathways, thus inhibiting oxide re-growth and subsequently resulting in thinning
of the oxide film (Kilpadi et ai. 1998a, Kilpadi et al. 1998b). However, this is still
controversial (Callen etal. 1995).
The aim of this section of the present work was to investigate the effect
of nitric acid passivation on the oxide film thickness of the surface modified Ti
and even more importantly on the relative concentrations of the implanted Ca
and K ions. The passivation methodology applied was selected on the basis of
the recommended ASTM protocol at the most widely reported dilution and
temperature.
258

6.2 Results of Passivation
Passivation of all samples was carried out in 40% HNO3 for 20 minutes
at room temperature and was followed by 10 minutes rinsing in ultrapure H2O to
rinse off remnant N species. The samples were analysed using XPS
immediately prior to and following passivation for appraisal of the effects of such
treatment. The passivated samples were then stored in cell culture wells in a
dry environment (as practiced throughout the present work) and analysed again
after three days to measure the occurrence and extent of re-growth of
contaminants on the surface. The samples used were all polished using the
PR.2 polishing regime and the modified Ti surfaces from the third implantation
run at a dose of 1 x 10^^ ions cm'^. Samples were analysed using
monochromated Al Ka X-rays and the large area XL lens mode. The results of
passivation will be presented by comparing the Ti2p, 01s, C Is, N Is and Ca2p
peaks for each sample prior to and immediately following passivation and after
three days storage. The K2s peak of the K-Ti sample will be presented in a
similar manner.
The elemental ratios for the relevant surface species will be listed in a
table at the end of the results section for direct comparison.

6.2.1 CP Ti
Figure 6.1 displays the Ti2p peak of the CP Ti sample prior to and
immediately following passivation as compared to three days post passivation.
Figure 6.2 displays the Ti° region expanded from the above graph.
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Figure 6.1 XPS o f Ti2p region on CP Ti and passivated Ti.
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Figure 6.2 XPS o f Ti2p region on CP Ti and passivated Ti showing the T f peak.
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The positions of the 11^+ and Ti° 2ps/2 peaks are Eb = 458.9 eV and 453.8
eV respectively, which is in agreement with the stated binding energies reported
in chapter 4. Passivation does not alter the peak positions, however, an
increase in the relative intensity of the Ti° peak is evident immediately following
passivation and after three days as compared to its original intensity.
The 01s region is displayed in figure 6.3 and illustrates a decrease in the
O present in OH and H2 O species at the higher binding energy side of the main
O^' peak from the oxide. The position of the oxide peak is unaltered by
passivation and remains at Eb = 530.4 eV even after 3 days, which is consistent
with the measured binding energies reported in chapter 4.
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Figure 6.3 XPS of 01s region on CP Ti and passivated Ti.
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Figure 6.4 XPS of C1s region on CP Ti and Passivated Ti.

Figure 6.4 displays the C1s region on the same sample. The intensity of
the C contaminant layer is increased by the passivation as seen in the peak
arising from C in CH. This continues to increase as indicated by the elevated
intensity of all 0 species (OH, CO, COO and/or other N containing species)
after three days. Although a shift in the main C peak position arising from the
hydrocarbon species is seen, this is within the range described earlier and is
consistent with the reported surface features of similar CP Ti samples (Table
4.8).
This sample was free from Ca contamination from the start as seen in
figure 6.5. This continued to be the case following passivation and after three
days.
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Figure 6.5 XPS of Ca2p region on CP Ti and passivated Ti.

Finally, the N1s region is displayed in figure 6.6, where the initially low
intensity N species observed at Eb= 400.3 eV are still clear following passivation
with a notable increase in the intensity of the peak at three days. This is
accompanied by a minor shift of 0.3 eV in the peak position towards lower
binding energy (400 eV).
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Figure 6.6 XPS of N1s region on CP Ti and passivated Ti.

6.2.2 Ca Implanted Ti
The Ti2p region of the Ca-Ti sample at the pre-passivation stage
indicates the lack of the well defined Ti° peak seen in CP Ti samples, instead
showing intensity at higher binding energies corresponding to Ti'^"’ species
formation

(E b

= 455.2 eV). This is characteristic of such samples as discussed

earlier (chapter 4). The measured binding energy of the main Ti"^^2ps/2 peak is
458.6 eV, again in agreement with the measured values in chapter 4 (figure 6.7)
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Following passivation the

peak shifts by 0.2 eV to higher binding

energy while the broadened low binding energy Ti"'" region shown in more detail
in figure 6.8 becomes more visible and better defined at 454.8 eV (0.4 eV shift
to lower binding energy). This feature is still well defined at three days and is
accompanied by the return of the T f* peak to its pre passivation position of
458.6 eV.
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Figure 6.9 XPS o f 01s region on Ca-Ti and passivated Ca-Ti.
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The 01s region of the Ca-Ti sample shows a decrease in the large
feature due to O present as OH and H2O surface species subsequent to
passivation in a similar manner to the passivated CP Ti sample. The main O^'
peak arising from the oxide at Eb = 530.3 eV shows a small shift of 0.1 eV to
higher binding energy following passivation (initially 530.2 eV). This again
resembles the observed changes on the passivated CP Ti sample. At three
days the 01s peak regains the pre-passivation peak position with a noticeable
re-growth of the shoulder at higher binding energy.

c
ID

Ca-Ti

2
<
C/)

c

sc

1
CO

Passivatecj

E
o

z

3 days

280

282

284

286

288

290

292

294

Binding Energy / eV

Figure 6.10 XPS o f C Is region on Ca-Ti and passivated Ca-Ti.
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The C1s region (figure 6.10) shows significant reduction in the intensity
of C on the surface which affects all carbonaceous species except for the
carbide peak at Eb = 281.8 eV. There is hardly any detectable shifting of the
main C Is peak position even at three days where the re-growth of the 0
overlayer is clearly indicated by the increase in 0 levels at the surface, although
these do not reach their pre-immersion levels.
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Figure 6.11 XPS of Ca2p region on Ca-Ti and passivated Ca-Ti.

The Ca2p peak displayed in figure 6.11 illustrates a decrease in the
implanted Ca ion surface concentration upon passivation. However the peak
position remains unaltered at 347.1 eV throughout the series of spectra. The
intensity of this peak does not change after 3 days.
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Finally is the N1s region shown in figure 6.12 where the initial NIs peak
at 400.3 eV is reduced in intensity by the passivation.
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Figure 6.12 XPS o f N Is region on Ca- Ti and passivated Ca-Ti.

Three days after passivation the N levels increase but not to the same
extent as noted at the control “baseline” stage.

Immediately following

passivation the NIs peak shifts to a lower binding energy position of 400 eV but
at three days the peak returns to the pre-passivation position of 400.3 eV.
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6.2.3 K Implanted Ti
Figures 6 .1 3 -6 .1 9 show the relevant peaks from the K-Ti sample prior
to and following passivation displayed as a series similar to the previous
samples.
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Figure 6.13 XPS of TI2p region on K-Ti and passivated K-Ti.

The Ti2p region shows that the Ti"^"" peak is not altered by the
passivation and remains at Eb of 458.7 eV. The Ti"^ peak however, is more
defined following passivation but remains at a binding energy of 454.1 eV
throughout the experiment as shown in figure 6.14. This peak is at a slightly
higher binding energy than the Ti° peak of the CP Ti (Be = 453.8 eV). The peak
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positions at the baseline stage are in agreement with earlier surface
characterization of K-Ti samples (chapter 4).
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Figure 6.14 T f* peak region in the K-Ti sample prior to and following passivation.
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The 01s peak seen in figure 6.15 shows a reduction in the bound OH
and H2 O surface species immediately following passivation, which re-grows
after 3 days. This is similar to the findings on passivated CP Ti and Ca-Ti
samples. The binding energy of the main O^' peak is 530.3 eV, which remains
constant throughout the passivation experiment.
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Figure 6.16 XPS of C Is region on K-TI and passivated K-TI.

The C Is peak intensity (figure 6.16) is slightly decreased following
passivation but regains the higher intensity at three days. The K2p peak, also
shown in figure 6.16, is also reduced by the passivation but is clearly detectable
at Eb = 292.6 eV following treatment in nitric acid, which is a shift of 0.2 eV to
lower binding energy compared to its initial position and that quoted in earlier
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discussions (chapter 4). The intensity of the K2p peak remains lower after 3
days.
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Figure 6.17 XPS of K2s region on K-Ti and passivated K-Ti.

The K2s peak also confirms this decrease in surface concentration
following nitric acid passivation as seen in figure 6.17. However, the peak
position is not greatly shifted (0.1 eV to the lower binding energy) at Eb = 377.5
eV following passivation. Again the intensity of this peak remains low after 3
days.
The low intensity Ca2p peak present at the baseline stage at Eg = 347.8
eV on the K-Ti sample is not detectable following passivation (figure 6.18).
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Figure 6.18 XPS of Ca2p region on K-Ti and passivated K-Ti.

A reduction in intensity is also seen in the N1s region where the initial
surface concentration of N is reduced by passivation although the peak returns
to almost the same intensity at three days. The N1s peak is at Eb = 400.3 eV
and is unaltered in position as shown in figure 6.19.
Table 6.1 lists the elemental ratios to Ti on all surfaces.
The 0/Ti and C/Ti ratios in most samples displayed a similar trend of
reduction upon passivation followed by an increase in the relative concentration
seen at 3 days as a result of the re-growth of the oxide and C overlayer. The
only exception is the CP Ti sample, which displayed a minor increase in the
C/Ti following passivation.
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Figure 6.19 XPS of N Is region on K-Ti and passivated K-Ti.

Sample

Treatment

0/Ti

cm

N/Ti

Ca/Ti

K/Ti

CPTI

Pre

3.65

2.05

0.13

0

NA

Post

3.20

2.20

0.10

0

NA

3 days

3.78

3.17

0.25

0

NA

Pre

5.79

6.76

0.19

0.52

NA

Post

3.02

1.15

0.05

0.15

NA

3 days

4.12

3.91

0.12

0.16

NA

Pre

3.80

2.52

0.13

0.03

0.16

Post

2.66

1.71

0.09

0

0.09

3 days

3.43

2.16

0.13

0

0.08

Ca-Ti

K-Ti

Table 6.1 Elemental ratios to Ti in CP Ti, Ca-Ti and K-Ti samples prior to and
following passivation.
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The N/Ti ratio was notably low on all samples at the baseline control
stage and declined following the passivation, however, the N/Ti ratio increased
at 3 days to the same pre-passivation levels except on the CP Ti sample where
it was almost twice its original relative concentration.
Most importantly are the ratios of the implanted ions that, as displayed in
the figures and by the ratios in table 6.1, were reduced by the acid treatment.
The Ca/Ti ratio decreased to around 30% of its original value, while the K/Ti
ratio fell to half the originally measured concentration.

6.3 Discussion
Recently a model was suggested for the effect of acid treatment (using
acids other than HNO3) on the surface chemistry of CP Ti samples (Takeuchi et
al. 2003). These authors suggested a three-step process for the acid interaction
with the Ti surface in which the acids etch the thin oxide film on the Ti surface
first, resulting in the total or partial removal of layer. The second step consists of
the ionic bonding of the acids with the metallic Ti, or the remains of the oxide
layer. Finally, and most importantly, is the dissolution of this Ti salt complex,
which may be very high for soluble salts or limited in stable salts. The higher the
dissolution

rate the

more

suitable

the

acid

was

deemed

to

be for

decontamination of the Ti surfaces.
In the current work, all control surfaces displayed similar chemical
compositions to those presented and discussed earlier (chapter 4). The only
significant deviation was the measured implanted ion ratio to Ti. While the Ca/Ti
ratio was found to be at a higher measured ratio at 0.52 than the average 0.31 0.41, the K/Ti ratio on the K-Ti sample was measured to be 0.16 as compared
to the average 0.4 measured on randomly selected K-Ti samples (chapter 4).
The low K/Ti value of this particular sample is not fully understood.
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Upon passivation of the CP Ti sample the Ti2p region displayed little
change in the Ti'^''2p3/2 peak, however the Ti° peak was relatively more intense.
The binding energy for the metal peak Ti° was similar to that measured on other
Ti samples at 453.8 eV (chapters 4 and 5) while the Ti"^^ peak shifted to a lower
binding energy of 458.7 eV (0.2 eV shift). This shift was minor, however, and
indicated that the chemical environment is not radically altered by the
passivation procedure. This was still the case at three days with both peaks at
the same binding energies and as post passivation and the Ti° peak was still at
higher intensity than at baseline.
The Ca-Ti sample displayed a 0.2 eV shift in the binding energy of the
T^"", this however was towards the higher binding energy (from 458.5 eV to
458.7 eV). An increased intensity in the low binding energy Ti""^ feature was
also noted following passivation.
The Ti"^”" peak was unaltered at a binding energy of 458.7 eV on the K-Ti
sample. The spectra indicated an increase in the intensity of the lower binding
energy peak Ti'^'" at 454.1 eV similar to the findings in the Ca-Ti sample.
The models suggested in the previous chapter (section 5.3) can be
applied here as well to investigate the effects of nitric acid passivation on the
surface chemistry. All samples presented an increase in the intensity of the low
binding energy feature arising from Ti° on the CP Ti sample and “Ti"'"” species
such as Ti^"" and TP"" on ion implanted samples. As discussed in chapter 4,
these probably arise during the re-growth of the oxide layer upon removal from
the implanter (since the surface is sputtered off during the ion implantation
process). As a result it is likely that they are mostly “sub-surface” species,
located nearer to the oxide-metal interface
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An increase in the intensity of these features might therefore be due to a
reduction in thickness of the surface oxide layer, enabling better detection of the
underlying bulk metal on CP Ti, and lower valence states on the implanted
discs. An alternative scenario would be the reduction of Ti"^^ oxides by the acid
to form additional lower valence species, seen on the Ca and K implanted Ti
samples.
On passivation, the 01s region revealed a decrease in surface bound
OH and H2O species on all samples, which are surface species only. The
passivation also resulted in a decrease in the 01 s intensity on all samples
especially on the Ca-Ti sample. This included a decrease in the CO and COO
species on all surfaces. The binding energy of the main C Is peak was 284.8 285.0 eV and such shifting is not out of character with that observed and
reported in chapter 4. A mostly weak carbide peak was constantly detected in
the C Is region on the ion implanted Ti but not on CP Ti. In chapter 4, it was
suggested that this is due to “recoil implantation” of C contamination during the
ion implantation process. Following oxide regrowth upon removal form the
implanter, the carbide is most likely to be located near the metal-oxide interface.
It is not surprising, therefore, that the carbide peak is not removed by the acid
passivation.
At three days the findings suggest re-growth of the oxide accompanied
by recontamination of surface and increased hydroxylation, as indicated by the
increase in OH, H2O, CO and COO species.
Thinning of the titanium oxide films by nitric acid passivation was
previously reported (Wisbey et al. 1991). Following passivation of CP Ti
surfaces (polished to 4000 grit) in 28% HNO3 for 1 h and cleaned in double
distilled water ( 5 x 5 minutes), the authors observed the metal peak at 453.8 eV
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on passivated surfaces. No deviation was observed in the binding energies of
Ti° and O^' following passivation, which indicated that these surfaces were
not altered by the passivation procedure (Sodhi et al. 1991). This paper does
not however offer XPS results of the control un-passivated samples for
comparison, and does not state whether the Ti metal peak was detectable prior
to passivation.
The passivation of CP Ti and Ti alloy using 34% nitric acid for 1 h (at
presumably RT) was conducted to investigate ion release in serum containing
medium as well as the effects on the oxide film thickness (Callen at si. 1995).
The ion release from CP Ti samples was not significantly different following
passivation as opposed to increased metal ion release from passivated Ti alloys
following 9 days immersion. XPS analysis of 7 CP Ti samples compared to 7
passivated CP Ti samples revealed no detectable trend related to the acid
treatment. The oxide film thickness was slightly reduced upon passivation from
the initial 4 nm average to 3.3 nm. This was accompanied by a minor decrease
in the C/Ti ratio from an average 1.9 to 1.1. The Eb for Ti"^"" and Ti° peaks were
at 459.1 eV and 453.0 eV respectively, while the shifts for the reduced Ti oxides
were at -1.7 eV for the Ti^^ and -3.8 eV for the Ti^"". Although peak fitting was
applied for these low binding energy peaks, the authors stressed that this
should be interpreted with caution as the fit parameters were arbitrary. These
authors concluded that nitric acid passivation has no significant effect on the
oxide thickness or ion release from CP Ti samples. The current work has shown
otherwise, as a detectable reduction of the oxide thickness was recorded on all
samples, along with a significant decrease in the Ca and K ions as a result of
the dissolution of the oxide.
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Kilpadi et al reported a decrease of the oxide layer thickness on the
surface of grade 2 CP Ti (600 grit polish) following passivation in 30% HNO3 at
RT for 20 minutes. The 0/Ti and C/Ti ratios were 1.52 and 1.59 respectively
while the N/Ti ratio was 0.03. These compare to 0/Ti, C/Ti and N/Ti measured
on the control surfaces of 2.73, 1.76 and 0.01 respectively (Kilpadi at al. 1998a).
These are significantly lower than the ratios measured in the current work but
may be a result of the use of a diluted HNO3 or simply the rougher Ti surfaces
employed in their work which would hinder the detection of photoelectrons
emitted from the deeper parts of the surface (valleys). This may also be a result
of their method of quantification (for example, if the Ti2p shake up features were
included on the measurement) or the use of different sensitivity factors (see
chapters 2 and 3).
Brunette at al quoted the findings of a PhD thesis where the atomic ratios
on control Ti surfaces compared to passivated Ti surfaces suggested a
decrease in the thickness of the oxide layer along with a decrease in inorganic
and organic surface contaminants. O/Ti decreased from an initial value of 3.16
to 2.08 following passivation, while the C/Ti ratio reduction was from 2.09 to
0.73 (Brunette at al. 2001). Based on these findings, the authors highlighted the
detrimental effect of passivation, which results in significant thinning of the oxide
layer. The reported ratios are in good agreement with the measured values in
the present work.
Considering the concentration of other surface contaminants, the
intensity of the N Is peak in all samples generally decreased following
passivation, indicating that N was not adsorbed from the solution onto the
treated surface. After three days, however, the ratio of N/Ti increased
significantly on all samples and to higher levels than measured prior to
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passivation. The Eg of the detected N1s peak suggests that this is arising from
C-N surface contamination, typically seen at a binding energy of 400 eV. Even
after recontamination at 3 days, the low N/Ti ratios are still comparable to
atomic percentages quoted in the literature (Ong et al. 1995) as discussed
elsewhere (chapter 4).
The other common surface contaminant often observed is Ca, which was
seen on the control K-Ti at a ratio of K/Ti = 0.03 (very similar to that described in
chapter 4). This was not detectable following passivation, which supports the
notion that nitric acid passivation removes both organic and inorganic surface
contamination. However, the present research has shown the removal of
inorganic Ca was permanent unlike the organic contaminant layer mostly of C
and O containing species, which were found to repopulate the surface at three
days following the passivation.
The PhD research referred to earlier (quoted by Brunette at al) stated
that the N/Ti ratio was initially as 0.06 and was reduced to 0.02 while Ca was
not detectable following passivation although the initial Ca/Ti ratio was 0.04
(Brunette at al. 2001). These values are again very similar to the findings of the
current research.
Passivation in 30% HNO3 for 20 minutes at RT was reported to alter the
oxide characteristics by removing contaminants such as C, N and P as well as
OH and H2O species (Kilpadi at al. 1998).

examine

the

long-term

effects

of

However the authors did not

passivation

in

decreasing

such

contaminations, which the current work displays to be short lived on both CP Ti
and ion implanted Ti surfaces.
In a recent report, it was claimed that a combination of Na2S208, H2SO4
or HCI acids followed by acetone rinsing reduced the concentration of C and N
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species, especially when the HCI and acetone regime was applied to passivate
Ti surfaces (Takeuchi et al. 2003). The Ti surface was not weakened by the
acid treatment as indicated by nanoindentation tests. However these authors
fail to report on the timescale between the passivation treatment and XPS
analysis, which the current report revealed as significant since the reduction of
organic surface contamination and hydroxylation/hydration was found to be
reversible within three days.
Finally, the implanted ions must be considered. The relative Ca and K ion
concentrations were found to decrease upon immersion in the acid as indicated
by the narrow scan spectra. The Ca/Ti ratio dropped to a third of its original
value while K/Ti declined to half the original value.
The Ca/Ti ratio following immersion in water was generally found to be at
37% - 79% of its original value, which is very similar to the findings following
passivation where the Ca/Ti ratio was at 29% of the original value. This is lower
than the measured values in water immersion and suggests that more ions
come out in the acidic low pH environment which has been reported (Hanawa at
al. 1996a, Hanawa at a i 1996b).
The K/Ti ratios following immersion in water were at a much lower value
at 6% - 23% of the original measured ratio compared to almost 50% reduction
in the K/Ti ratio with nitric acid passivation. Although the percentages differ, the
actual ratios are very similar at the end, which suggests that there is a limit to
the amount of ion leaching beyond which further ion release is not possible.
The reduction of the relative concentrations of the implanted Ca and K
ions could be a result of a number of surface phenomena. Very simplistically,
these are:
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•

Thickening of the oxide film that prevents the detection of the
underlying modified layer. This has been dismissed earlier in the
discussion based on the increased intensity of the Ti"'" features.

• Simple ion leaching into the solution, which is again dismissed for
the same reason given above.
• Removal of part of the oxide layer with no re-growth, which would
result in an increase in the implanted ion ratios, based on the
SRIM simulations and the SIMS findings of a bell shaped
distribution of the implanted species into the metal bulk (chapter
4). As a reduction of the Ca/Ti and K/Ti ratios is actually observed,
such model is dismissed.
•

Removal of part of or the entire oxide layer, including the
implanted ions, as a result of the passivation, which then re-grows
without the Ca and K ions.

The spectra suggest that either both surface layer dissolution and ion
leaching are occurring, or that some degree of oxide re-growth occurs. Since
the binding energies of the implanted ions were not changed by the passivation
this suggests thinning of the oxide by partial removal only as ions in the bulk
metal were not detected.
In summary, passivation of CP Ti was found to result in thinning of the
oxide film enabling the detection of higher signals arising from the bulk metal.
This was accompanied by a decrease in the organic surface contamination rich
in C and a reduction in the OH and H2O surface bound species. Similar effects
were displayed on the ion implanted Ti surfaces as evidence of oxide film
thinning were clear by the detection of Ti"'" suboxides. The relative ratios of
organic and inorganic contaminations were reduced by the passivation. The
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reduction of organic contamination and hydroxylation / hydration was reversible
as these species repopulated all surfaces at three days post passivation. The
implanted ion concentration decreased dramatically and did not revert to their
control pre-immersion levels.
It is safe to say that after three days the passivated CP Ti surfaces
display similar surface chemistry to the control CP Ti samples, which puts
forward a question about the importance of such treatment. Similar findings
were reported by Brunette et al where passivated and control Ti surfaces had
similar surface chemical properties (Brunette et ai. 2001). Furthermore the
implanted ion surfaces displayed significant dissolution upon passivation, which
makes this method of decontaminating chemically modified Ti surfaces
questionable. Further studies are needed to gauge the effect of passivation in
the long-term, following immersion in physiological solutions and on subsequent
in vitro interactions.
Based on these findings and the many previous reports where thinning of
the oxide film as documented following nitric acid passivation, the importance of
such treatment is now questioned. It has certainly been challenged that such
passivation of Ti alloy is beneficial as it was found to increase metal ion release
in vitro. Alternative enhancement of the oxide film through thermal heating or
aging in boiling water was recommended for Ti alloys. Such treatment was
reported to increase the oxide film thickness as well as alter the structure of the
oxide from a mixed rutile, anatase and amorphous surface to a rutile only
structure. This phase is known to be more dense and close packed that the
other phases resulting in fewer paths for ion diffusion (Browne et ai. 1994).
Ion release in HBSS + EDTA was found to be reduced on thermally
oxidised surfaces compared to passivated surfaces (Lee et ai. 1999), while
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there is some indication that cellular responses may be enhanced on surfaces
aged in boiling water (Ku et al. 2002). However, such procedures may not prove
beneficial for the treatment of ion implanted surfaces, given the dramatic
reduction in the surface concentration of the implanted ions following exposure
to water.
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7 Immersion in simuiated body fiuid
The success of a dental implant is partially gauged by how securely it is
retained in bone, thus implants that are capable of regenerating bone tissues by
stimulating the biomineralisation process are deemed to be more favourable.
The bioactivity of a material is therefore commonly tested in vitro by its
tendency to nucleate the growth of a calcium phosphate rich layer in a
simulated physiological environment.
Model solutions are commonly used in vitro to examine the formation of
this calcium phosphate phase in the absence of cellular activity. This enables
detailed assessment of the surface properties of the biomaterial that govern
such interactions in a less complex environment.
Having characterised the surfaces of modified Ti as compared to CP Ti in
chapter 4, and following the study of hydration and dissolution of the modified
layer in the previous chapters, this chapter examines the adsorption of cations
and anions out of an electrolyte onto the surface. The primary aim was to
assess whether and how they interacted with the oxide and modified layer in an
attempt to simulate the formation of the “conditioning” biofilm. Hanks balanced
salt solution (HBSS) containing minimal organic species (for composition see
table 3.4) was used for immersion studies at both body and room temperature.

7.1 Literature review
Upon surgical implantation, the surface of the dental implant comes into
contact with water and hydrated ions as discussed in chapter 1. The
interactions at the surface govern the success of the implant based on the
properties of the conditioning film formed and its ability to attract cellular matter
to encourage bone regeneration around the implant. The bioactivity of Ti has
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been related to the oxide film formed naturally upon exposure to air (chapter 1).
It has been reported that immersion of 99.6% CP Ti in artificial saliva at a pH of
5.2 resulted in changes of the oxide film on Ti into complex phosphates of Ti
and Ca containing hydroxyl groups and bound water, while immersion in HBSS
at pH 7.4, resulted in precipitation of O, Ca and phosphate ions onto the surface
within 1 h of immersion. The concentration of these ions in the deposited film
increased as a function of immersion time. This was accompanied by an
increase in the film thickness preventing the detection of the underlying metal
by XPS. The deposited Ca and phosphate containing layers were similar to HA
and were identified to contain P O /' and HP04 ^’ (Hanawa et al. 1991).
Similar results of Ca and phosphate deposition were reported using
grade 2 oxidised CP Ti immersed in the simulated body fluid a-MEM where the
calcium phosphate phase formed was shown to have a similar stoichiometry to
brushite (DCPD). The immersions were conducted for varying time periods (1
day up to 4 weeks). The Ti was believed to be covered with a calcium
phosphate overlayer that is either amorphous or finely crystalline (Effah at al.
1995, Ong at al. 1995). Nonetheless, it is important to note that the use of
different simulated body fluids (such as SBF, a-MEM, EBHH, etc) will result in
changes to the surface that are not always comparable. This is due to the
complex composition and varying concentration of the constituents within each
system. In the light of this, the current work attempted to include the most
relevant studies reported in the literature, while acknowledging that some
results may not be directly comparable.
In a surface science report (Jones 2001), the nucléation of amorphous
DCPD from solutions on Ti powders reported in a series of studies confirmed
that Ti is a good substrate for DCPD nucléation. Other researchers have shown
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that T 1O2 particles encouraged the nucléation of OCP, a different calcium
phosphate phase. The DCPD and OCP phases were also shown to crystallise
more readily on anatase particles than hydroxyapatites and fluorapatites.
The sequence of ionic deposition is also an ongoing debate as the
presence of Ca was thought to be a prerequisite for the deposition of phosphate
on CP Ti plates by some researchers (Ellingsen 1998, Yang et al. 1999), while
others showed that the presence of phosphate is necessary for the adsorption
of Ca ions as phosphate plays the role of “bridging” Ca to Ti (Frauchiger at al.
1999, Hanawa at al. 1998).
The nature of the formed oxide and biofilm is strongly affected by the
experimental conditions including the nature of the surface and solution (i.e. Ti
surface treatment and preparation as well as the properties of the electrolyte or
SBF used). This includes surface modification such as the ion implantation
examined in the present work. It has been suggested that ion implantation of Na
and P into Ti would enhance osseointegration since the surface promoted HA
nucléation and growth from simulated body fluid (Pham at al. 2000a). Others
reported that Ca ion implantation into Ti significantly enhanced in vitro and in
vivo hydroxyapatite formation (Hanawa at al. 1993, Hanawa at al. 1995,
Hanawa 1997, Hanawa 1999, Krupa atal. 2001). Double implantation of Ca and
P ions into Ti was also thought to elicit more calcium phosphate nucléation on
the surface in SBF than CP Ti (Pham at al. 2000a).
This section of the current work aimed to study the presence and extent
of the precipitation of inorganic salts from HBSS onto the surface of CP Ti and
ion implanted Ti. This was analysed in relation to the surface chemistry,
immersion time and temperature. A particular aim was to assess the effects of
the different implanted ions, and to focus on the early time periods relevant to
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cellular attachment and proliferation on the surface. The alteration of surface
topography and roughness was assessed by SEM and WLI respectively, while
the surface chemistry was studied using XPS and SIMS for near surface and
depth analysis of the substrates. XRD, which proved to be unsuitable in
examining submicron surface regions, was not applied.

7.2 Results
7.2.1 General Appearance
Following immersion in HBSS some samples displayed various surface
colourations such as blue, violet and golden green. The most intense surface
tint was observed on the Ca-Ti samples, while the other surfaces displayed a
“polka dot” like pattern following immersion at body temperature. The following
figures display the general appearance of CP Ti and ion implanted Ti samples
following immersion at body temperature with air drying as opposed to
immersion at body temperature with immediate rinsing in ultrapure water
(figures 7.1 and 7.2). The effects of immersion at room temperature, again
without rinsing, are also displayed (figure 7.3). These experiments were all
conducted for 24 h using samples from the first and third implantation runs (i.e.
both high and low dose implantations) and were found to be reproducible. The
following photos are of samples implanted at the low implantation dose (1 x 10^^
ions cm'^).
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7.2.1.1 Immersion in HBSS at body temperature

CPU

K-Tl

C a -T i

Ar-Ti

Figure 7.1 The general appearance o f CP Ti and low dose ion implanted Ti
surfaces following 24 h immersion in HBSS at 37 ‘C.

From this figure, it is clear that a more uniform dark golden green surface
tint has developed on the Ca-Ti sample as compared to the light blue tint on the
K-Ti sample. This is deviating from the patterned appearance noted on both the
CP Ti and Ar-Ti samples which were generally of a blue-violet colour with pale
circular patterns.
The general appearance was found to be related to the experimental
conditions as seen in figure 7.2.
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7.2.1.2 Immersion in HBSS at body temperature with immediate
rinsing

CPTl

K-Tl

C a -T i

Ar-Tl

Figure 7.2 The general appearance o f CP Ti and low dose ion implanted Ti
surfaces following 24 h immersion in HBSS at 37 ‘C with immediate rinsing in ultrapure
water.

When samples were immersed at body temperature but immediately
rinsed in ultrapure water, the circular patterns were observed on most samples
(except the Ca-Ti sample). The colour observed on these rinsed surfaces was
mainly a blue-violet tint and was notably darker on the Ca-Ti sample.
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7.2.1.3 Immersion in HBSS at room temperature

CP T i

K-Ti

C a -T i

A r -T

Figure 7.3 The general appearance o f CP TI, Ca-TI, K-TI and Ar-Tl (low dose)
samples following 24 h Immersion In HBSS at RT.

1 day immersion in HBSS at ambient temperature was found to affect the
samples differently as the surface tint can be described as patchy on all
samples. On the CP Ti sample, the majority of the surface remained unaltered
in colour with blue tinted areas, while the Ca-Ti sample displayed patches of
dark blue discolouration with a generally darker surface appearance. The K-Ti
sample was mostly light blue in colour with some metallic coloured areas and
the Ar-Ti was mostly of a golden brown colour with pale circular patterns.
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7.2.2 SEM

7.2.2.1 Immersion in HBSS at body temperature
Samples immersed in HBSS at varying experimental settings were
examined using the SEM to assess the topographical changes that may arise
following immersion. Samples were immersed in HBSS for 24 h at either RT or
37°C with or without immediate rinsing following removal from the solution. The
following figures (7.4 - 7.7) show the results of 24 h immersion in HBSS at 37°C
without rinsing. All samples showed surface features typically associated with
precipitation from the solution. Such topographical features were repeatedly
observed as shown in the figures since the lower magnification (top image) and
the higher magnification (lower images) were obtained from different samples in
each case. The top images are from samples implanted at the high dose as
compared to the bottom images of samples implanted at the low dose. (Please
refer to chapter 4 for details of implantation doses).
Statistical analyses or quantifications of these features was attempted
but was found to be unwarranted due to the small number of samples used.
The image of a CP Ti sample immersed in HBSS at body temperature
viewed at low magnification clearly displayed the circular areas seen by the
naked eye. These areas were found to be free of precipitate as compared to the
densely populated surface. Higher magnification reveals the globular nature of
the precipitate particles which is apparent on most of the surface, accompanied
by a “plate like” background.
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Figure 7.4 SEM views o f two CP Ti discs following 24 h immersion in HBSS at
37 "C at low (upper image) and high (lower image) magnifications.
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Figure 7.5 SEM views of two Ca-Ti discs following 24 h immersion in HBSS at
37 "C at 2 different magnifications.
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The Ca-Ti samples (figure 7.5) on the other hand are not seen to contain
any deposition free areas as observed at both low and high magnifications from
the two different samples. This precipitate layer displays an inter-connecting
chain like structure crystalline in appearance, as clearly revealed at both
magnifications that is not similar to the globular or plate like features seen on
the CP Ti samples.
The K-Ti discs (figure 7.6) display fewer surface features at both low and
high magnifications compared to the CP Ti and Ca-Ti samples. These are
globular in appearance, widely distributed and less dense than those observed
on the CP Ti discs.
Finally the Ar-Ti samples (figure 7.7) were found to be quite similar in
appearance to the CP Ti discs in terms of the shape and density of the
precipitate layer. The circular areas are again seen on the lower magnification
view and are free from deposits as observed on the CP Ti sample. The higher
magnification displays the globular structure of these precipitates, which is
again very much like that observed on the CP Ti discs. The plate-like
background appears to be less defined on this surface.
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Figure 7.6 SEM views o f two K-Ti discs immersed in HBSS for 24 h at 37°C at low
and high magnification.
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Figure 7.7 SEM views of two Ar-Ti discs following 24 h immersion in HBSS at
37 "C at low and high magnification.
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In summary, a layer of precipitates covered all Ti discs immersed in
HBSS at body temperature. These were more “crystalline” and chain-like in
appearance on the surface of Ca-Ti, unlike the CP Ti and Ar-Ti discs which
displayed globular precipitates on a "plate-like” background. The least surface
precipitation was seen on the K-Ti discs which, like the CP Ti and Ar-Ti, were
largely of a globular nature but widely spread on the surface.
When the immersion of the CP Ti and modified Ti at body temperature
was repeated but followed by immediate rinsing with ultra pu re water, the
observed surface features had a different nature as seen in figures 7.8 - 7.11.
Unsurprisingly,

these surfaces generally display

less precipitation

features than the samples that were not rinsed. This was the case for all
surfaces independent of the surface chemistry. In this experiment repeat
assessment of only the CP Ti surfaces was attempted.
The CP Ti sample display a surface that is mostly free from any features
with small islets of precipitates as seen in figure 7.8. On the other hand, the CaTi disc shown in figure 7.9 displays more of these features than any of the other
discs. K-Ti and Ar-Ti were mostly free from precipitate features as seen in
figures 7.10 and 7.11.
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Figure 7.8 SEM image o f a CP Ti following 24 h immersion in HBSS at 37 °C and
immediate rinsing.

Figure 7.9 SEM image showing Ca-Ti disc following 24 h immersion in HBSS at
37 °C and immediate rinsing.
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Figure 7.10 SEM image o f a K-Ti disc immersed in HBSS for 24 h at 3 7 and
rinsed upon removal from the solution.
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Figure 7.11 SEM image showing the Ar-Ti sample after 24 h immersion in HBSS at
37 "C followed by immediate rinsing in ultrapure water.
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7.2.2.2 Immersion in HBSS at room temperature
To assess the role of immersion temperature on the topography and
density of precipitate on CP Ti and modified Ti, samples were immersed in
HBSS at RT. This was carried out in a similar experimental manner to the
immersion at body temperature with samples analysed following immersion with
and without rinsing to assess the stability of the deposited layer.
As with the previous treatment, only repeat assessment of CP Ti was
conducted while only one sample of each implanted ion on the modified
samples was studied by SEM.
Figures 7.12 - 7.15 reveal the topographical appearance of these
samples, which generally showed significantly fewer surface precipitation
features that were finer in structure than those observed following immersion at
body temperature. These surfaces had no distinguishable features related to
the surface chemistry and were all very similar in appearance.
Only the un-rinsed samples are shown in this section, since the rinsed
samples showed no features of any significance.
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Figure 7.12 SEM views o f two CP Ti discs immersed for 24 h in HBSS at RT at low
and high magnification.

306

158X

15KV

W D : 25 M M

9AAIIM

m

m

s

m m m
g

Figure 7.13 SEM image showing a Ca-Ti disc following immersion for 24 h in
HBSS at RT.
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Figure 7.14 SEM image o f a K-Ti disc following immersion for 24 h in HBSS at RT.
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Figure 7.15 SEM view o f an Ar-Ti disc after 24 h immersion in HBSS at RT.

7.2.3 WLI
As the surface topography was clearly altered by the immersion and
more significantly affected by the temperature at which the immersion was
carried out, the surface roughness (Rq) of samples immersed in HBSS for 24 h
at RT and 37°C (without rinsing) was measured, as presented in table 7.1. It
should be noted that these roughness values were measured for one sample
per ion per treatment and are not an average of a number of repeated
measurement as previously presented (chapter 4).
S am ple

Rq/pm (H B S S 37°C )

Rq/pm (H B S S R T)

CPTi

0.12

0 .04

C a-Ti

0.11

0.11

K-Ti

0.12

0 .0 7

Ar-Ti

0.13

0 .03

Table 7.1 Rq roughness values o f CP Ti, Ca-Ti, K-Ti and Ar-Ti following 24 h
immersion in HBSS at RT and 37 "C.
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It is clear that the surface roughnesses of the CP Ti and modified Ti were
higher following immersion at body temperature than the mean value measured
on the control surfaces (0.06 ± 0.02 pm) (chapter 4). These were also higher
than the measured roughness values on most samples following immersion in
HBSS at RT, except for the Ca-Ti samples, which displayed the same value. It
was noted that the roughness value on the CP Ti and Ar-Ti samples immersed
at RT was lower than that recorded on the control surfaces, while the roughness
of K-Ti remained unaltered following immersion at RT.

7.2.4 XPS
HBSS was used to assess the deposition of salt overlayers on CP Ti and
ion implanted Ti surfaces. The main constituents of HBSS are Ca and K salts
(chapter 3). As these are among the implanted ions, they cannot be used to
monitor precipitation of salts from the solution. As an alternative, the surface
concentration of phosphorous (P) was used to indicate the levels of phosphate
deposition on all the samples.

7.2.4.1 Short time immersion at room temperature (RT)
Pilot studies of immersion in HBSS at RT were conducted on CP Ti for
short immersion periods of 2, 5 and 10 minutes. Following 10 minutes total
immersion time in HBSS, the sample was rinsed in deionized water and
immediately analysed by XPS. Figure 7.16 shows the survey, Ti2p, P2p, Ca2p
and K2p peaks following the stated immersion times. These scans were run
using the twin anode and large area XL lens mode. There was virtually no
change in the Ti2p and P2p peaks following 10 minutes immersion. Similarly, no
evidence of K was seen as evident from the K2p peak region.
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The Ca2p peak was slightly increased following immersion but declined
to pre-immersion levels with rinsing. The survey scans presented no significant
change in the concentration of other salts, which are among the constituents of
HBSS such as Mg and Na.
Based on the above findings, short immersion times (<1 h) were not
studied in any further detail and in the following results the Na and Mg peaks
are not displayed, since very little change was observed in their concentration
and the significant alteration was always most notable in the P2p region.
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Figure 7.16 XPS illustrating a CP Ti sample immersed in HBSS for short periods
at RT. Regions displayed are the survey scans, Ti2p, P2p Ca2p and K2p regions.
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7.2.4.2 Immersion at body temperature
Analysis prior to any immersion for all samples was conducted initially to
obtain baseline references for CP Ti as well as Ca-Ti, K-Ti and Ar-Ti using
samples from low dose implantations (1 x 10^^ ions cm'^). Immersion at 37°C for
24 h was then performed for all samples. These experiments were carried out
using monochromated X-rays and large area XL lens mode.
The survey scans (figure 7.17) following prolonged immersion of all
surfaces presented no significant change in the concentration of salts other than
Ca (Mg, Si and Na), which is similar to the findings following short immersion
periods.
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Figure 7.17 XPS illustrating the survey scans in CP Ti, an d lo w dose C a-T i, K -T i
an d A r - T i (1 x 10^^ ions cm'^) follow ing 24 h im m ersion in HBSS a t 3 7 °C a n d follow ing
d elayed rinsing.
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Figure 7.18 XPS illustrating the TI2p peak in CP Ti, and low dose Ca-Ti, K -T i and
A r-T i (1 X 10^^ ions cm'^) following 24 h immersion in HBSS at 3 7 °C and following
delayed rinsing.

Figure 7.18 shows the TI2p peak before and following immersion in
HBSS at body temperature. XPS can detect a clear Ti signal on all control
surfaces similar to that described earlier (chapter 4).

However, Ti is

undetectable following 24 h immersion. This indicates the deposition of an
overlayer preventing the detection of the underlying Ti. This is clearly occurring
independently of the surface chemistry. The O, C and P peak areas could not
be referenced to the Ti peak, as it was not detectable. Hence the spectra from
the immersed samples in the following figures are not normalized. Fig 7.19 7.22 show the P2p, Ca2p, 01s and C Is peaks for these samples.
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Figure 7.19 XPS illustrating the P2p peak In CP TI, and low dose Ca-TI, K -T I and
A r-T I (1

X

10^^ Ions cm'^) following 24 h Immersion In HBSS at 3 7 °C and following

delayed rinsing.

The P2p region (figure 7.19) shows the control surfaces to be free of P
contamination; however a clear P2p peak at Eb -134 eV was seen following
immersion. This indicates the formation of a phosphate rich overlayer within 1
day of immersion on all surfaces independent of the surface chemistry. This
formed overlayer appears to be stable, as it is not washed off by rinsing. Since
no phosphate is detectable prior to analysis, it is almost certain that the
observed phosphate is due to precipitation from the HBSS solution.
Similarly, a significant increase in the Ca2p3/2 peak intensity at a binding
energy of 347.5 - 347.7 eV is observed on all surfaces alike (figure 7.20). It
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should be noted that although the intensity of the peaks appears higher after
rinsing, the spectra were not normalized, and thus direct comparison is not
possible. It is also noted that the all samples had initial trace Ca contamination
that has been discussed earlier (chapter 4).
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Figure 7.20 XPS illustrating the Ca2p peak In CP TI, and low dose Ca-TI, K -T I and
A r-T I (1 X lOi'^ Ions cm'^) following 24 h Immersion In HBSS at 3 7 °C and following
delayed rinsing.
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Figure 7.21 XPS Illustrating the O ls peak In CP TI, and low dose Ca-TI, K -T I and
A r-T I following 24 h HBSS Immersion at 3 7 ‘C and delayed rinsing.

The 01s peak (figure 7.21) shows O present on the control surfaces
mostly in the O^' state at Eb = 530.2 eV arising from the oxide except for the CaTi and K-Ti samples which have a significantly higher concentration of OH
groups at the surface as indicated by the peak at -533 eV. Following immersion
a shift in the main 01s peak to Be of -532 eV due to O in the phosphate groups
overlapping OH contributions is seen on all surfaces. A shoulder is now seen at
-534 eV, which may correspond to bound water overlapping OH components.
The intensity of this high binding energy shoulder tends to decrease following
rinsing. Similar to the XPS inability to detect any Ti signals, O^' in the titanium
oxide layer was not detected as seen by the lack of 01s features at Eb -530.2
eV arising from the oxides. This confirms that the overlayer on all the surfaces
has a thickness beyond the detection limit of the XPS applied in the current
work (1 0 0 - 150 A).
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The C1s spectra show varying levels of C on all samples prior to
immersion, where C is mostly present as hydrocarbons with some C organic
species bound to O and/or N as displayed by the shoulders at higher binding
energies. After 24 h immersion, the main C1s peak is shifted to higher binding
energy on all samples. This is accompanied by a major increase in the intensity
at -287 eV, particularly for the K-Ti and Ar-Ti samples. A minor increase is also
noted in the intensity at -290 eV. Following rinsing, the peak at 290 eV retains
its intensity, while that at 287 eV is markedly reduced.
The initially clear carbide peak on the Ar-Ti sample is not seen following
immersion.
On the K-Ti sample, the C1s region includes the K2p peak, which is
detectable at baseline measurement but not following immersion, either due to
the thickness of the overlayer or as a result of K ion dissolution into the HBSS.
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Figure 7.22 XPS illustrating the C1s peak in CP Ti, and low dose Ca-Ti, K -T i and
A r-T i following 24 h HBSS immersion at 37°C an d followed by delayed rinsing.
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Due to the lack of a Ti2p peak, elemental ratios to Ti cannot be
calculated in this case. However an indication of the nature of the phosphate
layer on the surface can be obtained from the Ca/P ratio, which is presented in
table 7.2. Since the Ti signal cannot be detected, all the elements present must
be those in the new surface layer. Therefore, despite the fact that there is Ca
present in the Ca-Ti sample, the Ca measured for calculation of the Ca/P ratio
is that from the new overlayer only.
24 h

Rinsed

CPTI

1.35

1.29

Ca-Ti

1.45

1.28

K-Ti

1.23

1.33

Ar-Ti

1.32

1.39

Table 7.2 Table o f Ca/P ratio on samples Im m ersed at 37 °C for 24 h and following
rinsing in ultrapure water.

It is clear that the values are very similar on all of the surfaces prior to
and following rinsing.
As the deposited overlayer appears to be stable with delayed rinsing, an
alternative immersion protocol was conducted by immersing the samples in
HBSS at 37°C for 24 h as previously practiced. This was then followed by
immediate rinsing in ultrapure water upon removal from the solution and prior to
analysis. The results of this study are displayed in Figures 7.23 - 7.26.
The Ti2p peak for the CP Ti and the modified Ti, which initially is strong
on all control surfaces, is again undetectable by XPS following 24 h immersion
indicating the thickness of the precipitated overlayer to be in excess of 100 150 A (Figure 7.21).
Figure 7.24 shows the P2p region for these samples. The lack of a
phosphate peak in all the samples prior to immersion indicates that the
phosphate detected following immersion is almost certainly adsorbed from the
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solution. This deposited phosphate rich overlayer appears to be independent of
the surface chemistry within the limits of the XPS as it is seen to cover CP Ti as
well as ion implanted Ti, with a binding energy in all cases of Eb -134 eV.
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Figure 7.23 XPS Illustrating the Ti2p peak in CP Ti, and low dose Ca-Ti, K -T i and
A r-T i following 24 h immersion in HBSS at 37 "C followed by immediate rinsing in H 2 O.
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Figure 7.24 XPS illustrating the P2p peak in CP Ti, and low dose Ca-Ti, K -T i and
A r-T i following 24 h immersion in HBSS at 3 7 followed by immediate rinsing in H 2 O.
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The 01s peak as seen in figure 7.25 where the Ca-Ti and K-Ti samples
again show very high levels of O present as OH in addition to the 0^‘ species
arising from the oxide. Following immersion the O detected is almost exclusively
at Eb = 532 eV and to a much lesser extent at Be = 534 eV. The lack of a peak
at a binding energy of 530.2 eV representing O in the oxides again confirms that
the deposited overlayer hinders the detection of the Ti and Ti oxides alike.
Please note that the spike features in the spectrum of K-Ti are instrumental
artefacts and have no bearing on the interpretation of the results.
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Figure 7.25 XPS Illustrating the 01s peak In CP TI, and low dose Ca-TI, K -T I and
A r-T I following 24 h Immersion In HBSS at 3 7 followed by Immediate rinsing In H 2 O.

The C Is region for these samples is displayed in figure 7.26. The C
present at the surface prior to immersion is in agreement with the surface
analysis given previously (chapter 4). Following immersion the detected C is
again shifted to higher binding energy as indicated by the peak at Be -286 eV
and smaller spectral features are seen at higher binding energies. The large
increase in the peak at Bb -287 eV previously seen in un-rinsed samples is not
observed in this case, which is consistent with the delayed rinsing findings.
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The carbide peak initially seen on the Ar-Ti is no longer detected
following immersion similar to the previous sample. For the K-Ti sample, the
K2p peak is again undetectable following immersion.
Table 7.3 shows the Ca/P ratio of these samples following immersion.
These values are very similar on all surfaces and also similar to those
measured on samples immersed at body temperature with delayed rinsing as
listed in table 7.2.
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Figure 7.26 XPS Illustrating the C1s peak In CP TI, and low dose Ca-TI, K -T I and
A r-T I following 24 h Immersion In HBSS at 3 7 "C followed by Immediate rinsing In H 2 O.

24 h Rinsed
CPTi

1.30

C a-Ti

1.29

K-Ti

1.34

Ar-Ti

1.31

Table 7.3 Ca/P ratio on TI and Ion Implanted TI prior to and following 24 h
Immersion In HBSS with Immediate rinsing In ultrapure water.

To

better analyse the development of the overlayer,

sequential

immersion in HBSS at 37°C was conducted at 0 h, 1 h, 2 h and 24 h without
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rinsing at any stage. The findings of 1 h and 2 h immersion were very similar,
hence only the results after 1 h immersion will be presented in this section. It is
worth noting that at the shorter immersion times the only sample that showed
any colour change was the Ca-Ti sample, which displayed darkening even after
1 h (not shown).
On all surfaces, the Ti2p peak (figure 7.27) appears to be unaltered after
1 h immersion but following 24 h immersion shows a significant deviation
compared to the prolonged immersion study described previously, as the Ti2p
peak is seen clearly on K-Ti and less clearly on Ar-Ti. However, Ti is
undetectable on CP Ti and Ca-Ti samples at 24 h immersion similar to the
above studies. For the K-Ti sample, the Ti2p peak position following immersion
is at Eb = 458.6 eV similar to the control sample.
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Figure 7.27 XPS illustrating the TI2p regions in CP Ti, and low dose Ca-Ti, K -T i
and A r-T i following 1 h and 24 h immersion in HBSS at 3 7 °C without rinsing.
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Detection of the TI2p peak, which is a measure of the thickness of the
deposited overlayer appears to be related to the surface chemistry of the
substrate under these experimental conditions. This is also demonstrated by the
intensity of the P2p peak at Eb -134 eV which shows ion dependence (figure
7.28). The Ca-Ti sample shows highest P levels on the surface after 1 h
immersion. Although the results of 24 h immersion are not normalized to Ti
since the Ti2p peak was not detectable, the spectra after 24 h are displayed on
the same scale. Since these samples were all analyzed on the same day,
comparison may be attempted with caution. The low P2p intensity observed
may be a real feature of the surface.
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Figure 7.28 XPS illustrating the P2p region in CP Ti, an d lo w dose C a-T i, K -T i a n d
A r -T i follow ing 24 h sequential im m ersion in HBSS a t 3 7 °C w ithout rinsing.

The 01s region of these samples is shown in figure 7.29. The main
difference after 1 h immersion is in the Ca-Ti spectra, where the intensity of the
peak at higher binding energy (E b = 532.2 eV) increases significantly.
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This is not seen on the other samples where the majority of O is present as
oxide (E b = 530.2 eV). By 24 h immersion, the whole peak has shifted so that
the main 01s signal occurs at Eb = 532.2 eV, with lesser peak at Eb = 534 eV
for the CP Ti, Ca-Ti and Ar-Ti samples with no O in the O^' state arising from
the oxides. This is not the case for the K-Ti sample where the bulk of the O ls
peak is seen at Eb of -530 eV in the form of oxides. The Ar-Ti sample displays
a small shoulder at -530 eV which is the remaining signal from the oxide
surface.
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Figure 7.29 XPS illustrating 0 1 s region in CP Ti, and lo w dose C a-T i, K -T i a n d
A r - T i follow ing 24 h sequential im m ersion in HBSS a t 3 7 °C w ithout rinsing.

The changes displayed in the C Is peak (figure 7.30) are again very
complicated. After 1 h immersion there was little change in the spectra, namely
as a slight increase in the main peaks’ intensities. By 24 h, the main peak on
CP Ti, Ca-Ti and Ar-Ti had shifted to higher binding energy while that on K-Ti
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remained un-shifted. This was accompanied by an increase in the feature at
higher Eb of - 287 eV especially on the CP Ti and Ca-Ti samples. A slight
increase in the intensity of the feature at 290 eV was also noted.
Ar-Ti and Ca-Ti both showed a carbide peak at 0 h that was still
detectable at 1 h immersion but not detectable at 24 h immersion. The K2p
peak observed on the K-Ti sample was still seen at 24 h despite a decrease in
intensity at 1 h.
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Figure 7.30 XPS illustrating C1s region In CP TI, and low dose Ca-TI, K -T I and
A r-T I following 24 h sequential Immersion In HBSS at 3 7 °C without rinsing.

Table 7.4 shows a measurement of the Ca/P, P/Ti and Ca/Ti (when
feasible) ratios on these samples
1h

2 h

24 h

1h

2 h

24 h

1 h

2h

24 h

C a/P

C a/P

C a/P

P/Ti

P/Ti

P/Ti

C a/Ti

C a/Ti

C a/Ti

CPTi

1.32

1.03

1.28

0.06

0.09

NA

0.08

0.10

NA

C a-Ti

2 .53

2 .34

1.32

0.17

0.18

NA

0.43

0.43

NA

K-Ti

106

1.09

1.36

0.09

0.09

0.08

0.10

0.09

0.11

Ar-Ti

1.17

1.15

1.33

0.06

0.06

8.67

0.07

0.07

11.53

Table 7.4 Ca/P, P/TI and Ca/TI ratios on TI and modified TI surfaces following
sequential Immersion In HBSS at 37 °C.
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As table 7.4 clearly shows, the Ca ions implanted into the Ca-Ti sample
are still detectable after 1 h and 2 h immersion as indicated by the high Ca/P
ratios. Other surfaces show generally lower Ca/P ratios at the earlier immersion
times. The Ca/P ratio after 24 h immersion is again very similar on all samples
and very close to that measured in the previous (24 h) studies. However, the
P/Ti ratio shows the highest phosphate deposition at early immersion times on
the Ca-Ti sample, which is almost twice that measured on the other samples.
The high P/Ti ratio on the Ar-Ti sample after 24 h immersion is actually due to
the weak Ti concentration.

7.2.4.3 Immersion at room temperature.
To evaluate the effect of temperature on phosphate layer deposition,
immersion of CP Ti and low dose ion implanted Ti (1 x 10^^ ions cm"^) in HBSS
was conducted at RT. These samples were analysed using monochromated Xrays and large area XL lens mode as with all of the previous studies.
The Ti2p peak (fig 7.31) is clearly seen on all samples following 24 h
immersion and following rinsing. This is in total contrast to the findings of similar
immersion studies conducted at body temperature. On the CP Ti surface, the
peak position and shape is very similar to that prior to immersion and the Ti°
peak is still detectable. There is a slight shifting of the Ti'^'"2p peak on the Ca-Ti
of 0.2 eV towards the higher binding energy along with a decrease in the Ti"*
peak at 24 h immersion. This low binding energy feature increases again
slightly after rinsing.

326

24h

Rinsed

Ti

Ca

Ca

K

Ar

Ar

475

480

450

455

460

465

470

475

480

Blndind E n e rg y / e V

Figure 7.31 XPS illustrating the TI2p regions In CP TI, and low dose (1 x lO'^ Ions
cm'^) Ca-TI, K -T I and A r-T I following 24 h Immersion In HBSS at RT and following
rinsing.

The most well defined P2p peak is seen on the Ca-Ti sample while the
P2p signal is weakest on the Ar-Ti sample. The intensity of the P2p peak
decreases on all samples upon rinsing, but the Ca-Ti sample still shows the
clearest and strongest signal. In spite of lower concentrations, the detectable P
is in the same chemical state as that following immersion at 37°C since the
peak position is not altered and the Eb of the P2p peak is at -134 eV (Figure
7.32).
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Figure 7.32 XPS illustrating the P2p regions in CP Ti, and low dose (1 x 10^^ ions
cm'^) Ca-Ti, K -T i and A r-T i following 24 h immersion in HBSS at RT and following
rinsing.

The 01s spectrum (figure 7.33) shows that only the Ca-Ti sample
displayed a major difference in the nature of oxygen species present after
immersion. The peak maximum is mainly at Eb = 532 eV but shows shoulders at
both the lower and higher binding energies at -531 eV and -534 eV
respectively. The other samples do not show a great deviation from the baseline
state for O except for the slight decrease of O present in the higher binding
energy shoulder.
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Figure 7.33 XPS illustrating the 01s regions in CP Ti, and low dose Ca-Ti, K -T i
and A r-T i (1 x 10^^ ions cm'^) following 24 h immersion in HBSS at RT and following
rinsing.

The final region presented is the C1s region for the samples immersed in
this manner (figure 7.34) and it is clear again that there is little change in the C
bound to the surface upon immersion at RT. C concentrations and chemical
state on all samples are relatively unaffected by the immersion. In particular, the
shift of the main C1s peak to higher binding energy is not observed on these
surfaces. The originally detectable carbide peak on the Ar-Ti is still seen
following immersion while the K2p peak on the K-Ti is still detected but at a
significantly lower intensity upon immersion.
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Figure 7.34 XPS illustrating the C1s regions in CP Ti, and low dose Ca-Ti, K -T i
and A r-T i (1 x 10^^ ions cm'^) following 24 h immersion in HBSS at RT and following
rinsing.

Table 7.5 shows the Ca/P, P/Ti and Ca/Ti ratios of these samples prior to
and following immersion.
24 h

Rinsed

24 h

Rinsed

24 h

Rinsed

C a/P

C a/P

P/Ti

P/Ti

C a/Ti

C a/Ti

CPTi

0.93

0.77

0.09

0.06

0.09

0.08

C a-Ti

0.89

0 88

0 .58

0.47

0.52

0.42

K-Ti

1.74

0.89

0 .06

0.06

0.11

0.06

Ar-Ti

1.12

0.88

0.06

0.04

0.07

0.04

Table 7.5 Ca/P, P/Ti and Ca/Ti ratios as calculated for CP Ti and modified Ti
following 24 h immersion in HBSS at RT with delayed rinsing.

After 24 h immersion without rinsing, the measured Ca/P ratios are
noticeably different from those recorded after 24 h immersion at 37°C. The
values for CP Ti, Ca-Ti and Ar-Ti are lower (0.93, 0.89 and 1.12 compared to
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1.35, 1.45 and 1.32) while that for K-Ti is higher (1.74 compared to 1.23). After
rinsing the values are all very similar (0.8 - 0.9) which is still considerably lower
than observed for immersion at 37°C. The P/Ti and Ca/Ti ratios are very low for
all the samples except Ca-Ti. There is clearly considerably greater phosphate
adsorbed on the Ca-Ti surface.
To assess the early events of this deposition, sequential immersion at RT
was conducted using samples from the earlier implantation run. Thus CP Ti, low
dose Ca-Ti and K-Ti (1 x 10^^ ions cm'^) and high dose Ar-Ti (2 x 10^^ ions cm'^)
were immersed in HBSS at 0 h, 1 h, 2 h, and 24 h at RT. In this case, however,
rinsing with deionised water following each immersion stage was practiced.
Samples were analysed again using monochromated X-rays and large area XL
lens mode.
The Ti2p peak is clearly seen on all samples throughout the immersion
period, hence it will not be shown here. The 2 h immersion data was found to be
very similar to the 1 h results, so they too will not be included. The P2p peak
(figure 7.35) indicates very slightly higher phosphate levels on Ca-Ti and Ar-Ti
following immersion. However both the CP Ti and Ca-Ti samples were found to
have minor amounts of P contamination prior to immersion.
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Figure 7.35 XPS Illustrating the P2p regions In CP TI, and low dose Ca-TI, K -T I (1
X 10^^ Ions cm'^) and high dose A r-T I (2x10^^ Ions cm'^) following sequential Immersion In
HBSS at RT with rinsing.

A decrease in the O species present at Eb -532 eV was seen after 1 h
immersion and was followed by an increase in these species at 24 h especially
on the Ca-Ti and K-Ti samples as shown in figure 7.36. The main 01s peak
position was not altered as the peak did not shift and remained at -530 eV
(oxide). Meanwhile the 0 levels on all samples decreased as immersion times
increased except on the K-Ti where an increase in the 0 levels was seen and
was accompanied by a decrease in the K2p level. Again no shifting in the main
01 s peak was noted on any of the samples.
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Figure 7.36 XPS Illustrating the 01s regions in CP Ti, and low dose Ca-Ti, K -T i
and high dose A r-T i following 24 h sequential HBSS immersion at RT with rinsing.
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Figure 7.37 XPS illustrating the C Is regions in CP Ti, and low dose Ca-Ti, K -T i
and high dose A r-T i following 24 h sequential HBSS immersion at R T with rinsing.
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1h
Ca/P

2h
Ca/P

24 h
Ca/P

1h
P/Ti

2h
P/Ti

24 h
P/Ti

1h
Ca/Ti

2h
Ca/Ti

24 h
Ca/Ti

CPTi

0.57

0.51

1.44

0.04

0.04

0.06

0.02

0.02

0.09

Ca-Ti

5.64

10.10

3.93

0.05

0.03

0.09

0.29

0.31

0.36

K-Ti

4.94

5.00

1.70

0.02

0.03

0.07

0.10

0.13

0.12

Ar-Ti

1.31

1.00

1.27

0.04

0.05

0.06

0.05

0.04

0.08

Table 7.6 Ca/P, P/Ti and Ca/Ti ratios o f CP Ti and m odified Ti foiiowing sequential
imm ersion in HBSS a t RT.

The Ca/P P/Ti and the Ca/Ti ratios are shown in table 7.6. The P/Ti
levels are very small for all samples and there is little difference between them.
After 24 h, the Ca/P ratios are fairly similar to the values observed on the 37°C
immersed samples but not those on the 24 h RT immersed samples. The
exception to this is the Ca-Ti sample where the Ca/P ratio is distorted by the
high Ca signal due to the implanted Ca ions. The Ca relative concentration on
CP Ti and Ar-Ti is lower than that on K-Ti at the shorter immersion times, but
after 24 h immersion, these samples had similar Ca/Ti. The Ca/Ti ratio in the
Ca-Ti is distorted again due to the implanted Ca ions.

7.2.5 SIMS
SIMS was applied to estimate the thickness of precipitates on the
substrate and to study the ions’ depth distribution in the CP Ti and ion implanted
Ti surfaces. Due to the technique’s inability to characterize extremely thin
surface films at the near surface region (in the mode employed in the present
work), and since the XPS findings of immersions at RT suggest the formation of
a very thin phosphate layer, SIMS was used to study the effect of immersion at
37°C with and without immediate rinsing only and not at RT. Sequential
immersion and delayed rinsing were not practiced. This is because changes at
the surface resulting from primary ion beam bombardment may have an effect
on the subsequent immersion stage.
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^^Ti,

and

mass channel traces are displayed as a function of

depth into the samples. These will be displayed in a series of graphs comparing
the intensity of each mass channel in:
•

Control CP Ti, Ca-Ti and K-Ti samples.

•

CP Ti, Ca-Ti and K-Ti following 24 h immersion at 37°C and air
drying.

•

CP Ti, Ca-Ti and K-Ti following 24 h immersion at 37°C with
immediate rinsing in ultra pu re water.

Figure 7.38 shows the trace of the "^®Ti mass channel in the CP Ti, Ca-Ti
and K-Ti samples at control levels (top graph) as compared to that following 24
h immersion at body temperature (middle graph) and the effect of immediate
rinsing after immersion at body temperature (lower graph). The Ti secondary ion
intensity in the control ion implanted surfaces shows a similar depth distribution
to that of the CP Ti. The lower intensity of Ti in these samples is due to the
presence of the implanted ions in the matrix in addition to the other oxide
components. These results are discussed in depth elsewhere (chapter 4).
Following 24 h immersion at 37°C, the Ti mass channels on all samples
are not detected at the surface. These become detectable at a depth of -0.02
pm on all samples, which suggests the presence of an overlayer at the surface
to a depth of -0.02 pm (200 A).
Upon rinsing, all samples have a clear and a strong Ti mass channel at
the surface. However, the shape of this trace is different on the CP Ti sample,
which is almost certainly as a result of the presence of an O rich surface layer at
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a thickness of > 0.01 pm (the calculated ion beam mixing range for the beam
energy used in the current work) resulting in the enhancement of the Ti signal
from the very start and leading to the “flat line" trace obtained. The Ti mass
channel on the ion implanted samples is very similar to that recorded for the
control un-immersed samples.
The

mass channel is shown in a similar order, indicating the

presence of negligible amounts of phosphate on the control surfaces which is
the highest on the CP Ti sample. The surface concentration of phosphate
increases significantly upon immersion for 24 h at body temperature and
extends to a depth of -0.02 pm. The difference in the intensity of the P
secondary ions on different samples is significant and implies higher phosphate
deposition on the surface of CP Ti than on K-Ti and Ca-Ti respectively. When
the samples were rinsed immediately after removal from the HBSS solution, the
phosphate concentrations was noticeably lower, especially on the CP Ti
sample, which was almost at the same concentration as pre immersion levels.
However, the P secondary ion concentration on the Ca-Ti and K-Ti were still
higher than those observed in the control un-immersed surfaces and especially
so on the Ca-Ti sample. It should be emphasized that the concentration of
phosphate on the immersed and rinsed samples was at 0.001% of that detected
on immersed un-rinsed surfaces. The thickness of this phosphate rich layer was
0.01 - 0.02 pm on the rinsed surfaces.
The "^°Ca mass channel was also detected for these samples. These
traces show the presence of Ca on the Ca-Ti sample only prior to immersion.
HBSS immersion at 37°C for 24 h resulted in the deposition of high amounts of
Ca on all surfaces as indicated in figure 7.38. This is especially so on the CP Ti
sample as indicated by the secondary ion intensities where more Ca deposition
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occurred on the CP Ti than on K-Ti and Ca-Ti respectively. The Ca precipitation
was found to extend to a depth of -0.02 pm into the sample and following
immediate rinsing of similarly immersed samples, the Ca concentration was
reduced on all samples. There was virtually no Ca present on the CP Ti and KTi samples.

Meanwhile,

the rinsed Ca-Ti sample contained

lower Ca

concentrations than those seen on the control Ca-Ti sample, which maximized
at a greater depth. The Ca ion concentration at the surface of the rinsed Ca-Ti
sample was around a third of that on the as-implanted sample.
It must be stressed that these samples were not immersed in a series,
i.e. these were not “before and after” samples, but were, as the text implies,
control samples as compared to samples that were either immersed in HBSS
only or immersed and immediately rinsed.
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Figure 7.38 SIMS depth profiles o f the ^^Ti,

and *°Ca secondary ion intensity in

CP Ti and low dose (1 x 10^^ ions cm'^) Ca-Ti and K-Ti prior to and following different
protocols o f immersion in HBSS at 37 °C.
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7.3

Discussion
The use of simulated body fluids to examine the nature and rate of the

surface mineralization of Ti in vitro is common (although the use of HBSS is not
as widely documented as the use of self-made SBF solutions). The main goal of
these experiments was to assess the formation of calcium phosphate species
similar to those found in hard tissues since the largest inorganic constituent of
bone is hydroxyapatite, HA, which has the chemical formula Caio(P04 )6(OH)2.
This mineral does not have the perfect HA stoichiometry in bone, but rather
shows a number of substitutions, the most significant of which is the substitution
of carbonate groups for some of the phosphate groups to produce carbonated
apatite. A number of other calcium phosphate compounds exist, some of which
are listed in table 7.7 (Brunette et al. 2001, Komath et al. 2000). In vitro, these
may be formed in preference to HA, or seen as a precursor to its formation
(Brunette et al. 2001).
Abbreviation

Formula

Ca/P
ratio

Monocalcium phosphate,
anhydrous

MCPA

Ca(H2P04)2

0.5

Dicalcium phosphate,
anhydrous

DCPA
(Monetite)

CaHP 04

1.0

Dicalcium phosphate
di hydrate

DCPD
(Brushite)

CaHP 0 4 2 H20

1.0

Octacalcium phosphate

OCP

Ca8H2(P04)6 5H20

1.3

Amorphous calcium
phosphate

AGP

Ca3(P04)3H20

1.5

Tricalcium phosphate (alpha
and beta)

a/H-TCP

Ca3(P04)2

1.5

Hydroxyapatite

HA

Ca(P04)6(OH)2

1.7

Tetracalcium phosphate

TTCP

Ca4(P 04)20

2.0

Table 7.7 Som e o f the m ost com m only reported calcium phosphate phases and
their chem ical formula.
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In spite of the numerous reports published on phosphate formation on
CP Ti and modified Ti, a concerted model has yet to be agreed upon. Indeed,
the sequence of early events in calcium phosphate deposition is an ongoing
debate. Several reports suggest that initial Ca ion attraction to the negatively
charged surface facilitates subsequent phosphate precipitation through bridging
(Chusuei et al. 1999, Ellingsen 1998, Yang at al. 1999). Yang and co-workers
have studied the role of Ca ions on enhancing HA formation on alkali-treated
CP Ti by comparing immersion in Ca-rich (CS) and phosphate-rich (PS)
solutions. They showed that Ca ions from the CS were deposited on CP Ti
while phosphates were not deposited from the PS. Samples that were first
immersed in CS prior to exposure to PS then showed phosphate deposition.
Meanwhile, when the samples that did not uptake phosphate from the PS were
further exposed to CS, these surfaces displayed Ca deposition (Yang at al.
1999). The authors concluded that the negatively charged Ti surface attracts
the positively charged Ca ions, which subsequently attract the negative P ions.
The negative charge on Ti surfaces was attributed to the OH alkali groups at the
surface.
This is largely in agreement with a surface analysis study of thin film Ti02
surfaces exposed to calcium phosphate in aqueous solutions. The order of
calcium phosphate deposition was proposed to be through the initial deposition
of Ca to form 2-dimensional structures topped with 3-dimensional phosphate
islands (Chusuei atal. 1999).
This is directly opposed by reports of phosphate being a prerequisite for
Ca ion adsorption. It has been speculated that the deposited film consisted of
two layers, a phosphate layer on the Ti substrate covered by a Ca layer
(Frauchiger ef a/. 1999, Hanawa atal. 1991).
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In another study Ca was shown not to require the presence of
phosphates to adsorb to Ti surfaces following 24 h immersion in Earls balanced
salt solution (BBSS) without phosphates. Similarly phosphate was shown to
deposit onto Ti in HBSS and other media in the absence of Ca. It was therefore
concluded that Ti oxide surfaces have the ability to bind both Ca and phosphate
(Brunette et al. 2001).
To minimise experimental errors and variables and due to the limited
number of samples in the current study, samples were immersed in HBSS at
the chosen experimental temperature, for the designated immersion time and
analysed promptly. Immersions were performed simultaneously thus minimising
the effect of varying ambient temperature on the findings.

7.3.1 General appearance
The immersed samples displayed a range of surface discolouration
following 24 h immersion at 37°C. This surface discolouration was uniform and
covered the whole surface of the Ca-Ti sample as opposed to the partial
distribution of the colour seen on the CP Ti and Ar-Ti samples, which appeared
to have circular metallic coloured areas. The K-Ti sample displayed a light blue
colour much paler than the other discs. Rinsing of the samples immersed at
37°C resulted in the appearance of the pale circular patterns on most samples
excluding the Ca-Ti sample, which displayed the darkest surface tint. Samples
immersed for 24 h at RT showed a difference in the surface tint properties,
which covered some areas of the surface but was not uniform in distribution or
intensity of the colour. Such surface discolouration is a result of light
interference from the different layers at the surface and is indicative of a change
in the overlayer thickness (chapters 4 and 5).
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Interference colours were reported in an earlier study following CP Ti
immersion in HBSS and artificial saliva solutions, indicating the formation of an
“outer” layer. However, the authors did not elaborate any further to describe the
colour or area of such tint (Hanawa et al. 1991). While some authors attributed
blue colours on Ti surfaces to contamination of F such as that observed during
autoclaving, which results in the thickening of the oxide layer (Lausmaa et ai.
1985), others attributed this to the presence of trace amounts of manganese
ions in the used SBF following immersion at 36.5°C for various time periods
(Weng etal. 1997).
Pan et ai (1996) reported similar findings of blue surface discolouration
on grade 1 CP Ti samples following immersion in a phosphate buffered saline
solution with added hydrogen peroxide (PBS + H2O2) after prolonged immersion
periods of 1-4 weeks at 37°C and not at the earlier stages of 1 day at RT.
Samples that were immersed in PBS only did not display such blue surface
colours and at 1 month immersion were pale yellow. The authors dismissed the
suggestion that such discolouration could be attributed to Ti203 or TisOs species
as XPS did not detect their presence and concluded that optical interference
effects are the main cause for the observed blue colour on Ti exposed to PBS
with H2O2, which resulted in enhanced oxidation of the surface compared to
PBS on its own.

It should be noted that it is generally believed that yellow

surface tints are representative of thinner overlayers than those displaying blue
surface tints.
More recently, a study on bonelike apatite crystals formation on Ti02
powder compacts used an Hg lamp to illuminate the samples during the 10
days immersion period in SBF at 37°C. The colour of the compacts was turned
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into blue violet which the authors in this case attributed to the generation of Ti^^
rather than light interference (Kasuga etal. 2002).
A study of thermal oxidation of CP Ti samples has shown the changes in
colour that occur as the oxide layer thickens (Tzavaras 2002). The surface
colour changed from a metallic transparent appearance to gold, violet and blue
as the oxide layer thickened with increasing the temperature and/or time of
oxidation. This study demonstrated that the blue surface colouration was
evidence of the presence of thicker oxide than on surfaces displaying yellow or
violet tints.
In the current work, the surface colour on Ti and modified Ti samples
was observed following 24 h immersion at 37°C accompanied by the inability to
detect the Ti2p peak by XPS. The colour is thus more likely to be a result of the
differences in the oxide layer thickness and chemistry of the sample although
the actual thickness of the oxide layer was unknown. The colour does not
appear to result from the presence of Ti^"" species, although these might still
exist beneath the overlayer. In samples sequentially immersed for shorter times
of 1 and 2 has well as those immersed at RT, darkening and tinting of the Ca-Ti
samples was especially noted. The detected Ti2p peak however indicated no
changes in the Ti^"^ concentration, supporting the conclusion that the colour
changes are a result of light interference.
Changes in the intensity and hue of the colour reflect the thickness of the
overlayer, while the distribution of the tint indicates the nature of this developing
overlayer. Immersion at body temperature resulted in more of the surface being
covered by the deposited salts. This was indicated by the uniform surface tint
on the Ca-Ti and K-Ti samples, and displayed a polka dot appearance on the
CP Ti and Ar-Ti samples. Meanwhile, immersion at RT resulted in partial
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coverage of the surface denoted by the patchy surface discolouration. These
results suggest thicker phosphate deposition on the Ca-Ti samples at both
temperatures whether the immersion was followed with rinsing or air-drying
alone.

7.3.2 SEM
The roles of surface chemistry and immersion temperature were further
highlighted by SEM findings.
Samples immersed at 37°C showed varying surface features that appear
to be dependent on the surface chemistry of the substrate. While the CP Ti
surface showed circular-like deposits, the Ca-Ti sample displayed network-like
surface deposits in the form of interconnecting rods covering most of the
surface indicating a film that is probably 3-dimensional. The K-Ti sample
showed deposits of lower concentration and density while the Ar-Ti sample
showed surface topographical features very similar to CP Ti including the
rounded deposit-free areas.
Upon immediate rinsing following removal from HBSS solution, the
topographical features looked very similar on all surfaces and were significantly
less than those seen prior to rinsing. Samples immersed at RT again showed
significantly fewer surface deposits with features seen to be more prominent on
CP Ti and Ca-Ti samples. These findings suggest that immersion at RT resulted
in significantly less precipitation on all surfaces as compared to immersion at
37°C.
Several investigations of surface mineralization on titanium and modified
titanium surfaces exist in the literature. However, surprisingly, only a few of
these papers include SEM images of the CP Ti surfaces following immersion
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which makes it hard to compare the findings in the present work to those
published. Yang et al described the observed changes in the surface features to
be related to sample preparation and the nature of the solution. CP Ti plates
were subjected to a number of treatments including alkaline and heat
treatments prior to immersion in SBF, Ca containing solutions and phosphate
containing solutions (immersions were carried out in a water bath at 37°C). SEM
examination showed the surface to be covered by a layer of minerals at 2 days
with cracks in between that were not seen at 4 days. It was suggested that total
coverage of the surface by minerals at 4 days filled the cracks and that such
topographical features are related to immersion times as well and not just the
nature of the solution (Yang et ai. 1999). In the present work, SEM images of
CP Ti after 1 day immersion are comparable to those described features
following two days immersion, except that “globular” features are seen in
addition to the plate-like layer.
SEM features have also been examined on ion implanted Ti surfaces. In
a study where CP Ti surfaces were implanted with Ca and P ions to a maximum
dose of 8

X

10^^ ions cm'^, samples were exposed to SBF at 37°C. SEM

observation of the surfaces demonstrated extensive precipitation on the
modified surfaces as opposed to CP Ti surfaces after 20 h immersion. This
precipitate layer was found to be enhanced by increasing the quantity of Ca and
P ions implanted into the surface. Samples implanted to a dose <6x10^ ® ions
cm'^ were found to have a weak and undetectable effect on the nucléation
process, yet saturation was still not detectable at the maximal implantation
dose. The authors suggested that the nucléation sites were produced by the
implantation process resulting in the precipitation of a homogenously distributed
layer over the exposed surface as opposed to the preferential nucléation sites
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detected on CP Ti surfaces which were significantly lower in number as
reflected by the occasional occurrence of precipitate features (Pham et al.
2000b). These features were observed on the implanted Ti as early as 5 h
following immersion and displayed complex growth on these surfaces, which is
very different to the chain like precipitation on CP Ti. At long immersion periods
of 120 h, these features were shown to coalesce on the implanted surfaces.
The findings of 20 h immersions suggest that the Ca and P implantation
enhanced precipitation from SBF at body temperature. The micrographs from
the CP Ti and ion implanted samples looked quite different to those in the
current study, although this is likely to be due to the different time scale (5 h)
and solution used (SBF).
CP Ti and Ca-Ti samples (1 x 10^^ ions cm'^) immersed in SBF at 37°C
for long periods (3000 h) and examined using SEM contained surface
precipitation that did not form a solid layer and was described to have “an
insular character” with more dense and prominent features on Ca-Ti surfaces
(Krupa et ai. 2001). These authors reported similar characteristics of overlayers
formed on P-Ti surfaces immersed in SBF at 37°C for 1700 h (Krupa et ai.
2002). These studies showed that the Ca-Ti surfaces displayed dense and
complex features unlike the less populated CP Ti surfaces. In this respect, this
is comparable to the present work. However, neither the CP Ti nor the
implanted Ti samples showed similar precipitation features to the current work,
suggesting that samples immersed in SBF behave quite differently to those
immersed in HBSS.
A group of researchers have claimed to see no precipitation on CP Ti
samples prepared in a comparable manner to that applied in the current work
and immersed in HBSS at 37°C for 1 h, 1 day and 30 days. Following
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immersion the samples were rinsed to remove electrolytes that did not become
attached. The authors stated that the Ti surface was not changed by the
immersion but did not actually show any SEM results (Hanawa et al. 1991).
These findings are in agreement with the current work in which samples
immersed at body temperature and rinsed in ultra pu re water displayed fewer
topographical features of precipitation than those immersed without rinsing.
However, in a subsequent publication, the authors did show SEM results
comparing CP Ti and Ca-Ti surfaces exposed to HBSS solution for 30 d. The
CP Ti sample clearly displayed nucléation sites, which were significantly less
dense with smaller grain size than those recorded on the modified Ti. In this
case, the CP Ti and Ca-Ti samples both appeared similar to the CP Ti sample
in the current work, although the plate-like features dominated the surface,
possibly because these samples were immersed for longer periods (30 days)
compared to 1 day in the present study. The chain-like features observed fir CaTi in the current work were not observed, again possibly because of the
different timescales employed. The XPS data for this particular study was not
presented and the author did not elucidate as to whether the Ti was detectable
on the

immersed

samples.

The experimental

conditions

including the

temperature at which the samples were immersed were not reported either
(Hanawa 1999). Based on the presented findings (in the current work) following
short immersion periods, it would not be surprising to detect more precipitate
features on the Ca-Ti surfaces as compared to CP Ti surfaces after extended
immersion periods.
In another study, the effect of immersion time was analysed using glass
slides coated with Ti02 by evaporation. Samples were immersed in HBSS at RT
in the dark for time periods ranging from five minutes to six months. Scanning
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force microscopy (SFM) examination of samples showed the initial grain
structures prior to immersion with trivial changes in the surface topography
following immersion. These changes were confined to a scale below 5 nm,
which indicated the absence of an adsorbed layer following 167 days immersion
in solution. The authors estimated that the total coverage on Ti was less than 2
nm thick (Frauchiger et al. 1999). However, these experiments of substantially
long durations were carried out with samples immersed in 15 ml solution in a
closed sterile test tube without renewal of the solution during the immersion
time. Thus, the availability of sufficient Ca and phosphates in the solution may
be questioned. Nevertheless their extended immersion results are in agreement
with our findings following 24 h immersion at RT which strongly suggests that
little apatite formation is induced at RT when compared to immersion under
physiological conditions.
Other researchers have published interesting findings on the surface
topography of CP Ti immersed in HBSS + BSA at 37°C for up to a month (Lima
at al. 2001). These report well developed calcium phosphate layers on some
samples

while

other

samples

failed

to

mineralize

despite

consistent

experimental conditions. The authors failed to identify an explanation for this
abnormal behaviour. Samples that did mineralise showed very irregular and
porous surface features with growth of nucléation sites. They concluded that
adsorbed albumin molecules prevented thick layer precipitation of TCP.
Effah at al reported coarser grained microstructure on annealed Ti
samples following immersion in HBSS +/- 8 nM EDTA at 37°C for 24 h and up
to 4 weeks as seen by SEM and tunnelling electron microscopy (TEM) (Effah at
al. 1995). Such features can also be induced by annealing as the amorphous
oxide was shown to crystallise after heating in air to 300 - 400°C (Lausmaa at
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al. 1990). The above revie\A/ suggests a lack of well-documented studies of CP
Ti surfaces following immersion in HBSS and other simulated body fluids.
Hence a study was conducted at the Eastman Dental Institute for Oral Health
Care (independent of the current work) whereby CP Ti samples prepared in a
similar manner to those used in the present study, where immersed in HBSS at
37°C for 1 day (Patel 2002). Despite being vertically suspended in the solution,
the samples’ general appearance and electron micrographs were very similar to
the findings presented in the current research.
The present work has shown that immersion of Ca-Ti samples at 37°C
encouraged higher precipitation than all other surfaces while the least
nucléation was observed on K-Ti. Ar-Ti reacted very similarly to CP Ti. Rinsing
immediately upon removal of the solution resulted in significantly fewer
precipitate features on all surfaces with Ca-Ti samples showing the highest
deposits. Furthermore, immersion at RT resulted in little deviation from the
control un-immersed samples imaged by SEM.
Since the samples in the current work displayed similar surface
topography and roughness as indicated in chapter 4, the difference in
precipitate formation is more likely to be a result of the diverse surface
chemistry not roughness which was reported to be higher on the implanted Ti
surfaces suggesting more favourable in vitro and in vivo responses (Hanawa et
ai. 1993, Hanawa et ai. 1997).
Based on the above reports, it would be interesting to image the surfaces
following prolonged immersion periods using SEM to establish the possibility of
precipitate coalescence on the CP Ti and the implanted Ti surfaces.
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7,3.3 WLI
The measured surface roughness showed increased values on
samples immersed at 37°C as opposed to control surfaces. Rq values on all
surfaces were around the same (-0.12 pm), which is almost certainly a result of
the deposited phosphate layer. However, the difference in morphology
displayed by SEM was not reflected in the Rq measurements.
These values are higher than those measured following immersion at RT
where Rq was measured to be highest on the Ca-Ti sample (0.11), which had
the greatest amount of nucléation when examined using the SEM. The lowest
values were measured on CP Ti and Ar-Ti (0.04 and 0.03 respectively). These
values are actually lower than those for the control un-immersed samples,
which may be a result of the precipitate levelling the surface, for example by
settling in the valleys and grooves. The Rq value measured on the K-Ti sample
remained unaltered (0.07) indicating that the surface roughness was not
affected by the immersion.
Roughness has generally not been studied following immersion. The only
report available gave

Rq

roughness values for Ti surfaces immersed in HBSS at

RT for 20 days were measured to be 0.0029 pm as compared to a value of
0.0028 pm on control samples (Frauchiger et al. 1999). These indicate that the
roughness was not altered when Ti surfaces were immersed at RT although the
current work has found a measurable decrease in the roughness of immersed
Ti surfaces. It may be that these authors had less phosphate deposition
resulting from the use of non-renewed 15 ml solution over 20 days.
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7.3.4 XPS
Initially a pilot study was conducted on a CP Ti sample, which was
analysed by XPS following sequential immersion in HBSS at RT for 2-10
minutes and following rinsing. Based on the trivial changes in the spectra (weak
P2p peak that is barely detectable at 10 minutes), short periods were thought to
be unsuitable for detailed immersion studies. Lima et al reported that 5 minutes
was sufficient to incorporate Ca and P ions on the surface of Ti immersed in
HBSS + BSA, however this study was carried out at 37°C (Lima at s i 2001).
Thus systematic experiments of 24 h immersion were set up to examine and
understand the early events of the deposition of phosphates from the solution.
Two main groups of immersion were conducted including a number of
variations within each group. These were:
1. Immersion at body temperature.
•

24 h immersion with delayed rinsing following XPS analysis.

•

24 h immersion with immediate rinsing prior to XPS analysis.

•

24 h sequential immersion without rinsing.

2. Immersion at RT.
•

24 h immersion with delayed rinsing following XPS analysis.

•

24 h sequential immersion with rinsing.

The following discussion will address each experimental condition
separately. However, since the measured binding energies and the resulting
chemical changes were very similar in some cases, the first section of the
discussion will be detailed in those areas while the following sections will mainly
focus on comparison and note any significant deviations.
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Immersion at 37 ‘C
Following 24 h immersion in HBSS at 37°C, the salt deposition resulted
in the masking of the underlying Ti regardless of the surface chemistry. As the
Ti2p peak was undetectable, normalization of the intensity signals was not
possible and quantification of elemental ratios was not feasible. The deposited
layer was found to be rich in calcium and phosphate as indicated by the Ca2p
and P2p peaks seen on all surfaces.
The mechanism of calcium phosphate layer growth upon contact with
aqueous fluids has been attributed to the formation of reactive O metabolites as
well as an electric field effect, mass diffusion and surface chemical reaction
(Brunette et al. 2001).
Studies entailing the immersion of grade 2 CP Ti in a-MEM at 37°C, have
claimed the deposited calcium phosphate to be brushite (DCPD) at the shorter
immersion periods (up to 3 days) and HA at longer immersion periods (up to 12
days). This was based on the measured P2p binding energies after 3 days
(-133 eV) and after 12 days (~134 eV). The P2p peak positions in brushite and
HA standard were reported to be at Eg = 132.8 eV and 133.8 eV respectively
(Ong at a i 1995). Ti alloy plates immersed in HBSS with 8mM EDTA for 1 day
and examined by XPS were shown to contain Ti, O, 0, phosphate and Ca as
well as other trace elements. The authors stated that Ca and P were present as
non elemental species since the elemental Eb of P and Ca are 345.9 eV and
130.2 eV respectively while the immersed samples had measured Eb for P2p
and Ca2p at 133.6 eV and 347.5 eV respectively (Chang at a i 2002).
In a less relevant report of phosphate nucléation on Ti sputter-coated Si
wafers, immersion in solutions simulating the biomolecule-free extracelluar
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matrix (EDTA/SIE) and serum (serum/SIE) was carried out at 37°C for periods
ranging from 10 h - 5000 h and followed by rinsing (Healy et al. 1992). The P2p
peak was only detected at Eb of 134.2 eV in trace amounts after 200 h
immersion in the EDTA/SIE solution with Ti consistently observed even at
longer immersion times. The detected phosphate was reported to be different to
elemental P (E b of 131 eV) while Ca was not detected probably due to the low
concentration of free Ca available in EDTA. Immersion in serum/SIE solution on
the other hand resulted in thick overlayers of O and C and a barely detectable
Ti peak. The detected P and Ca were again non-elemental molecular species at
Eb of 133.6 eV and 347.5 eV respectively.
The precise identification of the specific phosphate (and Ca) containing
species using XPS alone has been reported to be unfeasible (Healy at a!. 1992,
Jones 2001). Even so, P2p peak positions of 133.6 - 134.2 eV can be assigned
to P O /', HP04 ^‘ and H2PO4' groups as well as other P and O compounds not
containing P04 ^'.
Based on the above reports and according to the measured binding
energies in the present work of P2p at Eb ~ 134 eV, the findings suggest the
formation of P04^‘, HP04^' and H2PO4' compounds and maybe even HA. Since
no phosphate was detectable in any of the samples at 0 h, it is clear that the
observed phosphate on surfaces exposed to HBSS is a result of precipitation
from the solution.
In the current work, the phosphate deposition was found to be
independent of the surface chemistry within the limits of the XPS technique
employed. This is despite reports of higher calcium phosphate precipitation on
Ca-Ti compared to CP Ti following immersion in HBSS and SBF at 37°C
(Hanawa 1999, Krupa at ai. 2001). Hanawa reported that Ca ion implantation
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induced accelerated calcium phosphate precipitation on the modified surfaces
following 30 days immersion in HBSS, and concluded that Ca ion implantation
to a dose of 1 x 10^^ ions cm'^ resulted in the gradual release of Ca ions from
the surface which caused supersaturating of Ca ions in the near surface
environment thus accelerating the precipitation of calcium phosphates. Similarly
Krupa et al reported higher phosphate deposition on Ca-Ti surfaces immersed
in SBF for up to 3000 h, with the P2p peak at Eb 133.9 eV assigned to HP04 ^’
(Krupa at ai. 2001). It is important to point out that in both of these studies
samples were immersed for longer times as compared to the current research
where samples were immersed for 24 h only.
It is vital to reiterate that the layers of calcium phosphate observed in the
current work may be of varying thicknesses but this cannot be assessed by
XPS since they are all thicker than the detection limit of XPS. Certainly the
general appearance and SEM images suggest the deposition of different
amounts of phosphate on the different surfaces.
The 01s region showed shifting in the 01s peak position to Eb ~532 eV.
This supports the theory of phosphate deposition as O at such binding energies
can be attributed to the phosphate groups as well as OH groups. 01s peaks at
531 eV arising from the oxides was not detected on any of the samples
indicating the formation of an overlayer on top of the native or modified oxide
layer which hinders the detection of the oxide as well as the metal substrate.
This has been previously reported by other researchers (Hanawa at al. 1991,
Ong at al. 1995, Yang at al. 1999).
As for the C Is region, the noted variation in the C concentration on all
samples was first thought to be a result of the glucose contained in the HBSS.
This was addressed by immersing samples in glucose for 2 h (not shown).
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These samples actually showed a decrease of C levels following immersion
thus ruling out the possibility of glucose adsorption on the Ti surface. Frauchiger
et al have previously explored this area and reported varying C levels on Ti
samples immersed in HBSS but went on to state that since no systematic time
evolution was found, the C intensity should not be ascribed to adsorption of
glucose from the solution (Frauchiger at al. 1999). This does not rule out the
binding of glucose to the calcium phosphate on the surface however.
In the present work, a general increase and shift in the C Is main peak
was seen at a binding energy of -286 eV while spectral features at Eb -287 eV
and -290 eV were noted. It is clear that the C Is peak is very complicated and
without peak fitting it would be hard to ascertain the exact chemical nature and
changes arising from the immersion, but it was observed that the different types
of C are generally present on surfaces showing large amounts of calcium
phosphate. It is tentatively suggested that the change in the C Is spectrum may
be related to glucose associated with the phosphate layer. In a surface
analytical study, glucose compounds were analysed using XPS and the C Is
peak was decomposed using software to conduct peak fitting (Gerin at al.
1995). The C Is peak at 286.1 eV was assigned to CH hydrocarbons while the
glucose related hemiacetal species was identified at Eb = 287.8 eV. This was
further supported by the presence of an 01s peak at 532.6 eV arising from O in
either the hemiacetal or alcohol species. The component of the C Is peak at
higher binding energy (288 eV) was assigned to carboxylate species while the
feature at Eb 289 - 290 eV was attributed to carboxylic acid groups.
Other more relevant reports suggest carbonate formation accompanying
apatite deposition (Kaciulis at al. 1999). This is based on the presence of O
species at high binding energy attributed to OH groups such as Ti-OH and C355

OH

as

well

as

phosphates

and

carbonates

in

hydroxyapatite

and

fluorhydroxyapatite overlayers. The authors stated that these groups are
inseparable by peak fitting. The identification of carbonate HA on the surface of
Ca and/or P ion implanted Ti upon immersion in SBF has also been reported
after extended exposure at 37°C (Pham et al. 2000a, Pham at al. 2000b). This
was supported by the detection of carbonate bands using infrared spectroscopy
(IR). Others cite that during the formation of calcium phosphate coatings on Ti
substrate by immersion in supersaturated calcium

phosphate solutions,

carbonate was found to enter the lattice resulting in its transformation to Cadeficient carbonate apatite coatings (Feng at al. 2002). The presence of a 01 s
signal at 290 eV in the “shifted” C Is spectrum may be indicative of the presence
of carbonate species.
The Ca/P ratio measured was very similar on all the samples suggesting
that phosphate deposition occurred independent of the nature and chemistry of
the surface. Compared to the Ca/P ratio of HA and other calcium phosphate
phases given in table 7.7, the findings in the current work suggest that the
deposited layer following 24 h immersion is most likely to be OOP or ACP on
CP Ti, K-Ti and Ar-Ti samples (Ca/P -1.30) and OCP, ACP or perhaps TCP on
the Ca-Ti sample (Ca/P = 1.45). These values however are subject to the errors
of quantification using XPS (chapter 4) and cannot rule out the presence of the
other phases in the deposited layer.

Immersion at 37 "C with delayed rinsing
When these samples were rinsed following the initial XPS analysis,
hardly any change was detectable by the subsequent XPS analysis. This finding
suggests that the formed phosphate deposited layer is stable and well
established, and is relatively unaffected by the rinsing process. It is possible
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that the thickness of the layer may be reduced, but this cannot be assessed
using XPS since the layer remains thicker than the sampling depth of the
technique.
The binding energy of the P2p peak was relatively unaltered at ~134 eV
and a slight decrease in the Ca/P ratio on all samples following rinsing was
measured but this was trivial.
The main differences were in the 01s peaks where the high binding
energy features were generally reduced, and the C Is peak where the feature at
-287 eV was also dramatically reduced, suggesting that some water soluble
contaminants may be washed off by rinsing.

Immersion at 37 "C with immediate rinsing
To assess the stability of the overlayer, 24 h immersion was conducted in
exactly the same manner as above but samples were rinsed in ultra pu re water
immediately upon removal from the HBSS solutions. Ti was still not detectable
by XPS and the deposition of Ca and phosphate occurred to a similar extent on
all surfaces. Again, elemental ratios and normalization to Ti could not be
performed due to the lack of a Ti signal.
The measured binding energies and Ca/P ratios on these samples were
almost identical on all surfaces and closely resembled those measured on the
samples immersed at body temperature with delayed rinsing. This suggests that
in addition to being independent of the chemical nature of the surface, a
strongly bound phosphate layer exists that is thicker than the sampling depth of
XPS.
Finally the K2p peak following 24 h immersion at 37°C was not
detectable. This may either be a result of K leaching out into the solution as was
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seen in the dissolution studies, or due to salt precipitation on top of the original
implanted layer hindering the detection of K along with the Ti or a combination
of both.
Since all experimental immersions at body temperature displayed similar
findings and prevented the detection of the Ti, sequential immersion was
attempted to study the early events in the phosphate precipitation.

Sequential Immersion at 37 ‘C
The early deposition of phosphates after 1 h immersion appears to be
higher on the Ca-Ti sample compared to the other surfaces, which displayed
similar low phosphate deposition at 1 and 2 h immersion periods. The high
phosphate deposition on the Ca-Ti sample was accompanied by a significant
increase in O arising from phosphate and OH groups, which was not seen on
any of the other surfaces. Although the higher Ca/P ratio on this sample is
biased by the overlap from the implanted Ca ions, the P/Ti ratio is significantly
higher for the Ca-Ti sample after 1 h (0.17) and 2 h (0.18) immersion than
measured for the other samples (< 0.09). The ability to detect Ti at shorter
immersion times indicates that the precipitating layer is thin (< 0.01 pm or <100
A) as compared to the thicker layers seen after 24 h immersion with the
previous samples. The differences in the measured ratios between the other
samples are trivial and cannot be used to conclude whether any of the surfaces
other than Ca-Ti encouraged or altered the deposition rate.
After 24 h immersion, Ti was not detectable on the CP Ti and Ca-Ti
surfaces as opposed to the K-Ti and Ar-Ti samples where the Ti2p peak was
clearly detectable on the K-Ti and less detectable on the Ar-Ti samples. This
was accompanied by increased concentrations of O at the higher binding
energies on CP Ti, Ca-Ti and Ar-Ti representing groups including hydroxides
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and phosphates although a trace of the O^' peak remained on the Ar-Ti sample.
The thickness of the deposited layer was therefore higher on the CP Ti and CaTi samples than on the K-Ti and Ar-Ti samples, and suggests that the thickness
of the overlayer is in excess of 0.01 pm (100 A). The Ca/P ratios on these
samples after 24 h immersion were found to be very similar on all the samples
and resembled the measured Ca/P ratios on the prolonged immersion surfaces.
It was reported that upon sequential immersion of 99.6% CP Ti in HBSS
at body temperature for 1 h, 1 day, 30 days and up to 60 days, the
concentration of Ca, P and O as well as the deposited film thickness were
directly related to the immersion time, with a decrease in Ti concentration as the
time of immersion increased (Hanawa et al. 1991). These authors observed that
the binding energy of the Ti2p peak was unaltered by immersion time while
those of the O and C increased with the progression of immersion, as observed
in the current research. After 1 day immersion, the measured Eb for the 01s
and P2p peaks were 530.8 eV and 133.4 eV respectively and the Ti2p peak
was still detectable at 458.8 eV. The authors suggested that P existed as
phosphate while Ca was present as the divalent ion and Ti was in the
tetravalent T^^ form. This research group rinsed all the samples after immersion
followed by drying in a pure N2 stream, which may explain the detection of Ti
after 1 day, which was only seen for the K-Ti and to a lesser extent Ar-Ti
samples in the current work (Hanawa at al. 1991). At longer immersion periods
and at 30 days the authors reported that HA-like formation was seen on the
surface with a Ca/P ratio of 1.63 compared to the shorter immersion periods of
1h (0.45) and 1 day (1.27). Although the Ca/P ratio at 1 h is not similar to that
measured in the current work, the value at 1 day is very similar to the measured
Ca/P values for all surfaces.
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Reports of sequential immersion of grade 2 CP Ti surfaces in a-MEM
solution (3 h, 3, 6, 9 and 12 days) at body temperature displayed increased
phosphate and Ca concentration with increased immersion time, which was
accompanied by a decrease in the intensities of Ti and O bound to Ti. This
indicated the increase in the thickness of the calcium phosphate deposit over
time (Ong et al. 1995). However, after 12 days, the Ti signal was still detected
which may be a result of the use of a different solution (a-MEM) or due to the
daily replacement of the solution with fresh a-MEM which may have resulted in
removal of the weakly bound phosphate.
Based on the findings of the current work, it is hypothesized that the
deposited layers are modified by the sequential immersion process through the
disruption or dissolution of the phosphate layer. Hence the variation in the
thickness of the phosphate layer after 24 h indicated by the detection of the Ti
substrate on the K-Ti sample.

Immersion at RT
Immersion at RT for 24 h resulted in a thinner phosphate overlayer
deposition allowing the detection of underlying Ti on all samples using XPS.
This is supported by the significantly lower relative concentrations of phosphate
as compared to those measured at 37°C. The Ti° peak detected on the CP Ti
sample was not reduced in intensity, suggesting that the layer formed was
extremely thin. This was similar to the K-Ti and Ar-Ti samples but not for the
Ca-Ti sample in which the Ti"'" peak was found to be reduced in intensity,
suggesting the presence of a thicker phosphate layer.
The intensity of the P2p peak was significantly higher in the Ca-Ti
sample. This was also the only sample to show the presence of O in P 0 / ‘
groups at the surface thus confirming the deposition of a thicker layer on this
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particular sample. The feature in the 01s peak corresponding to the oxides is
still seen on this particular sample. Meanwhile, the C Is peak displayed no
shifting towards the higher binding energy indicating that the chemical nature of
the deposited layer differs from that formed at body temperature.
It is worth noting that unlike immersion at 37°C, the K2p peak in the K-Ti
samples is still detectable following 24 h immersion at RT and is actually seen
to increase on the Ca-Ti sample after 24 h immersion but appears to be partially
removed by rinsing which is also noted with the intensities of the P2p and 01s
peaks following rinsing.
The Ca/P ratios of these samples are notably different to those
measured on similar samples immersed at 37°C. These values were much
lower on the CP Ti sample (0.93) but significantly higher on the K and Ar
implanted Ti surfaces (1.74 and 1.12 respectively). However, the significantly
higher Ca/P ratios on the K-Ti and Ar-Ti samples may reflect the low P
concentration on these samples (0.06 on both) as compared to the Ca-Ti (0.58)
concentration indicating more Ca ion deposition at the near surface region of
these samples while higher P deposition occurs on the Ca implanted sample.
The Ca/P ratios suggest that the formed calcium phosphate phases may be
different to those formed at body temperature.
Delayed rinsing of these samples following the initial XPS analysis did
not alter the Ti2p peak but resulted in the decrease of the P2p peak intensity on
all of the samples. The Ca/P ratio on the samples following immersion
decreased to comparable values on all surfaces (0.8 - 0.9) which are much
lower than those measured on rinsed samples following immersion at 37°C
(-1.30). It could be speculated that the formed calcium phosphate phase is
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likely to be brushite or monetite (table 7.7), however this cannot be categorically
confirmed.
Chusuei et al studied thin-film Ti02 surfaces immersed in a continuously
flowing calcium phosphate solution for times ranging from 10 min to 20 h at RT.
This study used a CO2 free solution, which was brought into contact with the
samples via a liquid reaction apparatus (LRA) to maintain continuous flow of the
solution. The P2p and Ca2p detected were at Eb = 133.8 eV and 347.5 eV
respectively suggesting the deposition of brushite. The initial O ls peak at 530.6
eV was still clear with prolonged exposure to the solution but displayed an
increase in the higher binding energy component at 532.2 eV with time,
indicating the presence of OH and phosphate groups. O adsorption onto the
surface was noted to be proportional to P, supporting the formation of P04 ^'
species. The Ti2p peak was consistently seen at Eb = 458.6 eV while the P/Ti
ratio obtained after 20 h was 0.06. These values are in good agreement with the
findings of the present work (Chusuei et al. 1999). These authors have
established that X-ray induced damage could not hamper the results as an
analysed surface was exposed to Mg Ka X-rays for 2 h and scanned again by
XPS revealing no detectable changes in the P2p level line shape.
In a less relevant electrochemical study, the enhancement of corrosion
resistance of Ti alloy via N ion implantation (1 x 10^^ ions cm'^) was studied by
immersion in HBSS at RT (Leitao.E et al. 1997). XPS analysis indicated the
formation of calcium phosphate on these surfaces, the Ca/P ratio being 3.86
with a significantly low P/Ti ratio of 0.1. Although the immersion times were not
given, the findings of this study agrees with the current work in suggesting that
the ion implantation process itself does not induce calcium phosphate
deposition.
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In summary, the current findings suggest that the phosphate deposition
on the surface is considerably reduced at RT compared to body temperature.
Nonetheless, precipitation was found to be encouraged on the surface of the
Ca-Ti sample as indicated by the presence of phosphates and the P/Ti ratios.

Sequential immersion at RT
Phosphate deposition at 24 h was found to be almost identical on all
surfaces and the main 01s peak was allocated to the titanium oxides as these
were not shifted to the higher binding energy after immersion. The C Is region
showed a decrease in the relative concentration of C in most cases, while the
K2p peak seen in this region of the K-Ti sample indicates the presence of K in a
different chemical environment. This was not fully understood but may be due to
the precipitation of K from the solution in a different chemical environment.
The Ca/P ratios on these samples showed no consistency at low
immersion times. After 24 h, these values were different and higher than Ca/P
values of the previous 24 h immersion at RT with delayed rinsing. The Ca-Ti
ratio is distorted by the presence of Ca ion from the implantation process.
The P/Ti ratio on the other hand shows little variation between different
samples at all stages of immersion, with only very slightly higher values on the
Ca-Ti sample after 24 h immersion. These values were also comparable to the
measured P/Ti ratio on the samples immersed at RT for 24 h, shown in the
previous section, except for the significantly lower ratio on the Ca-Ti sample.
Sequential immersion at RT showed the same results on all surfaces as
the Ti2p peak was still visible on all samples. Early immersion periods did not
vary considerably from the control surfaces, except for the phosphate
deposition which appears to be independent of the surface chemistry, and far
less intense than that seen at 37°C. Again it appears that the calcium
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phosphate deposition detected is highly dependent on the experimental
procedure applied. It is possible that the phosphate layer is washed off by the
rinsing following each stage.

7.3.5 SIMS
Ca implanted grade 2 CP Ti (1 x 10^^ ions cm'^) has been reported to
induce more calcium phosphate deposition than CP Ti surfaces when immersed
in SBF at a temperature of 37°C for 3000 h, although the SIMS depth profiles in
that report did not support such claims (Krupa et al. 2001). This group of
researchers have later shown that P ion implantation into CP Ti (1 x 10^^ ions
cm'^) resulted in similar enhancement of calcium phosphate precipitation after
1200 h immersion in SBF at body temperature (Krupa et al. 2002).
SIMS analysis of the current samples immersed in HBSS at 37°C without
rinsing revealed the deposition of a calcium phosphate layer that is -0.02 pm
(200 A) thick on all surfaces. The deposited layer almost certainly covered the
entire surface as indicated by the absence of the Ti secondary ion intensity on
all samples. This is in good agreement with the XPS findings. However, it was
also shown that the CP Ti sample carried higher absolute Ca and P secondary
ion concentrations than either of the implanted samples, while the lowest signal
was detected from the Ca-Ti samples. However, the Ca/P ratios at the
immediate surface were very similar on all samples. The Ca/P ratio on the CP
Ti sample was 56.96, the Ca-Ti sample was 71.72 and K-Ti sample was 65.33.
SIMS analysis of samples immersed at 37°C and promptly rinsed
suggests that the deposited phosphate layer was weakly bound to the surface
as indicated by the significant decrease in the Ca and P secondary ion
concentrations. This was especially true on the CP Ti sample, which showed
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the highest reduction in the Ca and phosphate ion concentration. All samples
appeared to retain minute amounts of phosphate at the very near surface which
would explain why Ti was not detectable by XPS. The shape of the Ti mass
channel in the CP Ti sample also supports the presence of an 0-containing
layer thicker than that present on the control CP Ti sample as the Ti signal was
enhanced from the start.
Nonetheless all samples displayed a significant reduction in both Ca and
P secondary ion concentrations, which explain the virtually unaltered SEM
images of these samples as compared to the control surfaces.
The Ca-Ti sample retained minute amounts of the deposited P and Ca
following rinsing but also displayed a drop in the Ca ion concentration to a third
of the original value on the control un-immersed sample. Such values are in
agreement with the previous findings on Ca ion concentration following
immersion in water and passivation in nitric acid. This suggests a dynamic
process of Ca ion dissolution and deposition upon exposure to HBSS.

General Discussion
In summary, ion implantation of Ca was not found to enhance the
deposition of calcium phosphate from a simulated physiological solution over a
period of 24 h at 37°C.
The presence of the Ca ions in the surface did appear to encourage
phosphate deposition from HBSS under some experimental conditions, namely
early time periods of sequential immersions at body temperature and with
immersion at RT. It was noted that the deposited calcium and phosphate were
in largely the same chemical state, regardless of the surface chemistry of the
substrate, since binding energy shifts were not observed for the Ca2p and P2p
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peaks respectively. These binding energies were in agreement with other
reports on CP Ti immersion in various simulated body fluids.
Although Ca/P ratios were included in this work, they can be misguiding
and should not be taken literally as any quantification obtained by XPS has an
error of 10 -20% (Brunette et al. 2001, Vickerman 1997). They can also be
affected by the UHV of the XPS and X-rays exposure among other factors
(Jones 2001). However, they do give a guide to the nature of the deposited
phosphate and it appears that deposition at RT may result in a different calcium
phosphate phase as well as reduced precipitation compared to the situation at
37°C.
SIMS findings suggest that upon immersion at 37°C, all samples were
covered by a calcium phosphate overlayer of around 0.02 pm thickness.
Immediate rinsing upon removal from the incubator resulted in washing off most
of this layer, and only small remnants of phosphate were seen which were
highest on the Ca-Ti samples and least on the CP Ti sample. The Ca mass
channel trace detected in the immersed sample was thought to arise from the
remaining implanted Ca ions present in the modified layer. However, this was at
a much lower level than that initially seen in the control sample. The SIMS
findings on the Ca-Ti surfaces are in agreement with the results of previous
experiments where immersion in water was associated with a significant
reduction in the Ca ion concentration.
It has been suggested that hydroxyl groups present at the surface act as
nucléation sites for hydroxyapatite formation (Li at al. 1997). Since both the CaTi and K-Ti exhibited the highest OH surface concentration at Oh (chapter 4), it
would be expected that these surfaces would therefore demonstrate the highest
phosphate deposition. This was not found to be the case since the phosphate
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deposition was found to be very similar on all surfaces after 24 h immersion at
body temperature and significantly lower on the K-Ti sample following
sequential immersion at body temperature. The OH concentration in UHV
conditions (during XPS analysis) is very likely to differ from that in aqueous
environment (i.e. H2O and HBSS). Even if the OH concentration remains
unaltered in the aqueous environment, it is unlikely that this is the major cause
of enhanced nucléation, since only the Ca-Ti sample attracted phosphate
deposition following immersion at RT. It is more likely that the presence of the
positively charged Ca ions at the surface of Ca-Ti samples attracts the
negatively charged phosphate groups as suggested by many (Chusuei et al.
1999, Ellingsen 1998, Yang at al. 1999). Alternatively, the release of the
implanted Ca ions into the solution could result in super saturation at the
interface and subsequent re-precipitation of these ions. This is not inconsistent
with the SIMS findings and has been reported by others (Hanawa at al. 1998).
In the current research these two scenarios seem more likely than the possible
nucléation at OH sites, since it has been consistently observed that surfaces
with low OH concentration displayed similar phosphate deposition under
physiological conditions (immersion at 37°C) as those with high OH at the
surface.
The present work has also highlighted the significant role of experimental
procedure of immersion on phosphate deposition, especially the immersion
times and temperature. This needs to be further investigated at longer
immersion periods to study the topography of the precipitating film and the
progression of the apatite formation.
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8 Summary
It is Important to characterise the surface of any biomaterial, as the oxide
composition and chemistry will affect the biological interaction which occurs at
the molecular level. There is no guarantee that a material (in this case Ti) where
marked deviations in the surface chemistry have been induced (i.e. via ion
implantation) will function in the same manner as the unmodified material
(Kasemo et al. 1988).
In the current work, the ion implantation technique used was proved valid
for incorporating Ca and K ions into the Ti substrate. These were found to be
present at comparable relative concentrations unlike the Ar ion implantation,
which was present at a significantly lower relative concentration, probably due
to the inert nature of Ar. The depth profiles of the Ca and K ions were largely in
agreement with the Profile Code simulations (chapter 4), while SRIM
simulations indicated that significant damage occurs to the surface during the
implantation process. The XPS spectra were indicative of oxidized surfaces for
all samples. This is consistent with a model whereby the original surface layer is
sputtered away during the implantation process and the modified surface
subsequently re-oxidizes.
The tissue engineering group at the Eastman Dental Institute for Oral
Healthcare Sciences have used

radioactively-labelled

bone-like cells to

measure the cell attachment to CP Ti and ion implanted Ti. It was found that
after 4 h incubation at 37°C, similar numbers of cells adhered to the K-Ti and
Ar-Ti samples as to CP Ti. However, attachment on the Ca-Ti discs was
significantly reduced (Nayab at si. 2003a).
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Such alteration in the biological response has previously been attributed
to the changes in surface roughness and topography by sample preparation
and / or ion implantation (Baro et al. 1986, Larsson et ai. 1994, Lincks et al.
1998). Previous reports on the role of surface roughness in Ti alloy on the
cellular response have shown better cell spread (osteoblasts) on the smoother
surface (Anselme et al. 2000). Additionally, the surface morphology of the Ti
surfaces was found to influence the behaviour of human bone marrow cells
(Diniz et al. 2001).
However, the ion implantation process in the present work was not found
to affect the surface roughness, which was similar to that measured on CP Ti
samples. Furthermore, the implantation of the three ions did not alter the
general appearance or the micro-topography of the Ti substrate as revealed
using SEM. Thus, it appears that surface roughness does not play a major role
in this case.
The altered cellular response on these surfaces may arise from the
alteration in the crystalline nature of the surface. Unfortunately the crystalline
structure of the CP Ti and ion implanted Ti samples could not be identified in
the current work using XRD, which was only capable of detecting the bulk metal
phase. Although amorphization of the surface as a result of ion implantation is
expected when considering the implantation dose and energy applied (Krupa et
al. 2001, Krupa et al. 2002), the formation of other crystalline phases (too thin
for detection by XRD) cannot be ruled out.
Alternatively,

an alteration

in the

surface chemistry through

ion

implantation may have resulted in the altered cellular response detected by the
tissue engineering group. Previous studies have shown that Ca-Ti surfaces
displayed more active osteogenic cells and faster osteoid tissue yield than
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observed on CP Ti in vitro (Hanawa et al. 1993). In addition, these authors
reported enhanced osseointegration and bone formation in vivo on the Ca-Ti
samples even after 2 days (Hanawa at ai. 1997, Hanawa 1999).
The chemical nature of the implanted titanium (assessed by XPS)
indicated the inclusion of the implanted ion species resulting in the elevated
C am and K/Ti ratios. Additionally, a major difference resulting from ion
implantation was the increase in the thickness of the oxide layer on the Ca
implanted samples as indicated by the increase in 0/Ti ratios coupled with the
inability to detect the metal peak. Whether oxide layer thickening occurred on
the K-Ti and Ar-Ti samples was less clear and appears to be less marked than
for the Ca-Ti surfaces. This may influence subsequent surface interactions
including cellular attachment.
Some studies have reported enhanced responses to thicker oxides, as it
was demonstrated that the oxidized CP Ti surfaces, with thicker oxide layers
than CP Ti, demonstrated stronger bone integration (Sul at al. 2001a, Sul at al.
2001b, Sul at al. 2002). Other reports suggested faster incorporation of calcium
from HBSS on surfaces with the lowest oxide film thickness (Hanawa at al.
2002). Some authors disregard the importance of the oxide layer thickness
altogether since differences in the oxide layer thickness resulting from different
passivation regimes were found to have no effect on the adsorption of Ca and
phosphate on Ti alloy immersed in HBSS + EDTA at 37°C. or varying heat
treatments (Chang at al. 2002). Furthermore, the cellular response to heat
treated Ti and Ti alloy surfaces was reported to be unaltered with the changes
in the oxide film thickness (Oji at al. 1999).
In the current work it seems unlikely that oxide layer thickness alone is
responsible for the difference in cellular attachment on the different Ti surfaces.
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It appears that the presence and the nature of the implanted ion is the critical
factor in determining the biological response and not the changes arising from
the implantation process itself. One possible model is the release of the
implanted ion from the modified Ti surface into the biological environment. Such
release of these active ions may have a significant role on the subsequent
interface interactions and could relate to the findings of cell attachments to the
different surfaces. Weng et al have concluded that the dissolution of the
amorphous phase other calcium phosphate components in the HA coating (on
Ti alloys) is crucial for the formation of apatite on the surface upon immersion in
SBF at body temperature (Weng et ai. 1997).
The depth distribution of the implanted ions into the Ti bulk (examined by
SIMS) is different for the Ca and K ions which may also have an effect on the
interaction of these surfaces under physiological conditions as the release of K
ions might be faster and to a higher extent than that of Ca ions due to its
increased near surface concentration.
It was shown that soluble calcium phosphate coatings on Ti implants
resulted in higher local concentrations of Ca and P ions, which provided
favorable conditions for the proliferation and differentiation of osteoblast like
cells in bone (Becker et al. 2001). Fast Ca^^ ion release was linked to enhanced
osteoblastic activity around calcium carbonate coated Ti alloy plates (Barrere et
al. 2001). The advantages of using such hydroxyapatite coatings to achieve
better osseointegration through the presence of Ca ions are well documented in
the literature (Takadama etal. 2001, Pham etal. 2002).
In the current work the solubility of the implanted ions in the hydrated
environment was assessed by immersing in H2O and indicated that neither the
Ca nor the K implanted surfaces are stable. The lower relative K ion
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concentration following immersion in H2O (compared to the Ca ion relative
concentration) may be attributed to the higher solubility of K in the aqueous
environment. XPS has shown that K ions were lost from the near surface region
more readily than Ca ions, while SIMS indicated that the Ca ions were lost to a
much greater depth than the K ions. It is speculated that this may be due to an
initially thicker and more defective oxide layer on the Ca-Ti sample, from which
the Ca ions are readily lost. The accompanying increase in oxide layer
thickness (indicated by the change in colour of the Ca-Ti sample) may then
prevent further Ca ion dissolution.
Loss of K ions from the surface was seen to be very rapid with a large
reduction in surface concentration even after short immersion periods of as little
as 2 minutes. Meanwhile, Ar-Ti surfaces were found to be essentially
unchanged using XPS as the Ar2p peak displayed little if any change which is
understandable given the inert nature of Ar.
However such ion release is not always a merit since Ti and metallic ion
release may result in unfavourable cellular responses (Sodhi et al. 1991, Callen
et al. 1995). The release of metallic ions such as Al from Ti alloys was shown to
hinder the proliferation of osteoblastic cells (Anselme et al. 2000). Passivation,
which is a preclinical treatment intended to stabilize the oxide layer and
decrease such ion release from the Ti surfaces, was found to decrease the
oxide layer thickness on the CP Ti and implanted Ti surfaces as indicated by
the increased intensity of the detected bulk metal and suboxides detected on
these surfaces. Although such treatment was successful in decreasing the C
and N surface contamination, (as well as contaminant Ca when present), this
effect was not prolonged as seen by the increase in relative concentration of
these elements over a period of three days. Furthermore, passivation resulted
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in the permanent reduction in the surface concentration of the implanted Ca and
K ions which descended to low levels, comparable to those measured upon
immersion in H2O for 24 h. This is in agreement with reports of increased
dissolution of Ca-Ti surfaces in lower pH solutions (Hanawa et al. 1996a,
Hanawa at al. 1996b) as the passivation of 20 minutes resulted in similar ion
loss to the immersion in H2O for 24 h. This also suggests the existence of an
upper limit beyond which no further ion release can occur.
Alternative routes for Ti passivation include aging in boiling water which
was reported to decrease the rate of ion release from passivated Ti surfaces
(Ku at al. 2002). However, in light of the impact of water on the relative ion
concentrations, this method may not be suitable for the ion implanted surfaces
produced in the current work.
Since the dissolution rate was dependent on the surface chemistry of the
implanted surfaces, it would not be surprising if these surfaces had varying
effects in the apatite formation in HBSS or cell growth in vitro.
In addition to quantitative measurement on cell adhesion, the tissue
engineering group at the Eastman Dental Institute examined the morphology of
the bone-like cells after 4 h incubation at body temperature using scanning
electron microscopy (figure 8.1). The cells were found to be more highly spread
on the Ca-Ti and K-Ti surfaces than on the control CP Ti surface. Some cells on
the Ar-Ti surface were also flattened, yet a large percentage remained rounded
and poorly attached. It appears that although Ca ion implantation reduced the
adhesion of cells to the surface as indicated by the lower number of cells
compared to those on CP Ti, K-Ti and Ar-Ti, these cells displayed the highest
degree of spreading on the Ca-Ti (Nayab at al. 2003a). It has been speculated
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that both the attachment and morphology may be linked to faster formation of a
calcium phosphate “conditioning layer”.
S 0 9 0 06 P 6666<

15KV WD'25MM

5=0 000 0 P ' 0 0 0 0 5

*

,

&

r

,%

15KV WO 22MM

H»»

'

V

* •

.jgit;:'* '-rL23ar%>;:gL

I5KV W0'!9MM

Figure 8.1 SEM micrographs of bone like cells attached to (a) Ti, (b) Ca-Ti, (c) K-Ti
and (d) Ar-Ti discs after 4 h of incubation.

Following immersion in HBSS at body temperature, all surfaces
displayed changes visible to the naked eye and using SEM. The general
appearance suggests the deposition of a thicker calcium phosphate layer on the
Ca-Ti samples as opposed to the other surfaces although SIMS indicated the
layer were of similar thickness and XPS detected similar phosphate deposition
after 24 h on all surfaces. However, SEM imaging indicated the different nature
of the phosphate deposition on the different surfaces, while the roughness
values measured on all samples were found to be elevated by the same extent
and were very similar on the CP Ti and ion implanted Ti surfaces.
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Most importantly was the detection of phosphate deposition on the Ca-Ti
samples immersed for shorter time periods of 1 h and 2 h unlike the other
surfaces. This may influence the cellular attachment to the surfaces (although it
is slightly surprising that this is decreased on Ca-Ti compared to CP Ti) and the
spreading.
The experimental procedure used to examine calcium phosphate
deposition was found to have a critical bearing on the results. In particular, the
temperature at which the immersion studies were conducted had a marked
influence on the phosphate formation.
Even following immersion at RT, Ca-Ti samples were found to elicit more
calcium phosphate deposition than the other three surfaces, as indicated by the
XPS spectra and the general appearance. Although SEM did not indicate a
dramatic change in the topography, nevertheless the roughness of this sample
was much higher than that recorded on the other surfaces and similar to that
recorded on the Ca-Ti sample immersed at body temperature.
The results from the longer immersion periods in HBSS (24 h) may have
the most relevance to longer-term cell culture studies, which were carried out on
CP Ti and ion implanted Ti to study the cellular proliferation over 1 - 4 days
consecutive incubation at 37°C. Proliferation of bone-like cells on Ca-Ti
samples was found to be markedly enhanced compared with the CP Ti control.
Implantation with K or Ar ions resulted in insignificant increase in cell growth
relative to the CP Ti. Furthermore the cell proliferation on the Ca-Ti samples
was reported to be directly related to the concentration of Ca ions at the surface
when different implantation doses were employed (Nayab 2003b). Hanawa
reported that Ca ion implantation induced accelerated calcium phosphate
precipitation on the modified surfaces following 30 days immersion in HBSS,
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and concluded that Ca ion implantation to a dose of 1 x 10^^ ions cm'^ resulted
in the gradual release of Ca ions from the surface which caused supersaturating
of Ca ions in the near surface environment thus accelerating the precipitation of
calcium phosphates (Hanawa 1999). Both the release of ions into the bio
environment and the formation of the calcium phosphate conditioning layer may
be determining factors in these results.
Other interactions at the surface may be important but have not been
specifically studied in the current work. The following figure presents a
schematic of the most likely events at the surface of a modified CP Ti implant,
where the presence of Ca ions in the metal and the oxide layer, as well as ion
release, deposition and interactions with biomolecules in the biofluids will be
extremely important and may enhance subsequent integration in a manner
similar to that observed for HA coatings. For example, it was reported that
protein adsorption of fibronectin and vitronectin on HA surfaces is higher than
that on CP Ti and other metal implants (stainless steel). This was to thought to
lead to increased binding of purified integrins and whole osteoblast precursor
cells on HA than on either CP Ti or stainless steel (Kilpadi et al. 2001).
The in vitro and in vivo findings of the current work support previous
claims of the beneficial effects of Ca ion implantation into CP Ti (Hanawa at al.
1996, Hanawa at al. 1997) although these were lacking in quantitative
measurements and topographical measurement which the present work
supplies. These results provide answers to some of the many questions
addressed in regards to the merits of Ca ion implantation (Howlett 1999). The
current work has also demonstrated conclusively that such effects are a
function of Ca-ion implantation and not the implantation process itself.
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Figure 8.2 Schematic representation o f the components o f the Ti implant, as well
as the biological interface.

For future studies, the effect of Ca ion implantation into the Ti substrate
on phosphate deposition might be further investigated in the presence of
proteins such as fibronectin (known to promote cell adhesion) to asses the
protein binding to the modified surface. It was reported that the incorporation of
fibronectin in HBSS at a quarter of its actual concentration in blood inhibited the
formation of the calcium phosphate layer on CP Ti surfaces (do Serro et ai.
2000). These authors reported that calcium phosphate precipitation from HBSS
with albumin protein was lower than that from HBSS alone and suggested
partial inhibition of the apatite formation by the presence of albumin is a result of
the competition between the inorganic salts and the albumin to populate the
surface (do Serro at al. 1997). The protein adsorption was found to be related to
the surface roughness of the substrate since higher amounts of albumin and
fibronectin were detected on roughened Ti surfaces than on smoother Ti
surfaces (Deligianni at al. 2001).
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The role of oxide film thickness on protein adhesion is still controversial
and requires further study (Sunny et al. 1991, Walivaara at al. 1994). In a
similar manner, the role of the implanted ions may be important in enhancing or
decreasing protein adsorption. Similar experiments might involve anaysis of
amino acid adsorption on the modified surfaces.
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9 Conclusions
In conclusion, several recent studies have reported that CP Ti implants
induced cell death upon implantation into rats for short periods (1-8 days)
regardless of the surface state (hydrophilic vs. hydrophobic). This led the
authors to call for the modification of the titanium surfaces to reduce this effect
(Eriksson et al. 2002, Broberg at al. 2002). The current work puts forward a
technique of modifying the Ti surfaces (by Ca ion implantation), which was
found to enhance the hydroxyapatite deposition as well as the cellular
response. The in vitro findings of the current work support previous claims of
the effects of Ca ion implantation into CP Ti and give some indication of why
such effects are not observed for surfaces implanted with other ions.
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Appendix
XPS experimental details. Pleas note that the X-ray used was Al Ka and
the lens mode utilised was Large Area XL unless otherwise stated. (* is x10
ion cm'^).
gure
gure 4.4
gure 4.5
gure 4.6
gure 4.7
gure 4.8
gure 4.9
gure 4.10
gure 4.11
gure 4.12
gure 4.13
gure 4.14
gure 4.15
gure 4.16
gure 4.24a
gure 4.24b
gure 4.24c
gure 4.25a
gure 4.25b
gure 4.25c
gure 4.26a
gure 4.26b
gure 4.26c
gure 4.27a
gure 4.27b
gure 4.27c
gure 4.28a
gure 4.28b
gure 4.28c
gure 4.29a
gure 4.29b
gure 4.29c
gure 4.29a
gure 4.29b
gure 4.29c
gure 4.29a
gure 4.29b
gure 4.29c
gure 4.29a
gure 4.29b
gure 4.29c
gure 4.30a
gure 4.30b

Sample
C PTi
CP Ti
CPTi
CPTi
CPTi
CPTi
CPTi
C PTi
CP Ti
CPTi
CPTi
CPTi
CPTi
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti

Dose* X-ray Type
Monochromated
Monochromated
Twin Anode
Monochromated
Twin Anode
Monochromated
Twin Anode
Monochromated
Twin Anode
Monochromated
Twin Anode
Monochromated
Twin Anode
1.4
Twin Anode
1
Monochromated
Monochromated
1
Twin Anode
1.4
Monochromated
1
Monochromated
1
1.4
Twin Anode
1
Monochromated
Monochromated
1
1.4
Twin Anode
Monochromated
1
Monochromated
1
1.4
Twin Anode
1
Monochromated
Monochromated
1
Twin
Anode
1.5
Monochromated
1
1
Monochromated
Twin
Anode
1.5
Monochromated
1
1
Monochromated
1.5
Twin Anode
1
Monochromated
1
Monochromated
Twin Anode
1.5
1
Monochromated
1
Monochromated
Twin Anode
1.5
1
Monochromated

-

-

-

-

-

-

-

-

-

-

-

-

-

Lens Mode
Large area XL

17

gure 4.30c
gure 4.31a
gure 4.31b
gure 4.31c
gure 4.32a
gure 4.32b
gure 4.32c
gure 4.33a
gure 4.33b
gure 4.33c
gure 4.34a
gure 4.34b
gure 4.34c
gure 4.35a
gure 4.35b
gure 4.35c
gure 4.36a
gure 4.36b
gure 4.36c
gure 4.37a
gure 4.37b
gure 4.37c
gure 4.38a
gure 4.38b
gure 4.38c
gure 4.41
gure 5.6
gure 5.7
gure 5.8
gure 5.9
gure 5.10
gure 5.11
gure 5.12
Figure 5.13
Figure 5.14
Figure 5.15
Figure 5.16
Figure 5.17
Figure 5.18
Figure 5.19
Figure 5.20
Figure 5.21
Figure 5.22
Figure 5.23
Figure 5.24
Figure 5.25
Figure 5.26
Figure 5.27
Figure 6.1
Figure 6.2

K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Ar-Ti
Various
Ca-Ti
K-Ti
K-Ti
Ar-Ti
CPTi
Ca-Ti
K-Ti
K-Ti
Ar-Ti
Various
Various
Various
Various
Ca-Ti
K-Ti
Ar-Ti
Various
Various
Various
Ca-Ti
K-Ti
Ar-Ti
CPTi
CPTi

1
1.5
1
1
1.5
1
1
1.5
1
1
2
2
1
2
2
1
2
2
1
2
2
1
2
2
1
1
1.4
1.5
1.5
2
-

1
1.5
1.5
2
1
1
1
1
1
1
1
1
1
1
1
1
1
-

-

Monochromated
Twin Anode
Monochromated
Monochromated
Twin Anode
Monochromated
Monochromated
Twin Anode
Monochromated
Monochromated
Twin Anode
Monochromated
Monochromated
Twin Anode
Monochromated
Monochromated
Twin Anode
Monochromated
Monochromated
Twin Anode
Monochromated
Monochromated
Twin Anode
Monochromated
Monochromated
Monochromated
Twin Anode
Twin Anode
Twin Anode
Twin Anode
Twin Anode
Monochromated
Twin Anode
Twin Anode
Twin Anode
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated

Mono XPS
Mono XPS

gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure
gure

6.3
6.4
6.5
6.6
6.7
6.8
6.9
6.10
6.11
6.12
6.13
6.14
6.15
6.16
6.17
6.18
6.19
7.16
7.17
7.18
7.19
7.20
7.21
7.22
7.23
7.24
7.25
7.26
7.27
7.28
7.29
7.30
7.31
7.32
7.33
7.34
7.35
7.36
7.37

CP Ti
CP Ti
CPTi
CPTi
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
Ca-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
K-Ti
CPTi
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous
Var ous

-

-

-

-

1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
**
**
**
**

Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Twin Anode
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated
Monochromated

** Ca and K implanted Ti are at a dose of 1 x10^^ ion cm'^, while Ar-Ti is
at a dose of 2x10^^ ion cm'^.

Erratum
Page
33
46
64
86
90
100
106
117
123
128
155, 178
166
166
196
245, 278
275
290
312
318
388

HAND BOUND BY
COLLIS BIRD&WITHEY
ONE DRAYTON PARK
LONDON N5 1NU
TEL/FAX 020 7607 1116

Error
Ellingsen 1998
Regress

Correction
Esposito 1998
Progress

u

V

Chapter 1
Media
Thus it was thus
Chapter 2
Fig 4.5 no Y axis
Anlysed
Not accountable for
Damage per atom
Fig. 4.28
Two
At the immediate surface at
the surface
Form
CP TI
EBHH
Survey of HBSS at RT
Fig. 7.21
Anaysis

Chapter 4
Medium
Thus it was
Chapter 3
Intensity / arbitrary units
Analysed
Not accounted for
Displacement per atom
Fig 4.29
Three
At the surface
From
CP Ti
EBSS
Survey of HBSS at 37®C
Fig 7.23
Analysis

