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ABSTRACT 

Diamond thin films on Fe based materials (ferrous alloys) for the purpose of improving 

their surface properties such as wear and corrosion resistance have been investigated. There are 

main barriers restricting the quality and adhesion of diamond coatings on Fe based materials. 

Firstly, the incubation time of diamond nucleation is long due to the high solubility of carbon in 

Fe. Secondly, graphite soot forms before diamond nucleation due to the catalytic effect of Fe for 

formation of graphitic carbon. Thirdly, high internal stress remains at the interface which is 

induced by the large difference in the thermal expansion coefficients of diamond and most of the 

Fe based materials. Surface modification and interlayers are two important approaches to 

overcome these problems. In this work, the effect of Cr content in Fe-Cr alloys on diamond 

nucleation and growth is being studied in order to clarify the mechanisms of Cr in diamond 

deposition. Furthermore, in order to enhance the adhesion and quality of diamond coatings, Al 

based interlayers are being investigated on ferrous alloys. 

Fe-Cr alloys (with 20~80 wt.% Cr) were exposed to a CH4-H2 mixture in a microwave 

plasma enhanced chemical vapor deposition (MPCVD) reactor. Severe metal dusting and 

carburization were observed on the alloys with low Cr content and diamond did not nucleate on 

those alloys until a graphite intermediate layer had been formed, which takes a long incubation 

time. Increasing Cr concentration in the Fe-Cr alloys promotes the formation of a Cr carbide 

buffer layer, which inhibits metal dusting and the formation of graphite soot. Consequently, 

diamond nucleation and growth can be greatly enhanced, and continuous diamond films with 

enhanced adhesion have been deposited on the Fe-80Cr alloys. 

Al based interlayers including Al and Al/AlN interlayers were deposited on ferrous alloys 

(SS316 and Kovar: FeNiCo) to enhance diamond deposition. The deposition was carried out in a 

microwave plasma chemical vapor deposition (MPCVD) reactor using a CH4-H2 mixture. The 
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obtained samples were characterized using X-ray diffraction (XRD), scanning electron 

microscopy (SEM), Raman spectroscopy, synchrotron-based X-ray absorption spectroscopy 

(XAS) and indentation testing. The results show that a single Al layer can effectively suppress 

the formation of graphite at the interface and the inward diffusion of carbon into Fe based 

substrates, and thereby enhances diamond nucleation and growth. The dual layers of Al/AlN can 

further enhance the adhesion of diamond coatings comparing with the single Al interlayer. 
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CHAPTER 1 
INTRODUCTION 

1.1 Research Motivations 

Synthetic diamond has attracted great attention owing to its advantageous properties, 

such as high hardness, high thermal conductivity, low friction coefficient, high corrosion 

resistance, optical transparency, chemical inertness, biocompatibility, and etc. Diamond coatings 

are promising for many applications in various industries, such as mechanical, optical, thermal, 

electrical, and biomedical fields [1–4]. 

Diamond films are deposited on Fe based materials to improve their surface properties, 

such as hardness, corrosion resistance and wear resistance. Stainless steel grade 316 (SS316) has 

been widely used for marine and biomedical applications due to its high strength, high corrosion 

resistance, and good biocompatibility [5]. However, its relatively low hardness and low abrasive 

wear resistance restrict many of its applications. Diamond coating can significantly improve 

hardness and wear resistance of SS316 and thus the coated materials could meet the requirements 

for broader applications. FeNiCo alloy (Kovar) is a good candidate material suitable for 

electrical devices and glass seals due to its low thermal expansion coefficient. Diamond coatings 

show similar low thermal expansion coefficient but much higher hardness and thermal 

conductivity than Kovar. It would be very promising to employ diamond coatings on Kovar to 

improve its thermal conductivity and wear resistance. The functional and protective properties of 

diamond coatings could prolong the lifetime and enhance the performance of products made of 

Fe based materials. Therefore, the deposition of diamond coatings on Fe based materials is of 

strategic importance. 

Nevertheless, it is difficult to synthesize high quality and well adherent diamond coatings 

on Fe base substrates. One main barrier is the long incubation time of diamond nucleation due to 
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the high solubility of carbon into Fe based substrates. Secondly, the formation of graphite soot 

takes place on the surface of the substrates before diamond nucleation due to the catalytic effect 

of Fe for the formation of graphitic carbon. Finally, high interfacial stress would be induced by 

the large difference in thermal expansion coefficients of diamond and most of the Fe based 

materials. The high stress leads to a delamination or poor adhesion of diamond coatings [1,6–9]. 

Researchers have made efforts to overcome these technological problems in many ways. 

These include deposition process optimization, substrate modification, and applying interlayers. 

Nitriding, boriding, and alloying were used for surface modification [10–13]. These methods 

partially enhance the nucleation and growth of diamond coatings due to the formation of nitride, 

boride and alloy phases on the surface of the substrates. Various intermediate interlayers were 

also applied to eliminate the catalytic effect of Fe, such as metallic interlayers of W, Cr, Ti, Zr, 

Al, Mo, ceramic interlayers of CrN, AlN, TiN, and multi-interlayers of W/Al and 

TiC/Ti(C,N)/TiN [14–22]. These interlayers have significantly enhanced the quality and 

adhesion of diamond coatings. However, the enhancement of adhesion has been very limited. In 

order to meet the requirements of industrial applications, well adherent and high purity diamond 

coatings are needed. Optimization of the interlayers is one of the main solutions to achieve the 

goal. Researchers are investigating interlayers in many aspects, including the materials selection 

and structures design. However, the failure potential is high as interlayers create multi interfaces. 

Surface modification is an important alternative approach as it only results in single interface. 

Both Cr and Al have beneficial effects on diamond nucleation and growth. The effect of 

Cr in ferrous alloys with a low fraction (<20 wt.%) of Cr has been studied, and the results show 

that Cr has little effect on diamond nucleation and growth [12,23]. Using Cr as interlayer was 

reported to be successful in improving the adhesion of diamond film on steels [15,24,25], 
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primarily attributed to the formation of chromium carbides. On the other hand, the adhesion 

failure of diamond coating was observed on Cr interlayers due to the large residual stress [26]. 

As a result, the underneath mechanism and the critical content of Cr to enhance diamond 

deposition need to be investigated. It has been reported that Al is a more effective alloying 

element for improvement of diamond nucleation and growth comparing to other alloying 

elements such as Ti, Cr, Si, and Mo [12]. Continuous and adherent diamond coatings have been 

deposited on steels with Al or AlN interlayer [17,20,22], in which the interlayers successfully 

suppressed the formation of graphite and the diffusion of carbon into substrates. Moreover, the 

interlayers can increase the nucleation density of diamond. However, a single layer of Al cannot 

eliminate the large thermal stress within the diamond coatings. Besides that, Al layer is soft and 

easily removed during the pre-scratch treatment. AlN has a lower thermal expansion coefficient 

than Al, which is expected to reduce the residual stress of diamond coatings. In addition, the 

hardness of AlN is higher than Al, which could prevent the failure of Al layer during pre-

treatment process. Double-interlayers are thus developed in order to combine the advantageous 

properties of Al and AlN layers. 

1.2 Research Objectives 

The overall objective of this thesis is to obtain well adherent and high purity diamond 

coatings on iron based materials by alloying modification of substrates and addition of 

interlayers. Specifically, the research has following objectives:  

1. Evaluating the effect of Cr content in Fe-Cr alloys on diamond nucleation and growth. 

2. Synthesis of well adherent diamond coatings on Fe-Cr alloys using microwave plasma 

enhanced chemical vapor deposition (MPCVD). 
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3. Synthesis of well adherent diamond coatings on commercial alloys: SS316 and Kovar by 

employing appropriate interlayers.  

4. Understanding the enhancement mechanisms of interlayers on diamond nucleation and 

deposition onto SS316 and Kovar substrates. 

1.3 Methodology  

Synthesis of diamond was conducted in a microwave plasma enhanced chemical vapor 

deposition (MPCVD) reactor. Interlayers were prepared using a biased target ion beam 

deposition (BTIBD) system. The morphology was observed by using optical microscopy, 

scanning electron microscopy (SEM), and transmission electron microscopy (TEM). The 

structural characteristics of the carbon coatings were characterized by Raman spectroscopy, X-

ray diffraction (XRD), and Energy-dispersive X-ray spectroscopy (EDS). The structure of the 

interlayers was characterized using X-ray absorption near edge structure (XANES). The 

adhesion of the diamond coatings was evaluated using Rockwell C indentation testing. 

1.4 Thesis Organization 

This thesis is comprised of five chapters. Chapter 1 generally introduces the motivation, 

objective, methodology and organization of the thesis. Chapter 2 reviews the literatures in the 

research field, including the fundamentals, the synthesis techniques, the characterization 

techniques, and the research progress of diamond deposition on Fe based substrates. Chapter 3 

gives the experimental details of the research work, including the deposition of diamond coatings 

on bare Fe-Cr substrates and interlayered commercial alloys. Chapter 4 presents the results and 

discussion of the research work correspondingly. Chapter 5 summarizes and concludes the 

research and thus suggests some future work.  
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CHAPTER 2 
LITERATURE REVIEW 

2.1 Diamond Coatings 

2.1.1 Structure of Carbon Allotropes 

Natural diamond has a specific face-centered cubic (fcc) crystalline structure, which is 

called diamond lattice. As shown in Fig. 2-1a, each plane in the diamond lattice consists of a 6-

atom hexagonal ring arrangement. The bonding length of the adjacent atoms is 1.54 Å and the 

lattice constant is 3.56 Å. As shown in Fig. 2-1b, the carbon atoms have the most concentrated 

form of tetrahedral configuration. Each carbon atom shares all available electrons with four 

adjacent atoms and exhibits an sp3 hybridization [4,27–29]. This type of covalent bonding 

provides diamond the strongest chemical linkage as known, which leads to many advantageous 

properties of diamond.  

 

Figure 2-1. Diamond lattice (a) and a unit cell of diamond crystalline structure (b) [29]. 

Graphite is the most common form of carbon and has a hexagonal structure. The atoms 

are bonded as a hexagonal ring in a flat plane, while the rings in diamond are alternately 

dislocated. The lattice constant of graphite is 6.707 Å for c and 1.47 Å for a. Diamond 

synthesized by chemical vapor deposition is polycrystalline and contains primarily sp3 bonding 
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in the grains, and sp2 bonding at the grain boundaries. Amorphous carbon has also been 

synthesized by vapor deposition, which consists of a mixture of both sp3 bonding and sp2 

bonding. In the past decades, many carbon nanomaterial with various structures have been 

synthesized and studied, such as diamond like carbon, fullerene, carbon nanotubes, graphene etc. 

[30–39].   

2.1.2 Properties and Applications of Diamond Coatings 

The unique structure of diamond contributes to its unique properties. Because of the 

strong covalent bonding and short bonding distance, diamond has high hardness and wear-

resistance and is chemical inert and corrosion resistant. The carbon atoms in diamond lattice 

have high vibration frequency due to their low mass and high restoring force. As a result, the 

thermal conductivity of diamond is higher than most known materials at room temperature. 

Another notable property of diamond is the large bandgap (5.5 eV), which makes it a good 

insulator at room temperature and a wide range of transparency from ultraviolet to infrared 

radiation. High breakdown field or high frequency photons are needed to excite the electrons to 

conduction band. Also, it is shown that diamond has a negative electron affinity, which allows it 

to emit electrons easily when electric field is applied [1,28,40]. 

Diamond coatings have a wide range of potential applications in mechanical, biomedical, 

chemical, electrical and optical fields, such as insert [41,42], end-mill [43], biosensor [3], micro-

electro-mechanical systems (MEMS) [2], field-effect transistor (FET) devices [44], optical fibres 

[45], and etc. Diamond-coated materials can combine both the properties of the substrates and 

diamond coatings to meet the demands of advanced technology.  
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2.2 Synthesis of Diamond Coatings  

2.2.1 Chemical Vapor Deposition 

Synthesis of diamond was firstly reported by General Electric in 1955 [46] using high 

pressure high temperature (HPHT) method under equilibrium conditions to convert graphite to 

diamond [47]. In this approach, graphite was compressed in high pressure about 80–100 kbar and 

heated to temperature up to 2800 °C. After that, catalysts were developed to reduce the 

conversion energy of graphite to diamond at relatively low pressure and low temperature. HPHT 

was suitable to produce single crystals of diamond from nanometer to millimeter scale. The 

applications of diamond synthesized by this method were restricted because of the high cost of 

the synthesis equipment and the high energy consumption during HPHT processing.  

Since 1958, researchers have been trying to develop methods to synthesis diamond by 

decomposition of carbon-containing gases, which is known as chemical vapor deposition (CVD) 

[48–50]. The tetrahedral bonded carbon was produced by adding single carbon atom at one time 

to the existing template. CVD process could be carried out at low pressure and temperature lower 

than 1000 °C. The equipment and energy cost of CVD is lower compared to HPHT. Moreover, 

unlike HPHT, CVD is suitable for synthesis of diamond thin films with large area for various 

applications. Extensive studies on CVD diamond have been carried out. In 1982, Matsumoto et 

al. built a hot filament reactor to activate the precursor containing hydrogen and hydrocarbon 

gases [51]. This approach significantly improved the quality and growth rate of diamond films. 

Thereafter, various CVD methods have been developed and investigated to synthesize diamond 

thin films. The CVD process could be assisted by direct current plasma [52], radio frequency 

(RF) plasma [53], combustion flame [54], direct current plasma jet [55], microwave plasma [56], 

electron cyclotron resonance microwave plasma [57], or their modifications. Hot filament 

chemical vapor deposition (HFCVD) and microwave plasma chemical vapor deposition 



 
8 

(MPCVD) are the most popular CVD techniques for diamond synthesis. HFCVD has advantages 

of low cost and simplicity. As hot filaments are used, such as W, Ta and Re, the diamond 

coatings are easily contaminated by the evaporation of the metal filaments. The generation of 

plasma in MPCVD eliminates the requirement of electrode. Also, the plasma is enclosed above 

the substrate so that the deposition rate on chamber is slow. Overall, MPCVD has advantages of 

high quality deposition and stability comparing to other CVD techniques. The limitation of 

MPCVD is the difficulty to achieve high speed and large-scale deposition. 

A typical schematic of MPCVD system is shown in Fig. 2-2. A microwave generator is 

installed above the chamber. An electric discharge is created by the microwave power through a 

quartz window. A waveguide is used to convert and direct the microwave from rectangular to 

circular. The microwave energy (frequency of 2.45 GHz) oscillates the gas phase electrons. High 

rate ionization takes place due to the collisions of the gas. The microwave plasma contains 

electrons, ions and neutrals dissociated from the gas molecules. The “hot” electrons have high 

energy as hundreds of eV, while the ions are “cool” at room temperature. The plasma ball is 

stable and adjustable by tuning the waveguide. The position of the plasma ball is dependent on 

the power, working pressure, and precursor composition. The substrates are mounted on a metal 

stage underneath the plasma. The deposition is performed as the surface of substrates immersed 

in the plasma ball [58].  
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Figure 2-2. Schematic of typical MPCVD system [58]. 

2.2.2 Mechanism of Diamond Nucleation and Growth by CVD 

The growth of diamond on single crystal diamond substrate is relatively easy and known 

as a homoepitaxy [48]. However, it is difficult to grow diamond on non-diamond (hetero) 

substrates. Diamond usually has low nucleation density on non-diamond materials [51]. With 

diamond seeds embedded into hetero-substrates, the nucleation of diamond can be significantly 

enhanced [56]. Also, heteroepitaxy growth of diamond preferentially takes place on the steps or 

defects [59]. The pre-scratch treatment of substrate with diamond particles has two beneficial 

effects on diamond nucleation: the scratching creates defects and the diamond particles are 

embedded as primary nuclei. The diamond nucleation can be also enhanced by a negative bias on 

the substrate. The incident ions have adequate energy to impinge into the substrates and react 

with the substrate to form a carbide layer. Also, the bias induces the emission of electron from 

the substrates, which enhance the plasma [60]. However, a high bias leads to the failure of 

deposition, perhaps due to the high ion energy damage the facet structure of diamond nuclei. 
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The chemical and physical processes during CVD are complex due to the collaboration of 

several aspects, such as gas and solid chemistry, heat and mass transfer, crystal nucleation and 

growth, thermal dynamics and diffusion. It is a challenge for the researchers to comprehensively 

illustrate the mechanism of diamond growth by CVD. Some common views are shown in Fig. 2-

3. Firstly, a gas mixture is introduced into chamber as reactants. The most commonly used 

precursor is CH4/H2 mixture with a few percent of CH4. The structure of diamond coatings is 

independent of the type of carbon-containing gases. The precursor is activated by either thermal 

method (e.g. hot filament) or electric discharge (e.g. microwave plasma). The gas dissociation 

significantly affects the growth rate of diamond. However, there is no direct evidence that the 

type of dissociation method would affect the structure of diamond coatings. In MPCVD, the 

hydrogen molecules are activated by the electric discharge into atomic hydrogen and electrons 

[61]: 

H2 + e- → H + H + e-         [2.1] 

Then, the H atoms react with the hydrocarbon gas (e.g. CH4) and generate active radicals, 

mainly CH3 [62]. Sometimes the CH2 and CH radicals can be detected due to the further reaction 

of H atoms and the radicals: 

CH4 + H ↔ CH3 + H2         [2.2] 

CH3 + H ↔ CH2 + H2         [2.3] 

CH2 + H ↔ CH + H2         [2.4] 

CH + H ↔ C + H2         [2.5] 
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Figure 2-3. Schematic of physical and chemical processes during diamond CVD [1].  

The atoms and active radicals are transported towards the substrate. The chemical 

reaction of active radicals takes place in the gas phase and on the surface of substrate. When the 

active species incident on the substrate, they show several possible behaviors, such as absorption 

by the surface, desorption into the gas phase, and diffusion into the surface. The carbon films are 

formed when they are absorbed. If the deposition condition is suitable, diamond structure forms. 

As shown in Fig. 2-4, the possible explanation of the diamond growth is presented. Firstly, the 

atomic hydrogen extracts one hydrogen atom from the surface and molecular hydrogen forms. In 

the second step, another radical is absorbed at the dangling carbon bond and leads to the 

formation of C-C bond. Similarly, another hydrogen is removed and the radical is received by 

the dangling bonding. As the reaction proceeds, the diamond lattice is built up.  
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Figure 2-4. Schematic of diamond growth at a {110} trough site [63]. 

2.3 Characterization Techniques 

2.3.1 Microscopic Techniques 

1) Optical microscopy 

Microscopic techniques have been employed to observe the morphology and structure of 

diamond-coated samples. Optical microscopy has been developed and applied since early 17th 

century. This technique is inexpensive and convenient. Generally, it consists of two main glass 

lenses: an objective lens and an eyepiece lens. More lenses are employed to obtain higher 

magnification. However, the aperture of the observation lens restricted the spatial resolution, 
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which is up to 0.3 µm [64]. The metallurgical microscope is useful to image the microstructure 

of phases in metallic samples and can be used to observe the morphology of microcrystalline 

diamond coatings.  

2) Scanning electron microscopy  

SEM is an electron beam based microscopic device, which has a better spatial resolution 

than optical microscopy. It is the most frequently used technique to characterize the surface 

morphology of diamond coatings. The image of the samples is obtained by the interaction of 

electrons and sample point-by-point. As shown in Fig. 2-5, the incident electron beam can be 

scattered in-elastically and elastically, resulting in the emission of secondary electron (SE) and 

the reflection of backscattered electron (BSE), respectively. Various signals are also emitted 

during the process, such as Auger electrons and characteristic X-rays. Either SEs or BSEs are 

used for imaging in SEM devices. Generally, SEs have lower energy and mean free path than 

BEs. The average moving distance of SEs is very short, thus, only the SEs within the depth of 

maximum 2 µm can be detected. The SEM based on SEs is suitable for characterization of the 

near surface topography. As the BEs is ejected during elastic scattering, their average energy is 

only slightly lower than the primary electron beam. In the kinetic point of view, the energy of 

BEs is affected by the atomic number of element. Therefore, BEs imaging can illustrate the 

contrast of variations in compositions. The characteristic X-rays also provide information of 

chemical composition, which is detected in Energy-dispersive X-ray spectroscopy (EDS) 

equipped with the SEM [65]. 
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Figure 2-5. Schematic of the electron beam and specimen interaction in SEM [65]. 

The configuration of a typical SEM instrument is shown in Fig. 2-6. The electron beam is 

generated by an electron gun, such as thermionic gun (e.g. tungsten hairpin and LaB6), Schottky 

electron gun, or field emission gun (FEG). The electrons are activated by heat in a thermionic 

gun. In the Schottky electron gun, a strong electric field is applied with heating and electrons are 

emitted by Schotttky effect. In the FEG, applying a strong electric field on single crystal tungsten 

tip induces the emission of the electrons. Condenser lenses used can focus the electron beam to 

diameter less than 10 nm. The scan generators provide current to the coils and control them in 

two directions (x and y). The electrons pass through the coil in z direction due to the circular 

magnetic field. The electron beam is deflected in x direction and condensed by the objective 

lens. Thus the electron probe focuses on the specimen and performs the raster scanning. After 

scanning a line along x-axis, the electron beam is deflected back to start the next parallel line. 

The start point of line moves along y-direction. The signals of the generators are connected to the 

display device, such as a cathode ray tube (CRT). Also, the SEs or BEs are collected by the 
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detector and the signal is transferred to the CRT. As a result, the point where the electron probe 

scans has a corresponding point on the CRT display [64].  

SEM has the most popularity among various microscopy techniques. The image mode is 

flexible, so that the specimen can be observed from large scale to nano-scale. Also, the display is 

straightforward and understandable. Nowadays, high spatial resolution up to 0.5 nm has been 

achieve in FEG-SEM. The requirement for specimen condition and preparation is relatively 

accessible. Various analytical techniques can be equipped to achieve a comprehensive study. 

Moreover, the operation of the instrument is user-friendly and highly automatic. 

 

Figure 2-6. Configuration of an SEM device with a CRT display [64].  

3) Transmission electron microscopy  

TEM device usually has a higher spatial resolution than SEM. It is favorable for imaging 

and analyzes interface and structures at nanometer and angstrom scales. Though the invention of 

TEM was prior to SEM, it has not achieved the same popularity as SEM. The thickness of a 
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TEM specimen should be within hundreds of nanometers. The sample preparation is complex 

and time consuming, which limits the applications of TEM.  

A TEM device consists of several parts, including electron gun, electron lens, apertures, 

specimen stage, vacuum system, and imaging system. The electron gun generates an electron 

beam with high energy of 80-3000 keV, which is required for electron beam to transmit through 

the specimen. The electrons are in-elastically and elastically scattered by the atoms. With respect 

to the way electron beam incident on the specimen, TEM has conventional (CTEM) mode and 

scanning (STEM) mode. In STEM, a scanning electron probe is used for high-resolution 

imaging, elemental analysis and electron diffraction. The parallel electron beam in CTEM is 

used for imaging and electron diffraction. The bright field (BF) is the most popular imaging 

method in TEM. The parallel electron beam is diffracted by the specimen or transmitted through 

the planes. An aperture is placed between objective lens and the imaging plane at the back-focal 

plane of the lens. In BF imaging mode, the transmitted beam passes through the aperture in the 

center, which is displayed as a bright hole. The atomic planes in the grains diffract the electron 

beam, which is screened as dark regions. 

2.3.2 Spectroscopic Techniques  

1) Energy-dispersive X-ray spectroscopy 

When a high-energy electron strikes the specimen in SEM, the inner shell electron of the 

atom may receive enough energy during the scattering. The inner shell electron is ejected and an 

outer shell electron then fills the vacancy. As the electron drop from higher state to lower state, 

the energy is emitted as X-rays or light (Fig. 2-5). Alternatively, the energy may be transferred to 

another outer shell electron, which is called Auger electron. The signals of X-rays and Auger 

electrons are both characteristic for the elements. The generation of Auger electrons is favored in 
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light elements. The emission of X-rays is dominant in high atomic weight elements. The 

characteristic X-rays illustrate the energy difference of the two states in the element.  

The characteristic X-rays are detected by two methods, which are distinguished as 

energy-dispersive X-ray spectroscopy (EDS) and wavelength-dispersive X-ray spectroscopy 

(WDS) (Fig. 2-7). In a wavelength-dispersive spectrometer (a), the x-rays are diffracted by a 

single crystal and then counted by a detector according to different wavelengths. The inter-planar 

spacing of a crystal is dependent on the element of interest, which is based on the Bragg’s law. 

As a result, WDS detects one element at one time with a specific crystal. Instead, EDS collect all 

detected elements in a single spectrum. In an energy-dispersive spectrometer (b), the x-ray 

quanta generate charge pulses in the detector. The electric signals are processed and transformed 

to digital signals, which are thus designated into slots based on the energies. The EDS spectrum 

shows the intensity of X-rays versus photon energy. The chemical and elemental analysis can be 

performed as a line-scan or a map distribution. With the modern software for EDS, the 

overlapping peaks of different elements can be distinguished. The spatial resolution of EDS 

elemental distribution map is dependent on the activation volume of the incident electron beam 

and the mean free paths of X-ray quanta. High resolution about 100 nm can be obtained by 

narrowing the electron beam in SEM [66]. As a result, EDS provides elemental analysis with 

accuracy and high spatial resolution. 
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Figure 2-7. Schematics of WDS (a) and EDS (b) measurements in a SEM [66]. 

2) Raman spectroscopy 

Raman spectroscopy is commonly used to characterize the vibrational modes of the 

molecules. The position and the shape of the peaks are sensitive to the impurity and strain of the 

crystal lattice. When laser light is scattered by a molecule, most photons are elastically scattered 

and have the same energy as incident photons. The elastic scattering is referred as Rayleigh 

scattering. A small fraction of light undergoes inelastic scattering, which also called Raman 

scattering. The electromagnetic radiation excites the molecule to a virtual energy state before the 

photon is scattered. The scattered photon has lower energy than the incident photon when the 

molecule is excited from ground state, which is called the Stokes scattering. Thus, the frequency 

of the photon shifts to a lower value. In contrast, the scattered photon has higher energy than the 

impinging photon when the molecule is originally in an excited state, which is called the Anti-

Stokes scattering. Correspondingly, the frequency of photon becomes higher than the incident 

radiation. The frequency shift is shown as the x-axis in a Raman spectrum. The intensity of the 

shift is the y-axis, which is related to the rotation and vibration state of the specimen. Generally, 

only the Stokes shifts are analyzed because the low frequency signals have higher intensity.  
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Figure 2-8. Diagram of light scattering. 

Diamond has two carbon atoms in a tetrahedral primitive cell. Its high symmetric 

structure is Raman active and the mode are triply degenerated [67,68]. The first order peak 

locates at 1332 cm-1, which is characterized as the diamond peak. The crystalline graphite has 

two Raman active modes. A low wavelength peak occurs at 1357 cm-1 because of a shear mode 

of two adjacent sheets. And a higher wavelength peak 1580 cm-1 is assigned to the stretching 

mode within the sheet. The features of diamond peak reveal its thickness, internal stress and 

grain size. The intensity of Raman line is proportional to the thickness. The full width at half 

maximum (FWHM) indicates the quality of diamond. The shifting of peak could be attributed to 

the residual stress within the diamond film. The downward shift of the peak could be related to 

tensile stress whereas the upward peak shifting could be caused by compressive stress. 

Quantitative relationship between the peak shift and residual stress was reported by Ager and 

Drory [69],  

 for singlet      [2.6] 

 for doublet     [2.7] 

σ (GPa) = −1.08(ν s −ν0 )(cm
−1)

σ (GPa) = −0.384(νd −ν0 )(cm
−1)
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where υ0 was the natural diamond peak at 1332 cm-1; υs was the singlet shift and υd was the 

doublet shift. The equations were modified by Ralchenko et al. when the peak did not split [70]. 

The measured peak is in the center of the singlet and doublet peaks,  

        [2.8] 

So, the equation is rewritten as 

      [2.9] 

The peak shift in Raman spectrum could be induced by residual stress in diamond. The 

residual stress can be resulted from the mismatch of thermal expansion coefficient, which lead to 

the splitting and delamination of coating, and the cracking of substrate. 

3) X-ray absorption near edge structure  

XANES is a type of X-ray absorption spectroscopy (XAS), which has been commonly 

used for characterizing surface geometric and electronic structures. The technique is based on the 

photo-absorption phenomenon with the excitation of the core level electrons to unoccupied 

states. The intense and tunable soft X-ray is generated by a synchrotron radiation. The 

synchrotron source produces high intensity beam through a beam line to the end-station. Also, 

the resultant radiation has strong polarization, which is beneficial for identifying the orientations 

of σ-bond and π-bond.  

The photo-absorption is initialized when the energy of X-ray reaches the threshold. The 

energy threshold depends on the transition from the core level to the lowest unoccupied level. As 

shown in Fig. 2-9a, the electron in the core level absorbs the energy of an incident X-ray photon 

and travel to an unoccupied level. As the energy of X-ray increases, the electron can be excited 

to the continuum state [71]. The excitation creates a hole in the core state and a photoelectron, 

which is called the final state. The final state is immediately changed because an outer shell 

νmeasured = 0.5(ν s −νd )(cm
−1)

σ (GPa) = −0.567(νmeasured −ν0 )(cm
−1)
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electron fills the vacancy. The process is accompanied with the emission of an Auger electron or 

a fluorescent photon.  

The signals are collected through the fluorescent yield (FY) or the total electron yield 

(TEY). The FY mode detects emitted fluorescent photons excluding the other signals. The 

resultant spectrum has low signal/background ratio. This method is not surface sensitive because 

the absorption depth of X-ray can be up to hundreds of nanometers. The cost of fluorescent 

detector is high and the count of the signal is sometimes low [72]. In the TEY mode, the 

electrodes in the detector collect all the emitted electrons, including mainly secondary electrons, 

as well as photoelectrons and Auger electrons. The electrons have short mean free path, which 

travel from a depth up to tens of nanometers. So the TEY mode is surface sensitive and not 

affected by the absorption of fluorescent photons. Compared to FY mode, TEY mode has 

advantages including surface sensitivity, simplicity, cost-effective, and low signal/noise ratio. 

However, the signal/background ratio of TEY is relatively high. 

 

Figure 2-9. Schematic of photo-absorption process (a) and XAS spectrum with XANES and 
EXAFS regions (b) [71]. 

XANES is obtained in the region of 5-150 eV over the energy threshold (Fig. 2-9b). The 

corresponding electron transition is from the core level to unoccupied level. The photoelectron 
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undergoes the multi scattering by the neighbor atoms. Therefore, XANES provides information 

of the chemical bonding and crystal phases. For example, the structure of AlN has been 

characterized by N K-edge and Al K-edge XANES [73,74]. The extended X-ray absorption fine 

structure (EXAFS) is in the region of 150 eV more than the energy threshold. The electron is 

excite to a continuum state which is dependent of the nearest atomic arrangement. It is suitable 

for interatomic structural characterization.  

2.3.3 Crystalline Structure Characterization 

X-ray diffraction (XRD) is an analytical technique used to identify the crystalline 

structures. X-rays are coherent electromagnetic radiations with short wavelength (λ). Atomic 

planes are periodically arranged in a crystalline. The wavelength of X-ray has similar value as 

the planar spacing, so that the X-ray is diffracted. When X-ray impinges the atomic plane at 

angle θ, it is elastically scattered by the electrons, while the interaction of X-ray and neutron is 

negligible. The deflected waves may weaken each other via destructive interference in most 

orientations. The constructive interference takes place when the impinging angle meets the 

Bragg’s law, 

          [2.10] 

where d is the planar spacing, θ is the impinging angle, λ is the wavelength, and n is an integral. 

The scattered X-ray has high intensity where the constructive interference occurs.  

A conventional XRD instrument consists of five main components: an X-ray source, the 

primary optic, the sample stage, the secondary optics, and the detector [75]. The X-ray tube 

generates X-ray from a metallic target activated by electron source. The wavelength λ of X-ray 

should be in the same order as the planar spacing d in order to form the diffraction pattern. The 

shapes of X-rays are dependent on the analytical applications. For example, the line focus beam 

is used for phase diagnose and point focus beam is used for texture and stress. Slits are employed 

2d sinθ = nλ
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to increase the convergence of the beam. Sometimes, X-ray mirrors are introduced to create 

focused beam. The sample stage is a stable stand while using the rotation configuration of the 

tube and detector. The rotation of sample stage is used to analysis inhomogeneous structures or 

to neutralize the instrumental inaccuracy. The deflected beam transmits through a secondary 

optics, which reduces the divergence. Then, the detector receives the parallel X-ray beam, which 

is commonly scintillation or proportional.  

 

Figure 2-10. Diagram of Bragg’s Law.  

An XRD pattern presents the relationship of angle 2θ and the intensity of the diffracted 

beam. The positions of the peaks determine the lattice parameters of the phases. Also, the shape 

and shift of the peaks indicate the size, strain and preferential orientation. The positions of 

angular 2θ can be referred to the powder diffraction files. The polycrystalline diamond has a 

specific pattern shown in Table 2-1. In practice, the relative height of the peaks indicates the 

preferential grain orientation. The FWHM of the peaks is calculated in order to analysis the grain 

size, defects and strain. The penetration depth of X-ray into diamond is above 100 µm. As a 

result, the XRD pattern of diamond thin film is always used to identify the structure of diamond 

as well as the substrates and interlayers.   
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Table 2-1. XRD patterns for powdered diamond (Cu Kα radiation, λ= 1.5405Å) [1]. 

hkl d 2Theta Relative intensity 
111 2.0600 43.9 100 
220 1.2610 75.3 25 
311 1.0754 91.5 16 
400 0.8916 119.5 8 

 

2.3.4 Adhesion Evaluation 

From thermodynamic point of view, the work (WA) required to detach two phases from 

the interface is written as, 

         [2.11] 

where γf and γs are the specific surface energy of the film and substrate, respectively. γfs is the 

interfacial energy [76]. For example, the interfacial energy of a film and its homogeneous 

substrate is zero, thus WA = 2γs. The positive value of WA indicates the adhesion or attraction. 

The adhesion of an epitaxial coating and its substrate are the strongest. The value of γfs is 

important for the adhesion failure at the interface of different materials. The interface of solid-

solution formers has higher adhesion than the interface of immiscible materials forming chemical 

bonding. From atomic point of view, the adhesion energy is either due to the van der Waals force 

or due to chemisorption, such as covalent, metallic and ionic binding.  

Film and substrate interfaces have been classified into four types: 1) Abrupt interface is 

identified by the absence of interaction between the substrate and film, e.g. diamond on copper 

substrate; 2) Compound interface is usually the few atomic layers with both the film and 

substrate materials, e.g. Al on steels; 3) Diffusion interface is identified by a gradient layer due 

to the solubility between the film and substrate materials; and 4) mechanical interface is 

recognized as the mechanical interlocking between a film and a rough substrate. 

WA = γ f + γ s −γ fs
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Nevertheless, the actual interfacial binding strength is very hard to be directly measured. 

Various techniques have been used to evaluate the adhesion, including pull-off tests, scratch tests 

and indentation tests. Pull-off testing is a quantitative test using a pulling force on an adhesive 

above the coating. The method is accurate if successfully calibrated. The main disadvantage is 

the strength limitation of the adhesive, which may fail before the detachment of diamond 

coating. The scratch testing is a qualitative method using an indenter under a perpendicular force. 

The shape of the indenter is known and the load is continuously increasing. The scratch is 

observed by using a microscopic technique to determine the critical load. The acoustic signals 

are also measured to estimate the critical load for detachment. The acoustic emission increases 

significantly the coating is detached from the substrate. However, the scratch tips undergo wear 

and cleavage while used on hard coatings. Another qualitative method, indentation testing, is 

simple and eliminates the potential damage to the indenter. There are two approaches to estimate 

the adhesion. One is to determine the critical load that induces the delamination. The other is to 

compare the imprint of the delamination area. For example, Rockwell C indentation testing is 

using a spherical coned diamond tip. The imprint after applying a load 150 kg can be observed 

under an optical microscopy. The delamination is classified into HF 1 to HF 6, where only HF 1 

and HF 2 indicate satisfying adhesion. Also, a range of loads can be applied on the coating to 

estimate the critical load for delamination.  

2.4 Deposition of Diamond Coatings on Fe Based Materials 

2.4.1 Diamond Deposition on Bare Fe Based Substrates  

In 1976, Kanda et al. synthesized crystalline diamond on pure iron by HPHT [77]. With 

the development of CVD techniques, researchers have tried to deposit diamond coatings on 

various Fe-based materials. It has been found that there are three main barriers. Firstly, carbon 
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dissolves into the Fe substrates readily during the deposition and thus the substrate surface has a 

low carbon concentration until the carbon is saturated inside the substrates. This prolongs the 

time for diamond nucleation and changes the structure of the substrates and thus negatively 

impacts the properties of the substrates. Secondly, the formation of graphite soot is inevitable on 

Fe based materials because Fe catalyzes the formation of graphitic carbon. The soft graphite 

phase formed at the interface results in a weak adhesion between diamond and substrates and 

introduces impurity into diamond coatings. Lastly, there is a large mismatch of coefficients of 

thermal expansion (CTE) between diamond and most of the Fe based materials. At room 

temperature, the CTE of diamond is 1×10−6 K−1, while CTE of steel is about 16×10−6 K−1. The 

large mismatch induces a large thermal stress within the interfaces, which can thus cause the 

delamination [6]. The thermal stress of diamond can be derived as, 

       [2.12] 

where E is Young’s modulus of diamond (~1050 GPa); υ is the Poisson ratio of the diamond (~ 

0.07); αf and αs are the thermal-expansion coefficients of the diamond film and substrate, 

respectively; and dT is the deposition temperature minus room temperature [69]. 

2.4.2 Alloying and Surface Modification on Diamond Growth and Adhesion 

Liao et al. [78] deposited diamond on low carbon steel with diamond powder pre-

treatment. They reported a low nucleation density of diamond and suggested the use of surface 

modification to enhance nucleation and adhesion. Davanloo et al. used C3+ and C4+ ions to treat 

the surface of stainless steel (SS) 316L and diamond coatings were then successfully synthesized 

onto the treated steel due to the formation of a carbide interfacial layer [79]. In 2001, Borges et 

al. modified the surface of SS304 by nitriding and carbonitriding [80]. They stated that FexNy 

and FexNyCz phases deactivated the catalytic effect of Fe and less graphite soot formed and 

σ thermal =
E
1−ν

(α f −α s )dT20

T

∫
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instead a composite layer of diamond, chromium carbide and chromium nitride formed at the 

interface and the interfacial adhesion was enhanced. Ion beam nitriding was applied to treat SS 

440C by Shang et al. in the same year and it enhanced the diamond nucleation but did not 

eliminate the formation of graphite at the interface [10]. In 2004, Buijnsters et al. obtained 

continuous diamond coating on borided SS316 substrates and the critical load in scratch testing 

was 69 N, which is not sufficient for most of the applications [81]. Gowri et al. modified the 

deposition process to three steps in a HFCVD reactor and improved the nucleation of diamond 

on tool steel [82]. The same group also reported that boriding high-speed steel could reduce the 

formation of graphite at the interface [83]. Recently, boriding treatment was used on SS316 and 

nanostructured diamond (NSD) was deposited on the treated SS316 and SS 440C [11]. 

Substrate composition had significant influence on diamond growth [9,84]. For example, 

well adherent diamond coating has been deposited on chromized 41Cr4 steel [85]. The addition 

of Si and Al to Fe-9Cr alloys enhanced diamond growth [86]. However, the addition of Mo, Cr, 

Mn and Ti to Fe-15Cr alloys had no obvious effect on promoting diamond growth. It has been 

found that only Al can significantly enhance diamond growth on Fe-Cr alloys [12,86]. The 

addition of a small amount of Al into Fe based alloys can enhance the quality of diamond 

coatings [87]. The enhancement mechanism of Al and Cr in Fe based materials has been further 

studied and the results show that the Al oxide layer formed on the surface can prevent the 

diffusion of carbon and suppress the catalytic effect of Fe [88]. For Al alloyed ferrous substrates, 

a nano-scale aluminum oxide buffer layer forms at the interface and inhibits the carbon diffusion 

[23,89]. Due to the third element effect of Cr, the critical content of Al to enhance diamond 

growth can be reduced. Cr has been found to be beneficial for interfacial adhesion with the 

formation of carbides [23]. The barrier effect of Cr is attributed to the formation of an intense 
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chromium carbide layer. The carbide layer promotes the carbon saturation at the surface and the 

following nucleation of diamond. Also, the chromium carbide phase suppressed the catalytic 

effect of Fe by physically separating it from the reaction atmosphere [15].  

Chromium is also an important alloying element in ferrous alloys and it has been 

considered a potential interlayer material to improve diamond deposition on steel substrates. The 

effect of Cr in ferrous alloys with a low fraction (< 20 wt.%) of Cr has been studied, and the 

results show that Cr has little effect on diamond nucleation and growth [12,23]. Using Cr as 

interlayer was reported to be successful in improving the adhesion of diamond film on steels 

[15,24,25], primarily attributed to the formation of chromium carbides. On the other hand, other 

researchers concluded that Cr did not successfully function as a good interlayer for diamond 

deposition on ferrous alloys [26]. In one word, Cr is important for diamond deposition but the 

effect of Cr in ferrous alloys on diamond nucleation and growth has not been clarified. To clarify 

the effect of Cr on the nucleation and growth of diamond on ferrous substrates, in present work, 

a series of Fe-Cr binary alloys with a wide range of Cr content has been prepared, and the 

corresponding nucleation and growth behavior of diamond was investigated in a microwave 

plasma enhanced CH4-H2 atmosphere, which has not been reported in previous research. 

2.4.3 Diamond Deposition on Fe Based Substrates with Interlayers 

Intermediate layers are inevitable in order to deposit well adherent and high quality 

diamond coatings on Fe based substrates. Efficient interlayers act as barriers to suppress carbon 

diffusion into substrate and the catalytic effect of Fe for graphitic carbon formation. The 

interlayers also provide active nucleation sites and strong bonding for diamond coatings. 

Extensive research has been done to develop appropriate interlayers experimentally [21,22,90–

94]. A few papers have also tried to estimate the effect of a single metallic interlayer on the 

adhesion of diamond coating theoretically [95–97]. However, the performance of an interlayer 
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system is complex and dependent on many aspects: the affinity with carbon and strength of 

carbide bonding; the structure, composition and thickness of interlayers, the combination of 

multi-interlayers, and the thermal expansion coefficient. Theoretical calculations are hard to 

predict the behavior of an interlayer system. 

Various single interlayers have been studied. W interlayer was applied on #R18 steel for 

diamond deposition [70]. The diamond coatings did not delaminate instantly but had high 

internal stress because the mismatch of CTE is still high with W interlayer. Ti interlayer was 

applied on steels by Fan et al. [98] and both Ti and Cr were applied on steel and cast iron for 

diamond deposition by Silva et al. and Fan et al. [24,99]. The results show that both interlayers 

could provide good nucleation sites for diamond and the adhesion varies with the deposition 

parameters and substrate materials. Ti interlayer shows better adhesion than Cr interlayer, which 

can be attributed to the stronger bonding of TiC. Diamond composite interlayers on high-speed 

steels show better adhesion than a single silicon carbide interlayer due to the composite structure 

and the formation of carbide phase [94]. Diamond nucleation density was too low on Si coated 

steel to form continuous coatings [100]. Various Ti and Zr based compound interlayers have also 

been investigated on high speed steel [16]. The results show that TiC is the best interlayer where 

ZrN, ZrC, and TiC/Ti(C,N)/TiN interlayers are not suitable. Haubner et al. investigated various 

physical vapor deposition (PVD) interlayers including TiN, CrN, TiAlN and TiCN on 18/9-CrNi 

steel and have found that TiN, TiAlN and TiCN are better carbon diffusion barrier than CrN 

[101]. High velocity oxy-fuel sprayed thick WC-Co interlayer (>10 µm) on high-speed steel and 

AISI 1085 carbon steel has been found to be effective in reducing formation of graphite and 

enhancing diamond nucleation and adhesion. [83]. Wei et al. studied the effect of the thickness 

and structure of WC-Co interlayers on the wear and corrosion resistance of diamond coatings. 
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The results demonstrate that diamond coatings hold potential application for corrosion and wear 

protection applications [102,103].  

Cr based interlayers have attracted special interest. Fayer et al. used chromium nitride 

interlayer on carbon chrome steel and achieved desirable adhesion and wear resistance (critical 

load of Rockwell C indentation was 1000 N) due to the formation of chromium carbides [104]. 

However, Buijnsters et al. reported that diamond could not form continuous coating on Cr-N 

coated SS316 due to the large CTE of the substrate [19] but could form on PVD CrN interlayer 

because of the reduced thermal stress [81]. CrN interlayers have been further studied by other 

researchers [41,105]. Diamond coatings on metallic Cr coated 41Cr4 and X50CrMoV15 

substrate showed high nucleation density and high growth rate on due to the formation of a 

chromium carbide interlayer during diamond deposition [25,106]. Further tribological evaluation 

of diamond deposition on chromium carbide coated C35 steel suggests that chromium carbide is 

an effective interlayer for diamond deposition [107].  

Enhancement of diamond deposition has also been achieved by using Al based single 

interlayers. In 1996, high purity diamond coatings was reported to be successfully deposited on 

ultrathin AlN coated bearing steel and tool steel [20] and on Al-N coated #45 steel [22]. In our 

group, diamond deposition on Al coated Fe based substrates has been systematically investigated 

and adherent diamond coatings have been achieved [17,21,88,108,109]. Al has high affinity with 

carbon [88] and can suppress the catalytic effect of Fe [17], therefore, the Al interlayer improves 

the quality and adhesion of diamond coatings. In our recent research [89], an annealing post 

treatment was employed to aluminize the substrate before diamond deposition and high 

resolution TEM observation of the interface suggests that Al is oxidized to form aluminum oxide 
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layer, which actually contributes to the enhancement of diamond nucleation and adhesion. It 

should be noted that Al is soft and easy to be damaged; its continuity is hard to be guaranteed. 

Multilayers Mo/Ni/Mo and single layers of Mo or TiN on tool steel SKD61 have been 

investigated as well and the results illustrates that Mo/Ni/Mo is better than other layers [110]. An 

ultrathin dual layer of Al/W has found to be very effective in enhancing diamond nucleation and 

adhesion. In Al/W dual interlayers, the inner Al layer successfully suppressed the carbon 

diffusion and catalytic effect of Fe for graphite formation. The upper W layer is more effective in 

enhancing diamond nucleation than other carbide forming elements [21]. Meanwhile, strong 

bonding between WC and diamond contributes to adhesion enhancement of diamond. However, 

Al/Ti and Al/Cr dual layers failed to improve the adhesion of diamond [108]. In general, 

multilayers can combine the beneficial effects of individual layers; nevertheless, multilayers are 

more complicated with more interfaces and thus need careful design. 

AlN is harder than W, Ti and Cr. The relatively high hardness of AlN would prevent the 

failure of Al layer during the pre-treatment process. In addition, AlN has a lower thermal 

expansion coefficient than W, Ti, Cr, and Al, which is expected to reduce the residual stress of 

diamond coatings. Furthermore, it has been reported that AlN interlayer can enhance diamond 

nucleation on steels, Si, and WC-Co [20,22]. Considering those three points, Al/AlN dual layers 

would be very promising to prevent the carbon from diffusion into substrates and the formation 

of graphite at the interface as well as reduce the residual interfacial stress induced by the 

mismatch of thermal expansion coefficients. Therefore, this research aims to use Al/AlN double 

interlayers to enhance the nucleation and adhesion of diamond on Fe based materials (SS316 and 

Kovar), which has not been reported in previous research. As reference, Al monolayer is also 

studied. 
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CHAPTER 3 
EXPERIMENTAL METHODS 

3.1 Deposition of Diamond Coatings on Fe-Cr Alloys 

3.1.1 Substrate Materials and Pre-treatment 

The Fe-Cr alloys were prepared by vacuum arc-melting using appropriate mixtures of 

pure Fe (99.79 wt.%) and pure Cr (99.86 wt.%). The nominal chemical compositions (in wt.%) 

of the Fe-Cr alloys were Fe-20Cr, Fe-40Cr, Fe-50Cr and Fe-80Cr, respectively. The actual 

compositions (in wt.%) of the Fe-Cr alloys were determined by energy dispersive X-ray 

spectroscopy to be Fe-20.2Cr, Fe-39.7Cr, Fe-50.4Cr and Fe-79.8Cr, respectively. The melted 

alloys were casted and then annealed at 700 °C for 20 h to stabilize their microstructures. After 

that, the alloys were cut into specimens with dimensions 10x10x1 mm3. All the specimens for 

diamond deposition were prepared by Dr. Yuanshi Li. Prior to deposition, the samples were 

abraded up to 800 grounding grit and ultrasonically cleaned in ethanol followed by distilled 

water. To facilitate diamond nucleation, some alloy samples were also pre-scratched 

ultrasonically by diamond suspension (particle size of 2 µm) for 45 min. The samples were then 

ultrasonically cleaned in acetone for 15 min. 

3.1.2 Deposition of Diamond Coatings 

Diamond deposition was performed in a 2.45 Hz MPCVD reactor (Plasmionique Inc.) as 

shown in Figure 3-1. The microwave power was 900 W and the substrate temperature was 

approximately 680 °C. The system was pumped to a base pressure of 1×10-6 torr and then a gas 

mixture of CH4/H2 was in introduced to the chamber at a total flow rate of 200 torr with 1 vol.% 

CH4. During deposition, the working pressure was maintained at 23 torr. 
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3.1.3 Characterization Techniques 

The deposited samples and the microstructural changes of the substrate were 

characterized using Raman InVia device (Renishaw 2000, Ar laser 514 nm wavelength) as 

shown in Figure 3-2 and X-ray Diffractometer (XRD, Rotaflex Ru-200) as shown in Figure 3-3 

with Co Kα radiation. The morphologies of the deposited samples were observed by Scanning 

Electron Microscope (SEM, 20 kV, JSM 840 A) as shown in Figure 3-4 and Transmission 

Electron Microscopy (TEM, Phillips CM10) as shown in Figure 3-5. The cross-sectional images 

and chemical compositions were obtained by a Hitachi SU6600 SEM equipped with an Energy 

Dispersive X-Ray Spectroscope (SEM/EDS). Prior to the observation by SEM/EDS, the samples 

were ground by #800 SiC sandpaper followed by 9 µm and 3 µm diamond slurry and then etched 

in a 20% HCl solution for 15 seconds. 



 
34 

  

Figure 3-1. A picture of the MPCVD system (Plasmionique Inc.). 
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Figure 3-2. A picture of Raman spectroscopy instrument. 

 

Figure 3-3. A picture of XRD instrument. 
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Figure 3-4. A picture of SEM instrument. 

 

Figure 3-5. A picture of TEM instrument. 
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3.2 Deposition of Diamond Coating on SS316 and Kovar 

3.2.1 Substrate Materials and Pre-treatment 

Commercial Kovar alloy (Fe29Ni17Co, in mass %) was cut into specimens of 10 mm× 

10 mm × 1 mm. AISI type 316 austenite stainless steel (SS316) sheets was also used as 

substrates, which have a size of 18 mm in diameter and 1 mm in thickness. All the substrate 

samples were grounded and mechanically polished with #800 SiC sandpaper and then 

ultrasonically cleaned by acetone. 

3.2.2 Deposition of Interlayers and Diamond Coatings 

Al and Al/AlN interlayers were deposited by ion beam sputtering using an End-Hall (EH) 

ion source KRI EH-1000 (manufactured by Kaufman & Robinson, Inc. USA), as shown in 

Figure 3-6. In the case of preparation of Al interlayers, the Fe based samples were firstly etched 

using Ar ion beam for 15 min and then coated with Al layer by sputtering Al target (purity 

99.99%) using Ar ion beam with an energy of 400 eV, or AlN layer by sputtering Al in N2 

atmosphere. For Al monolayer, the deposition time was 6 hrs (if not specified). For Al/AlN dual 

layers, the deposition time for Al layer or Al/AlN layers was 3 hrs respectively (if not specified).  

The samples coated by interlayers were then ultrasonically scratched in a diamond 

(average particle size of approximately 2 µm) suspension for 120 s. After that the scratched 

samples were ultrasonically cleaned in acetone for 300 s and put into the vacuum chamber to be 

deposited with diamond for 6 hrs. Diamond deposition was performed in a 2.45 Hz microwave 

plasma enhanced chemical vapour deposition (MPCVD) reactor (Plasmionique), as described in 

previous papers [36,111]. The power of microwave was 800 W and the substrate temperature 

was approximately 670 °C. CH4-H2 gas mixture with 1 vol% CH4 was introduced into the 

chamber at a total flow rate of 200 sccm. A pressure 3.07 kPa (23 torr) was maintained during 

the whole 6 hrs deposition.  
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Figure 3-6. Pictures of the EH-IBD system, chamber (a) and control and power system (b).  

3.2.3 Characterization Techniques 

Four different kinds of samples were prepared prior to the diamond deposition: Al coated 

SS316, Al/AlN coated SS316, Al coated Kovar and Al/AlN coated Kovar. The as-deposited 

diamond samples were characterized by Scanning Electron Microscopy (SEM, 20kV, JSM 

840A), Raman (Ar laser with wavelength of 514nm), X-ray Diffractometer (XRD, Co Kα 
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radiation), and Rockwell C indentation testing (load at 1470 N). The X-ray absorption spectra 

(XAS) at N and Al K-edge of the synthesized AlN interlayer were measured using SGM 

beamline at the Canadian Light Source, and the data were collected with a total electron yield 

(TEY) method. 
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CHAPTER 4 
RESULTS AND DISCUSSION 

4.1 Metal Dusting, Carburization and Diamond Deposition on Fe-Cr Alloys in CH4-H2 
Plasma Atmospheres 

4.1.1 Metal Dusting and Carburization of Low Cr Alloys 

After exposure to the CH4-H2 plasma, the Fe-Cr alloys showed quite different deposition 

behaviors depending on their individual Cr concentrations. On the Fe-20Cr sample, a thick 

carbon deposit was quickly formed on the substrate surface after 3 h deposition, containing both 

fine graphite particles and filaments with a loosely packed structure (Fig. 4-1a). Diamond phase 

is not detected on this surface as revealed by Raman spectroscopy. The TEM images (Fig. 4-1b-d) 

further indicate that the filaments are kinds of multi-walled carbon nano-tubes embedded with 

metal-rich particles. Fig. 4-2 shows the cross sectional SEM/EDS results of the Fe-20Cr 

substrate after 3 h deposition. A carburized layer with a thickness of approximately 20 µm can be 

clearly seen. The elemental distribution from the surface into the substrate was carried out in the 

colored area labeled as ‘Map 1’. Elemental spectra by EDS were also obtained for areas ‘Map 2’ 

and ‘Map 3’, respectively. The chemical compositions of the regions were shown in Table 4-1. It 

can be see that high carbon concentration has been detected from the surface till to an innermost 

porous layer which has a composition of 59.26% Fe, 28.35% Cr, 9.23% C, and 3.15% O (wt.%). 

An intermediate layer adjacent to this porous layer is rich in Cr with a composition of 58.11% Cr, 

21.92% Fe, 13.39% C, and 6.58% O (wt.%). The outermost layer is basically a carbide mixture 

of both Fe and Cr. 

With prolonged deposition times, the carburization zone becomes deeper and shows an 

irregular interface where substrate has been significantly degraded (Fig. 4-3). Meanwhile, 

diamond nucleation, with a very low density, is initiated on the substrate surface after a longer 
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deposition time, as shown in Fig. 4-4. It should be mentioned that a continuous diamond film 

could be eventually formed on this substrate after a long–time deposition. However, as the 

diamond nucleates and grows on an intermediate graphite soot layer, it normally possesses a 

weak interfacial adhesion with the underlying substrate [23]. In comparison with Fe-20Cr, the 

graphitization on Fe-40Cr is far less and the orientation of diamond nuclei becomes more 

apparent (Fig. 4-5). Similar characteristics are obtained for the Fe-50Cr substrate and the results 

are not shown here. 

 

Figure 4-1. SEM image (a) and TEM images (b, c, and d) of the surface deposits formed on Fe-
20Cr after exposure to CH4-H2 plasma for 3 hrs. 
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Figure 4-2. Cross-sectional SEM image (a) with corresponding EDS elemental mapping (b) of 
Fe-20Cr after exposure to CH4-H2 plasma for 3 hrs. 

Table 4-1. Chemical compositions by EDS of the regions labeled in Fig. 4-2b, wt.% (wt.% 
sigma). 

Element C O Cr Fe Total 
Map 2 13.39 (0.13) 6.58 (0.14) 58.11 (0.17) 21.92 (0.14) 100 
Map 3 9.23 (0.08) 3.15 (0.08) 28.35 (0.09) 59.26 (0.11) 100 

(a) 

(b) 
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Figure 4-3. Cross-sectional metallurgical image of Fe-20Cr after exposure to CH4-H2 plasma for 
8 hrs. 

 

Figure 4-4. SEM image of surface deposits formed on Fe-20Cr after exposure to CH4-H2 plasma 
for 12 hrs. 

 10 µm 
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Figure 4-5. SEM images of surface deposits formed on Fe-40Cr after exposure to CH4-H2 plasma 
for 3 hrs (a) and 10 hrs (b), respectively.  

4.1.2 Diamond Growth on High Cr alloy 

With a high Cr content of 80 wt.%, the deposition behavior is completely different from 

the other Cr alloys. Figure 4-6 shows the SEM images and Raman spectra of the surface of 

diamond deposited on Fe-80Cr after 3-hour processing. From a low magnification image (Fig. 4-

6a), crystalline diamond is observed as bright particles. Some particles are connected to lines or 

local clusters whereas bare substrate is shown as the dark background. From a higher 

magnification image (Fig. 4-6b), the average size of diamond particles is measured to be 1~2 µm, 

with a diamond particle density (DPD) of approximately 8×106 particles/cm2. The corresponding 

Raman spectra were taken from two different sites on the surface. The spectra collected from the 

surface particles (see Fig. 4-6c) shows a clear peak centered at 1332 cm-1, a typical characteristic 

of sp3-bonded diamond structure, while the peaks related to graphitic carbon were not detected. 

And the spectra collected from the exposed alloy surface area, which is not covered by any 

diamond particles, does not show any graphite-related peaks (see Fig. 4-6d). This implies that the 

formation of graphitic species on this high-Cr alloy substrate has been effectively inhibited. 

These data confirm that an exclusive diamond phase has developed quickly on the Fe-80Cr 
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substrate. To enhance diamond nucleation and growth, a scratching pretreatment by diamond 

paste was performed.  

  

Figure 4-6. SEM images (a, b) of surface deposits formed on Fe-80Cr after exposure to CH4-H2 
plasma for 3 hrs, and Raman spectra (c, d) of diamond (i, ii) and exposed Fe-80Cr surface (iii) as 

labeled in (b). 

Figures 4-7a-b show SEM images of diamond films formed on Fe-80Cr after 3 h 

deposition on the alloys after such a pre-treatment. As expected, diamond nucleation density has 

been dramatically improved and a nearly continuous faceted diamond film forms. The 

corresponding Raman spectra indicate that the diamond characteristic peak has slightly shifted to 

a higher wavenumber from its standard position of 1332 cm-1. This is attributed to the 

accumulated compressive stress in the diamond film when it is well adherent to the substrate 
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which has a higher thermal coefficient of expansion, indicating an enhanced interfacial adhesion 

[12]. 

  

Figure 4-7. SEM images (a, b) and Raman spectrum (c) of continuous diamond film formed on 
Fe-80Cr with a pre-scratch treatment after exposure to CH4-H2 plasma for 3 hrs. 

4.1.3 Effect of Cr on Substrate Carburization and Diamond Growth 

Figure 4-8 shows a comprehensive comparison of the surface deposits and the changes in 

the substrate structures after a short time exposure to the CH4-H2 plasma environment. From 

XRD analysis (Fig. 4-8a), a carbide mixture consisting of both Cr and Fe was detected at the 

surface of the Fe-Cr alloys up to 50 wt.% Cr, and the relative intensity of iron carbide decreases 

with increasing Cr concentration in the substrates. The corresponding Raman spectra are shown 

in Fig. 4-8b. Two broad peaks located at 1345 cm-1 and 1585 cm-1 in the spectra (i)-(iii) of Fe-

20Cr, Fe-40Cr and Fe-50Cr inclusive, verifying the existence of amorphous carbon and graphite 

(b) (a) 

20 µm 5 µm 

(c) 



 
47 

observed by SEM. This indicates that even with a Cr concentration of 50 wt.%, the catalytic 

effect of Fe for the formation of graphite has not been effectively eliminated. In contrast, only a 

sharp peak located at 1332 cm-1, characteristic peak of diamond phase, was observed in  

spectrum iv taken from the diamond deposited on Fe-80Cr. Considering that graphite has 50 

times more Raman scattering cross-section area than diamond [67], the concentration of graphite 

phase formed on the Fe-80Cr substrate should be very low, indicating that the diamond obtained 

has is of purity. After a long deposition time of 8 hrs, the amount of carbide phases formed 

become more significant for all the alloys investigated. As shown by an XRD analysis in Fig. 4-9, 

carbides of iron and chromium including Fe3C, Cr23C6 and Cr3C2, have been formed on the Fe-

20Cr and Fe-40Cr substrates. When the Cr content is increased from 20 wt.% to 40 wt.%, the 

peak intensities of Fe3C and Cr3C2 decrease, while the relative intensity of Cr23C6 increases. This 

is especially evident for the Fe-80Cr substrate which shows the highest amount of Cr23C6 in 

addition to the detectable amounts of crystalline diamond. However, iron carbide and other 

CrxCy phases, like Cr3C2, were no longer detected.  

 

Figure 4-8. XRD patterns (a) of Fe-20Cr (i), Fe-40Cr (ii) after exposure to CH4-H2 plasma for 3 
hrs (S: substrate, C1: Cr23C6; ◊: overlap of Cr23C6 and substrate; ▽: Fe3C); Raman spectra (b) of 
Fe-20Cr (i), Fe-40Cr (ii), Fe-50Cr (iii), Fe-80Cr (iv) after exposure to CH4-H2 plasma for 3 hrs. 

(b) (a) 
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Figure 4-9. XRD patterns of Fe-20Cr (i), Fe-40Cr (ii), and Fe-80Cr (iii) after exposure to CH4-H2 
plasma for 8 hrs. (D: diamond; C1: Cr23C6; C2: Cr3C2; S: Fe/Cr; ◊: overlap of Cr23C6 and 

substrate; ▽:Fe3C). 

The above data indicate that diamond deposition behavior is closely associated with Cr 

concentrations in the alloys. Previous investigations have shown that after thermal exposure in 

atmospheres containing CO, CO2, hydrocarbon gases like CH4, and C2H4, the conventional Cr-

containing steel or heat-resisting alloys are readily susceptible to an internal carburization attack 

[112–118], while protective external chromia scales are difficult to develop. In a CH4-H2 plasma 

environment, the carbon activity can be described using an equilibrium reaction: 

CH4 = Cabs. + 2H2         [4.1] 

The released carbon may cause coke, carburization and/or metal dusting depending on 

the gas chemistry and substrate compositions [114,116]. In the current study, the substrates were 

exposed to the CH4-H2 plasma appropriately designed for diamond growth, in which, the gas 
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mixture was under a non-equilibrium condition, and the electron impact and collisional energy 

transfer would generate atomic hydrogen and various CHx radicals like: 

H2→2H          [4.2] 

H + CH4→CH3 + H2         [4.3] 

Those CHx radicals act as precursors for diamond nucleation and play an important role 

in diamond growth. Furthermore, the atomic hydrogen in the plasma is known to preferentially 

etch graphitic carbon, rather than diamond. But the exact mechanism of carbon activity within 

the plasma atmosphere is difficult to determine and thus the alloys show different deposition 

behaviors from the conventional carburization attack by nonplasma processes. Based on 

thermodynamic perspective, under this highly reducing atmosphere, the oxides of Cr or Fe are 

hard to form (see Fig. 4-10), verifying the aforementioned composition analysis [119]. In 

contrast, both Fe and Cr are very reactive to carbon and the ingress of carbon into the alloy 

facilitates the formation of their carbides. For low Cr alloys, the amount of chromium carbides 

formed is not large enough to sufficiently block the carburization of iron and separate the 

substrate from the deposition atmosphere. Accordingly, graphitization cannot be effectively 

suppressed. For Fe-80Cr substrate, an exclusive Cr carbide layer can quickly form due to the 

extremely high concentration of Cr and its higher reactivity with carbon compared to Fe. This in-

situ formed Cr carbide buffer layer can effectively inhibit the formation of graphite and enhance 

diamond nucleation. 
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Figure 4-10. Metastable Cr-C-O (a) and Fe-C-O (b) phase diagrams at 700°C [119]. 
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4.2 Diamond Deposition on Fe Based Substrates with Al and Al/AlN Interlayers  

4.2.1 Characterization of AlN Interlayer 

Figure 4-11 shows the N and Al K-edge XANES spectra of as-synthesized AlN 

interlayer. There is only one single peak for N, which is different from a previous report [73]. 

This difference is probably resulted from different preparation conditions that produce different 

electronic structure and chemical bonding in the AlN film. The Al K-edge spectrum shows a 

continuous shape consisting of several overlapped features without clear peak positions. These 

features indicate a superposition from different characteristic peaks of wurtzite phase (h-AlN), 

zincblend phase (c-AlN) and metallic Al depending on the chemical stoichiometry of the film. 

As interlayers play important role on diamond nucleation and adhesion, the structural 

information of the interlayers and its effect on diamond nucleation and adhesion is important. In 

order to have an in-depth understanding of the nucleation and adhesion behavior of diamond on 

AlN interlayered Fe based materials, the intrinsic properties of such interlayers and their effect 

on diamond nucleation and growth is being systematically carried on and will be reported in the 

near future. 
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Figure 4-11. Soft x-ray absorption spectra of N (a) and Al (b) K-edge in AlN interlayer. 

4.2.2 Diamond Nucleation and Growth 

Figure 4-12 shows typical SEM morphologies of the diamond coatings. Diamond on Al 

coated SS316 (a) has the largest grain size than diamond on Al/AlN coated SS316 (b), Al coated 

Kovar (c), and Al/AlN coated Kovar (d). The film is porous and non-uniform. The nucleation 

density of diamond is higher on Al/AlN coated SS316 (b) compared to Al coated SS316 (a). 

After 6 hrs deposition, the coating is mostly continuous and the diamond crystals are highly 

oriented. On the Al coated Kovar (c), the coating is continuous and highly oriented with cube 

(100) faces. The crystalline structure of diamond becomes featureless on Al/AlN coated Kovar 

(b) 

(a) 
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(d) because of the fine grains. Dense and continuous diamond coatings are observed on both Al 

and Al/AlN coated Kovar substrates. The nucleation density of diamond is higher on Al/AlN 

than single Al coated ones. Fig. 4-12e and Fig. 4-12f are the low magnification images of 

diamond on Al and Al/AlN coated Kovar substrates, respectively. It can be seen that diamond 

coating on Al coated Kovar is uniform without spallation. However, on Al/AlN coated Kovar 

(see Fig. 4-12f), some clusters and linear defects are observed as dark sites, which might be 

caused by the failure of the interlayer during the pre-scratch treatment. Although crystalline AlN 

has higher hardness than Al, as shown in Fig. 4-11 the structure of the AlN interlayer in the 

present research is different from the crystalline AlN so that the AlN interlayer might not be 

strong enough to resist scratch treatment and has been removed partially during the scratch 

treatment. For both substrates, Al/AlN dual layers improve the nucleation density of diamond 

compared to Al monolayer. With higher diamond nucleation density, less graphite can be formed 

at the interface and the diamond deposited has high contact area with the substrate, thereby 

diamond has higher adhesion to the substrate.  

The original Raman spectra of the samples are presented in Fig. 4-13 (left). Because of 

the huge background, the features of carbon peaks are small in original spectra. In order to make 

the characteristic peaks clearly show, the fluorescence background in the spectra is removed and 

the spectra after background removal are normalized to the diamond peaks and shown in Fig. 4-

13 (right). In the spectrum of diamond deposited on Al coated SS316 (see Fig. 4-13a), a peak 

located at 1332.3 cm-1, corresponding to natural diamond peak, and a broad peak at 1580 cm-1 

are observed, which indicates the existence of both diamond and graphitic phase. As the Raman 

scattering cross-section area of graphitic phase is 50 times higher than that of diamond, the 

amount of graphitic phase detected in this spectrum is ignorable. Similarly, the peak at 1332.3 
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cm-1 is observed in spectrum of diamond on Al/AlN coated SS316 (Fig. 4-13b). The fact that the 

characteristic peak of diamond on SS316 is close to natural diamond peak without significant 

shift indicates that the coatings are thermal stress free. This is probably because of the 

spontaneous spallation of diamond coatings due to the poor adhesion. The peaks of non-diamond 

carbon are not shown in this spectrum, indicating high purity diamond in the coating. These 

results show that the addition AlN interlayer on SS316 enhances diamond formation. In the 

spectrum of diamond deposited on Al coated Kovar (Fig. 4-13c), a sharp peak locates at 1336.9 

cm-1 and two broad peaks centered at 1130 cm-1 and 1440 cm-1, probably from 

transpolyacetylene, and an amorphous sp3 carbon peak at 1220 cm-1 [7,67,91] are observed, 

whereas in the spectrum of diamond deposited on Al/AlN coated Kovar, the diamond peak  is 

located at 1335.4 cm-1, relatively closer to the natural diamond peak and the broad peak at 1130 

cm-1 is much weaker with no peak for amorphous carbon. The diamond peaks shown in Fig. 4-13 

are further fitted using Gaussian function and the full widths at half maximum (FWHM) of the 

fitted peaks are 11.89 cm-1 (a), 11.03 cm-1 (b), 9.29 cm-1 (c), 8.24 cm-1 (d), respectively. On 

Kovar substrates, the addition of AlN interlayer increases the purity of diamond coating and 

decreases the upward shifting of diamond peak from natural diamond peak. The upshifting of 

diamond peak is related to the compressive stress induced by the mismatch of thermal expansion 

coefficients of diamond and Kovar. The existence of compressive stresses in diamond indicates 

that the diamond coating adheres to the substrate without spallation. The decreased shifting 

suggests less stress inside the coating, indicating the addition of AlN interlayer could decrease 

the stress inside diamond coating on Kovar.  
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Figure 4-12. SEM images of diamond on Al coated SS316 (a), Al/AlN coated SS316 (b), Al 
coated Kovar (c, e), and Al/AlN coated Kovar (d, f). 

(a) (b) 

(f) 

(d) (c) 

(e) 
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Figure 4-13. Raman spectra (left) of diamond coatings on Al coated SS316 (a), Al/AlN coated 
SS316 (b), Al coated Kovar (c), and Al/AlN coated Kovar (d); the corresponding Raman spectra 

(right) after normalization to diamond peak and background removal. 

4.2.3 Interfacial Analysis 

The original Raman spectra of the exposed surfaces after removing deposited diamond 

coating are presented in Fig. 4-14 (left). Spectrum (a) was taken on the surface after spontaneous 

spallation of diamond coating on Al/AlN coated SS316 while Spectrum (b) and (c) were taken 

on the exposed surfaces after the diamond coatings were mechanically removed from the Kovar 

substrates. There are two broad bands located at approximately 1355 cm-1 and 1600 cm-1, 

characteristic peaks of graphite phase, appeared in all the spectra. The intensity of the peaks is 

very low with respect to the high background, indicating that all the interlayers are able to 

suppress the formation of graphite. In order to make the Raman bands clearly seen, fluorescence 

background of the spectra were removed and shown in the Fig. 4-14 (right). As can be seen, the 

intensity graphite bands in spectrum (b) are higher than that in spectra (a) and (c), indicating that 

the Al/AlN dual layers have better barrier effect than Al monolayer.  
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Figure 4-14. Raman spectra (left) of as-exposed surfaces after partially spallation of diamond 
coating on Al/AlN coated SS316 (a), Al coated Kovar (b), Al/AlN coated Kovar (c); the 

corresponding Raman spectra (right) after background removal.  

Figure 4-15 shows the XRD patterns on Al coated Kovar (a) and Al/AlN coated Kovar 

(b) after diamond deposition for 6 hrs. In order to use XRD to characterize the phase changes of 

the substrates after diamond deposition, two Kovar samples with thinner interlayers were 

prepared for diamond deposition, in which the deposition time for Al monolayer was 1hr and 0.5 

hr (Al), 0.5 hr (AlN) for Al/AlN multilayers. As the interlayers are ultrathin, the diffraction 

peaks of Al and AlN are too weak to be seen and the diffraction peaks from Kovar substrates 

(FeNi) can be clearly shown in both cases. After diamond deposition in CH4-H2 plasma, diamond 

peaks are too weak to be shown on Al coated Kovar whereas a weak diamond peak (111) is 

observed on Al/AlN coated Kovar. In addition, there are no peaks of iron carbide shown in both 

patterns, indicating that both Al monolayer and Al/AlN dual layers can effectively suppress 

carbon diffusion into Kovar, as carbon has high solubility in iron-based materials and can easily 

react with Fe to form carbides if carbon could diffuse into Fe based substrates.  
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Figure 4-15. XRD patterns of Al coated Kovar (a), and Al/AlN coated Kovar (b) after 6 hrs 
diamond deposition (▽: iron nickel; w: diamond). 

4.2.4 Adhesion Evaluation 

As shown in Figure 4-16a, severe delamination of diamond coating is observed on 

Al/AlN coated SS316. Because of the higher nucleation density, diamond deposited on Al/AlN 

coated SS316 are continuous coatings and in this case, high thermal stress would be induced by 

cooling from deposition temperature to room temperature because of the thermal expansion 

mismatch. And the high stress might result in cracks or delamination. After the spontaneous 

delamination, the residual stresses would be released. This release of stresses is consistent with 

the Raman spectra shown in Fig. 4-13a and b, where the diamond characteristic peaks are close 

to 1332 cm-1. Unlike on SS316 substrates, well adherent diamond coatings have been obtained 

on Kovar substrates with either single Al interlayer or Al/AlN dual interlayers. As shown in Fig. 

4-16b, only partial delamination is observed around the imprint after a high load of 1470 N was 

applied to the diamond coating on Al coated Kovar. These results show that diamond has a 

higher adhesion on Kovar substrates.   
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Figure 4-16. SEM images of diamond coating on Al/AlN coated SS316 after spontaneous 
spallation (a), and the imprint of diamond coating on Al coated Kovar after Rockwell C 

indentation testing (b). 

The better adhesion of diamond coatings on Kovar substrates is mainly attributed to the 

lower thermal stress. The thermal stress between the films and substrates can be estimated from 

the equation:  

       [4.4] 

where E is Young’s modulus of diamond (~1050 GPa); υ is the Poisson ratio of the diamond 

(~0.07); αf and αs are the thermal-expansion coefficients of the diamond film and substrate, 

respectively; and dT is the deposition temperature (~ 70 °C) minus room temperature [69]. The 

thermal expansion coefficients and the estimate thermal stresses between diamond films and 

different materials are shown in table 4-2. The thermal stress of diamond directly on SS316 (10.6 

GPa) is much higher than on Kovar (2.9 GPa). Even the same interlayers are applied, the 

adhesion of diamond on SS316 and Kovar are significantly different. In this case, the thermal 

stress of diamond coating is more dependent on the substrate materials than the interlayer 

materials. The lower thermal expansion coefficient of Kovar guarantees better adhesion of 

diamond coatings.  

σ thermal =
E
1−ν

(α f −α s )dT20

T

∫

(b) (a) 
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Table 4-2. Estimated thermal stresses of diamond films on various materials 

Materials α (×10-6 K-1) Thermal stress 
σ (GPa) 25°C 670°C Average 

Diamond ~0.8 ~4.2 ~2.5 - 
Kovar ~5.0 ~7.8 ~6.4 2.9 
SS316 ~15.9 ~18 ~17.0 10.6 
AlN ~4.8 ~5.6 ~5.2 2.0 
Al ~23.1 ~33.8 ~28.45 19.0 

α is the linear thermal expansion coefficients (data from “Thermal Properties of 
Materials”, Materials Science and Engineering Handbook, CRC Press LLC, 2001, 
and “Thermal expansion of AlN, sapphire, and silicon”, Yim, W. M. and Paff, R. J.) 

 

Without spallation on Kovar, compressive stresses were accumulated in the diamond 

coatings. The upward shifted diamond peaks shown in Fig. 4-13c and d reveal these residual 

stress. As intermediate layers are applied on Kovar, the thermal stresses of diamond coatings are 

slightly modified. According to Ager et al. and Ralchenko et al. [69,70], the compressive stress 

can be estimated by the equation: 

      [4.5] 

where υmeasured is the center of the diamond peak measured in Raman spectrum, υ0 is the position 

of natural diamond peak at 1332 cm-1. The calculated compressive stresses are 2.8 GPa on Al 

monolayer and 1.9 GPa on Al/AlN dual layers, respectively. The stress 2.8 GPa is close to the 

estimated stress of diamond directly on Kovar (2.9 GPa), which indicates that the Al interlayer 

does not affect the thermal stress between diamond and Kovar. This is probably because Al 

diffuses into the substrates and forms an Al rich zone like ion beam implantation of Al [13]. This 

thin Al rich layer might not significantly change the thermal property of the substrate. And the 

measured stress 1.9 GPa is close to the estimated stress of diamond directly on AlN (2.0 GPa). 

This is probably because ceramic AlN layer is stable and has an intermediate thermal expansion 

coefficient between diamond and Kovar and therefore is able to reduce the thermal stress. 

σ (GPa) = −0.567(νmeasured −ν0 )(cm
−1)
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Consequently, the Al/AlN dual layers could increase the adhesion of diamond coating on Kovar 

substrate compared to the monolayer. 
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Chapter 5 
SUMMARY, CONCLUSIONS AND FUTURE WORK 

5.1 Summary and Conclusions  

In this work, diamond deposition on various Fe based substrates with and without 

interlayers was conducted in a MPCVD reactor. The substrate material investigated includes Fe-

Cr alloys and commercial available stainless steel 316, and Kovar. Fe-Cr alloys were prepared by 

vacuum arc-melting and Al and AlN interlayers were synthesized by ion beam sputtering in a 

BTIBD system. The deposited samples and structural changes of substrate materials were 

characterized by various techniques, including optical microscopy, SEM, TEM, EDS, Raman 

spectroscopy, XANES, XRD and Rockwell C indentation test. The results summarized and 

concluded as follows.  

1. Fe-Cr alloy substrates with low Cr content (≤50%) are internally carburized and 

voluminous graphitic carbon deposits are formed on their surfaces, along with low density 

diamonds grown on the graphite layer.  

2. For the Fe-80Cr substrate, the carburization of iron was suppressed and the 

formation of graphite was absent due to the rapid formation of an exclusively Cr carbide layer. 

Accordingly, the nucleation and growth of diamond on the Fe-80Cr substrate was significantly 

enhanced. 

3. Continuous diamond coatings were deposited on SS316 and Kovar with Al and 

Al/AlN interlayers. Diamond coatings show better adhesion on Kovar than on SS316, which 

indicates that lowering thermal expansion coefficient of the substrates can enhance the adhesion 

of diamond coatings. 
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4. The Al and Al/AlN interlayers are effective barriers to suppress the formation of 

graphite at the interface and have inhibited carbon diffusion into substrate and thus no substrate 

carburization has been observed.  

5. The Al/AlN dual layers can enhance the nucleation and growth of diamond on Fe 

based substrates compared to Al monolayer. In addition, Al/AlN dual layers could reduce the 

thermal stress of the diamond coatings and thus enhance diamond adhesion. Consequently, well 

adherent diamond coatings have been deposited on Kovar substrate. However, due to the high 

thermal expansion coefficients of SS316, spontaneous spallation of diamond coatings has been 

observed on them, indicating that Kovar is a better substrate material for diamond deposition.  

5.2 Recommendation for Future Work 

Based on this work, I would recommend following work to be done in the future: 

1. A comprehensive interfacial analysis is needed for diamond coating on Fe-80Cr 

alloy in order to understand the growth mechanism. Related information on the thickness, 

chemical composition, fine structure, and spatial distribution of the carbide layer would be very 

helpful to verify the proposed assumptions and to clarify the in-depth mechanism.  

2. The effect of structure and thickness of Al and Al/AlN interlayers on diamond 

nucleation and adhesion needed to be investigated systematically and optimized for best 

adhesion. For example, the thickness and crystalline state of AlN layer would affect the residual 

stress of diamond coating on SS316 significantly; optimized thickness and structure for diamond 

nucleation and adhesion are desirable for applications.  

3. The interlayers prepared by different deposition methods would affect the 

structure of the layers and different diamond deposition methods might affect diamond 
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nucleation. It is suggested that optional techniques such as magnetron sputtering and evaporation 

being used to fabricate interlayers and optional method HFCVD being used to deposit diamond. 

4. Multilayered immediate layers might be more effective. It is suggested that Mo, 

Ti, CrN combine Al/AlN being investigated.  

5. Diamond deposition conditions have significant effect on diamond nucleation and 

adhesion. The effect of microwave power, gas composition, gas pressure, and gas flow rate are 

suggested to be investigated.  
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