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ABSTRACT

Titanium carbide has proven to be a worthy material selection as a thin film
coating for tribological applications due to its inherently low coefficient of friction, wear
resistance, high temperature stability, and sufficient balance of toughness and hardness.
Excess carbon is easily incorporated to form a stable titanium carbide plus carbon phase
in which the carbon can undergo graphitization to act as a solid lubricant and increase the
toughness of the film. Recent advances in sputtering technology have improved
deposition rates and film structures enabling the consistent production of high quality thin
films. Unbalanced closed-field magnetron sputtering has the advantage of increased
plasma density in the substrate region, which helps to subject the growing film to
beneficial ion bombardment. Pulsed DC power has been shown to have a significant
effect on the energies of electrons and ions in the discharge, which in turn modify film
structure.

Nanocomposite titanium carbide carbon thin films have been deposited by pulsed
DC closed-field unbalanced magnetron sputtering with desirable tribological properties.
A co-sputtering configuration using graphite and titanium targets creates a strong
dependence of the film structure and properties on the position of the substrate.
Shadowing growth effects become dominant if the substrate is too close to the wall of the
cylindrical chamber, resulting in a porous microstructure unsuitable for wear
applications. Positioning the substrate further away slightly decreases the deposition rate
but produces a dense film with a low coefficient of friction and a hardness value an order
of magnitude greater than at the position closest to the wall of the chamber.

Frequency, reverse time, and pulse configuration (pulsed power to one or both
targets, or DC power) have a powerful effect on the ion energy distribution in the plasma

as measured at the substrate position. The maximum ion energy for a DC discharge is 10
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eV. Ion energies as high as 280 ¢V were observed by pulsing both targets synchronously
at a frequency of 300 kHz and a reverse time of 1 pus. The ion energies in turn shape the
structure of the films, reducing porosity and grain size with increasing ion energy and
flux. Excessively high ion energies impart damage to the film and degrade the properties,
but a high flux of moderate energy ions improve the tribological performance of the

films.
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The difference in properties between the films deposited with DC power and pulsed
power was not as pronounced as expected. However given the noticeable change in
micro- and nanostructure, it is very likely a significant difference in performance would
emerge under more rigorous testing conditions.

The trends observed in properties and structure as a function of ion flux and ion

energy are summarized in a phenomenological model shown in Figure 6.1.
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Figure 6.1 Summary of property and structure trends as a function of ion flux and ion
energy. The energy threshold for producing an equiaxed structure probably lies
somewhere near 125 eV.

Based on the results of this project, the Thornton diagram could be modified such
as to replace the homologous temperature axis with one of ion energy, as shown in Figure
6.2. In the original model, a high amount of thermal energy is required to activate bulk
diffusion processes which produce an equiaxed structure. The thermal energy comes
from controlling the substrate temperature. The present work indicates that a large flux
of highly energetic ions also produces an equiaxed structure, most likely through
renucleation during film growth. The effects of ion flux and energy also correlate with

the work done by Kelly and Arnell*” outlined in Figure 2.18, where the axis of Ji/J, is
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equivalent to ion flux and the axis of bias voltage is equivalent to ion energy. While
additional work needs to be done to quantify the effects of ion flux and ion energy on the
structure of films, a general trend of film densification and reduction in grain size with

increasing energy has been established.
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Figure 6.2 Thornton structure zone model with modified temperature/energy axis.
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CHAPTER 7 FUTURE WORK

Once the equipment is installed and set up, acquisition of ion energy distributions
is relatively fast and simple. A wide variety of deposition conditions can be investigated
in a short period of time, compared to depositing and characterizing actual films which is
extremely time consuming. It would be worthwhile to characterize films deposited at the
other high energy conditions identified by the EQP measurements, namely the
asynchronous pulsing condition and synchronous pulsing at different frequencies.
Increasing the carbon content in these equiaxed structures might yield desirable
tribological properties. The high ion energies resulting from pulsing both targets might
also be beneficial for the deposition of an adhesion layer. Ion mixing between the film
and the substrate would improve adhesion of the film. Now that structure and properties
of these pulsed DC CFUBMS TiC films have been improved, it might be valuable to
revisit the idea of depositing a functionally graded film.

The transition in properties above frequencies of 175 kHz should be further
studied since these deposition conditions produce structures that would perform well. It
would also be interesting to see what happens when the substrate distance is increased
past the center of the chamber. This situation would be encountered with the use of a
rotation system where one side of the work piece would be facing the two close
magnetrons and the other side would be facing the opposing magnetrons. Finally, the
effects of substrate temperature play a significant role in the microstructural evolution of
thin films. If equipment modifications could be made to monitor and control the
substrate temperature, the supplementary data would add to the understanding of the

growth mechanisms that take place during the deposition of these films.
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