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1. INTRODUCTION AND OBJECTIVES

The development of nanomaterials involves a number of disciplines of science,
including materials science and within the composite materials. In order to satisfy the ever
increasing demand for appropriate materials behavior, the combination of different materials
can provide the properties on the macroscopic level that cannot be achieved with the
individual components. Different nanoparticles may often have some sort of outstanding
properties that are different from the bulk material. These are dosed as a composite
amplifying phase can improve optical-, mechanical-, biological properties, adhesion
characteristics, wear-, and corrosion resistance of the core material.

Most of the metal medical implants are made of titanium (Ti) or their different alloys
due to their favorable biocompatibility. Ti has excellent chemical, physical and mechanical
properties. After implantation, however, Ti ions (and / or alloying elements) can be detected
in the body - due to corrosion or metal scraping - which may cause inflammation; lead to
allergic symptoms, and in the worst case, removal of the implant may be necessary. In order
to avoid the release of ions, increase the metal corrosion resistance and biocompatibility,
several methods can be used. One of them is the passivation of the surface with different
nanocomposites. In my dissertation, | have written about the use of a such like passivating,
corrosion resistance and biocompatible titanium carbide (TiC) / amorphous carbon (a:C)
coating to increase the lifespan of surgical implants, where one of the components (a:C
matrix) is contiguous and surrounds the dispersion phase (TiC nanocrystals).

Over the last decades in the MFA Thin Film Physics Laboratory several thin films
ranging from multifarious nanocomposites - C—Ti, C—Ni, Cu-Ag, Al to polycrystalline-TiN,
Al / single crystal-TiN —were successfully produced for different applications. The properties
and application possibilities of TiC, TiN, TiCN have also been tested. During my doctoral
research | will produce TiC/a:C nanocomposite thin films to increase the structural and
mechanical stability of different implant substrates as well as to reduce the likelihood of tissue
inflammation by a simple and relatively inexpensive method. Combining carbon based films
with different nanoscale metal particles can improve the physical properties of the bulk
material. Mechanical properties of the material can be controlled by the size of the embedded
nanocrystal in the amorphous matrix. The structure consisting of an amorphous C matrix and
a TiC nanocrystalline crystal is suitable for increasing the hardness. The production of thin
films will be accomplished using the DC magnetron sputtering, which is the simplest of the

methods to be considered. A sufficiently high yield can be achieved with this method, while



the properties of the films can be well controlled by the power of the sources and thus it can

be used potentially in industrial conditions.

In my PhD research I’m going to focus on the following objectives:

1. The effect of Ti content on the growth mechanism of the films and the formation of TiC
crystals.

2. Study of the microstructure of the films and their composition dependence on sputtering

parameters.

3. Interfacial energies affecting the composition of the films.

4. Investigating the effect of TiC/a:C on the mechanical properties of thin film structures.

5. Optimum adhesion of the films by different surface treatment methods besides

sandblasting on the metal substrates prior to sputtering.

6. Corrosion resistance of the films will be tested by potentiodynamic and EIS measurements

perform in various electrolytes.

7. Biocompatibility of the coatings will be analyzed in culturing of MG-63 human bone cells
for 1, 3, 7 and 14 days, respectively.



2. EXPERIMENTAL

TiC/a:C coatings of different structures were developed by simultaneous deposition of
Ti and C on SiO/Si, commercially pure (CP) titanium (ISO5832-2), on smooth (unblasted)
and sandblasted TiAI6V4 alloy (ISO5832-3) and sandblasted CoCrMo alloy (1SO5832-12)
physiological implant material. A DC magnetron sputtering system and 2.5 x 10 mbar
background Ar gas pressure was used for deposition at room temperature. The implants were
always purchased from Protetim Medical Instruments Ltd. Depending on the time of
simultaneous deposition of 2” Ti (99.995 %) and C (99.999 %) originating from Kurt &
Lesker and by varying the sputtering power of the targets, nanocomposites of different
compositions were produced. The thin films grown at fixed carbon target power (150 W) were
examined versus increasing titanium target power (5 - 150 W). In order to determine the
deposition rate and the density of Ti and C, a C/Ti/C/Ti/C/Ti multilayer was prepared.

The properties of the obtained TiC/a:C nanocomposite thin films were analyzed by
several methods. The morphology and crystal structures of the films were studied using the
electron microscopes Philips CM-20 (TEM) with a resolution of 0.27 nm operated at 200 keV
and JEOL-3010 (HRTEM) with a resolution of 0.17 nm operated at 300 keV. In all cases
cross-section of the films were analyzed. The structure of the sample could be revealed by
scanning the thin cross-section (interface) perpendicular to the surface of the sample. X-ray
photoelectron spectroscopy (XPS) and scanning electron microscopy (SEM) were used to
study and compare the chemical compositions and morphologies of the deposited TiC/a:C
protective thin films. SEM measurements of the films before and after electrochemical
stability tests were performed in a SEM-LEO 1540 XB microscope operated at 2, or 5 keV.

The elemental composition of the films was determined by energy dispersive X-ray
spectroscopy (EDS). The chemical composition of the nanoparticle samples was identified by
X-ray diffractometry (XRD). The GADDS 2D detector system was applied to detect scattered
radiation, while the ICDD PDF database was used to evaluate the diffractograms. To measure
the thickness of C and Ti layers, a Nanoscope Multimode 8 type atomic force microscope
(AFM) was applied in a contact mode. Near-infrared Raman spectroscopy (NIRS) was used to
characterize the amorphous part of TiC/a:C thin films through its bonding configuration. The
measurements were carried out in the range of 100 - 1700 cm™ by a Renishaw1000 B micro-
Raman spectrometer using the 488 nm line of an Ar-ion laser and a 785 nm diode laser as

excitation sources.



Mechanical characteristics of the TiC/a:C coatings at room temperature were
measured by a Nanoindenter Agilent G200 (USA) device with a Berkovich diamond indenter.
The hardness and the indentation modulus values were calculated using the measuring
standards based on the work of Oliver and Pharr. The tribological behavior of the films at
room temperature was assessed by a ball-on-disk tester (CSM tribometer) moving on circular
trajectory. The sliding velocity was 0.05 m/s in air.

Electrochemical potentiodynamic and electrochemical impedance spectroscopy (EIS)
tests were performed to establish the corrosion behavior of coated and uncoated surgical
implant materials and the stability of the protective layer. First TiC/a:C thin film coated,
sandblasted TiAlI6V4 alloy and sandblasted CoCrMo alloy implant-materials were tested in
solutions with 3 different pH values (pH = 6; 1 and 13), and subsequently corrosion tests were
performed in simulated body fluids (SBF). The dissolution characteristics of the TiC/a:C thin
film coated as well as the uncoated Ti and TiAI6V4 substrates were quantitatively analyzed
by measuring the metal ions by a simultaneous Spectro Genesis inductively coupled plasma
optical emission spectrometer (ICP-OES). The sputtered films were also subjected to

hydrophilicity and biocompatibility tests.

3. NEW SCIENTIFIC RESULTS

l.a. | described in the first time the microstructure of TiC/a:C thin films formed
titanium and carbon at room temperature with a direct magnetron sputtering
depending on the titanium content, based on electron microscopy, X-ray diffraction and
elemental analytical determination. I proved that the microstructure of TiC/a:C thin
films deposited at room temperature as a function of the phase composition was similar

to the higher deposition temperatures of 150 - 350 ° C.

1.b. I have found that by the systematic alteration of the titanium content, the films were
characterized by an amorphous phase at 17.5 at% titanium content, in films containing
above 18 at% titanium, fcc crystalline TiC was formed. The particle size of the TiC
crystals showed an increasing tendency in the growth of titanium content, initially in the
form of separate particles and then transformed into a columnar structure. The amount
of amorphous carbon surrounding the nanocrystals gradually decreased and then

completely disappeared above 47 at% of titanium content.



1.c. Considering the interfacial energies, nucleation barriers and nano-thermodynamics
of different phases | have given an explanation for the formation of structures
characteristic of different compositions. The structural changes followed the the two-
component system zone model however, based on the macroscopic Ti - C phase diagram
I did not find the expected phase transformations over 47 at% titanium content, no hcp-
Ti phase formed even the Ti-content was up-to 60 at% and the carbon remained
amorphous throughout [S4] [S6].

2. | proved with measurements that the elemental composition, microstructure, local
mechanical and tribological properties of sputtered TiC/a:C films were only depending
on the power of the targets, but it did not depend on either the applied substrate or the
layer thickness. [S1] [S4] [S5].

3. | have proved that the optimal microstructure and phase composition thin film for
hardness and friction properties was that nanocomposite film which containing 38 at%
Ti yielding TiC grains of 4 + 10 nm separated by 2 + 3 nm thin amorphous matrix with
globular fcc TiC nanocrystals. | also proved with experimental results that the hardness
and the tribological characteristics of the bare Ti or TiAI6V4 implant materials with the
deposition of this optimal TiC/a:C nanocomposite coating were improving by many
times [S3] [S6].

4.a. | have demonstrated that the optimal TiC/a:C coated sandblasted TiAlI6V4 alloy had
the highest polarization resistance and contains the smallest amount of corrosion
products during the corrosion testing of various TiC/a:C thin films sputtered on

different substrates.

4.b. 1 also proved that the optimal TiC/a:C protective coating deposited on sandblasted
TiAlI6V4 surface prevented the dissolution of both Ti and Al ions in simulated body fluid
at pH of 7.4 [S2] [S5].
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