Summary 

Deposition of diamond films on steel substrates for tribological applications

Low pressure deposition techniques brought radical changes in the field of diamond research and diamond became available in various forms such as thin films, free standing plates, three dimensional hemispherical forms, etc. Diamond offers ultra-high thermal conductivity, transparency across a wide range of wavelengths, extreme wear resistance, and it is electrically insulating and chemically inert. Another interesting aspect is that diamond growth can be tailored to the specific application, which results in a range of products from tool-grade material with high fracture toughness to high clarity optical window material. All these features attract a growing number of applications in diverse fields. 

The research work presented in this thesis concerned the application of diamond thin films as a wear resistant coating for steel materials. Steel is regarded widely as a high performance, contemporary engineering material. It is the material of choice for a variety of engineering applications and the markets for steel are still expanding. Application of diamond coatings on steel can enhance its properties further. The first objective of this work was to analyse and solve the problems and limitations of diamond deposition on steel substrates. The second aim was to investigate the tribological behaviour of the successfully coated samples. 

The hot filament chemical vapour deposition (HFCVD) technique was employed to deposit diamond films on high speed steel substrates. The main requirement to exploit the attractive features of diamond films is a strong adhesion to the substrate, which is very difficult to achieve with steel substrates. It is due to the chemistry between steel and carbon. Carbon has a high diffusivity in steel and steel acts as a catalyst for the formation of graphite. In addition, there is a huge mismatch in the thermal expansion coefficients of steel and diamond. These difficulties in direct deposition of diamond on steel spurred the development of different approaches, such as the use of interlayers, alloying, surface modification pretreatments, etc. Chapter 2 gives an overview of the different interlayer systems and pretreatments studied by several research groups to deposit diamond on steel. Description of the experimental set ups used in the present work to deposit diamond and to study the tribological characterization of the obtained diamond coatings is given in this Chapter. 
Deposition of diamond films directly on high speed steel substrates was attempted and the results and discussions are given in Chapter 3. Continuous diamond films were synthesized following a three step process. The first step was considered as a sort of carburization step, where the samples were subjected to a high methane concentration. This resulted in the formation of Fe3C and Cr2C3 phases. These carbides acted as a diffusion barrier for both iron and carbon atoms and reduced the incubation time for diamond nucleation. These treated samples were then subjected to ultrasonic abrasion, the second step, to enhance the nucleation density. The third step consisted of the actual diamond deposition using a lower methane concentration. Scotch tape adhesion tests showed that the diamond film adhered well to the substrate. However, the surface roughness appeared to be too large for practical applications.  

Chapter 4 presents the results acquired using CrN coatings as diffusion barrier layers for diamond deposition on steel. It was found that there are many critical parameters that influence the nucleation, growth and the adhesion of diamond coatings on steel. These include surface finish, interlayer thickness, substrate temperature and system pressure. A detailed study was carried out to probe the effect of these parameters. Substrates with three different surface finishes were prepared using wire and probe electrical discharge machining (EDM). Here, it was found that the surface texture plays an important role more than the roughness. Then, PVD arc coated CrN coatings of three different thicknesses were deposited on these samples for further analysis. Optimum results were attained with CrN layers of 2.5 µm thickness. The reactor pressure and substrate temperature were found to be of large importance to achieve a continuous and adherent diamond coating. Depositions were carried out at different pressures and temperatures. Since the mean free path of the radicals becomes increasingly smaller at higher pressures, the effective density of active species available for diamond nucleation and growth is reduced to a large extent at the sample surface. The nucleation density was found to increase with decreasing pressure and depositions at 5 mbar showed optimum results. However, even a very small change in the deposition pressure induced a significant difference in the nucleation and adhesion. Similarly, the depositions at different temperatures also showed a very narrow window for optimum results. 

Chapter 5 reports the successful use of boriding as a pretreatment for diamond deposition on steel. The borided steel surface layer, consisting of FeB and Fe2B phases, was found to act as an effective diffusion barrier for diamond deposition on steel. Previous studies showed that the presence of FeB phases resulted in high thermal stresses and consequent delamination of the diamond films. Hence, in the present work, borided high speed steel substrates with dual FeB/Fe2B surface layers as well as with single Fe2B surface layers were investigated. In this study, again, high pressure depositions gave low quality diamond films. The deposited films were covered with a large number of dark spherical “particles”, referred to as black deposits, with a typical size of 100 nm in diameter. When the deposition was carried out at a lower pressure of 5 mbar, the results were greatly improved and good quality diamond films were synthesized. There were no considerable differences in the results between the samples with dual FeB/Fe2B boride phases and a single Fe2B boride phase. So, samples with both FeB and Fe2B phases were considered for further investigations as it was quite time consuming to prepare samples with Fe2B phases alone. Though low pressure depositions showed better results, the formation of black deposits remained a problem. The black deposits were found to be graphite based carbon phases formed due to the reaction between iron boride phases and atomic hydrogen. This resulted in the formation of free iron on the surface, which was known for its catalytic activity for the formation of graphite. A two step deposition method, with a relatively high methane percentage in the first step provided an effective solution for a good quality and adherent diamond coating. These coatings were then analyzed for their wear behaviour under small amplitude oscillatory motions, known as fretting.  

Values for the average coefficient of friction (COF), µ, were derived from so called fretting loops in which the tangential force is measured versus the imposed displacement. The results showed that diamond coated samples exhibited a very low coefficient of friction (COF) and outperformed the as-borided steel samples. In general, for all the loads, significant wear on the corundum balls was observed. The tribological behaviour of the coated and uncoated steel samples was also tested using a dry sand rubber wheel apparatus. Measurements were carried out with two types of abrasive media: sand particles and aluminum oxide particles. For both abrasives, the diamond coated samples showed considerably less wear compared to the uncoated steel samples.

Chapter 6 illustrates the deposition and fretting wear behaviour of diamond coatings on high speed steel substrates using a WC-Co interlayer of 20 µm thickness. Similar to the procedure followed for the borided substrates, diamond depositions were performed in two steps. During the nucleation stage, a higher CH4 concentration was applied for 20 minutes. The CH4 concentration and duration of the growth stage was varied from run to run. The surface morphology of the WC-Co layer was found to be the major limitation. The diamond coatings were very rough, consisting of ballas-like agglomerated diamond crystals, replicating the interlayer morphology. An attempt was made to solve this problem by polishing the interlayered steel specimens before diamond deposition. In this way, the roughness of the WC-Co layers was reduced from 7 µm to about 3µm on average, although locally areas with strongly different roughnesses still could be distinguished. These samples were then subjected to tribological studies. Both fretting wear tests and dry sand wheel abrasion tests confirm that diamond coating improves the wear resistance of the steel samples. 

Finally, in Chapter 7 the use of vanadization is described as a pretreatment for diamond deposition. Steel substrates were vanadized by a thermoactive diffusion process resulting in vanadium carbide (V4C3) layer of about 4 µm thickness. All the depositions were performed in two steps. The influence of substrate temperature, duration of the growth stage and methane concentration on the diamond deposition was studied. The studies indicated that, in general, the nucleation rate and the adhesion of the diamond coating are very poor for the vanadized samples. A possible explanation for this is the lack of chemical reactivity between the carbon atoms and the vanadium carbide substrate layer, which leads to poor chemical bonding.
