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ABSTRACT 

For this project, CrN-WC coatings are investigated as a hybrid hard and tough material. The use of a hard-

carbide with a corrosion-resistant nitride may produce tailored coatings with the desired combination of 

properties for use as a stand-alone protective coating, or as a basis for nanocrystalline diamond deposition.The 

work is divided into three stages. The initial study determined the viability of the CrN-WC system, and its use as 

an interlayer for nanocrystalline diamond. This successful study was followed by a variation of deposition 

conditions at low deposition temperature. By varying the deposition parameters, the microstructure,chemical, 

mechanical, and tribological behavior may be optimized. While the system has relatively good adhesion to 

silicon substrates, its adhesion to steel was lacking. Additionally, the system showed lower than expected 

mechanical properties. The final step increased the deposition temperature. The aim here was to increase 

adhesion and improve the mechanical properties. Prior results with other systems show consistent improvement 

of mechanical properties at elevated deposition temperatures. The high deposition temperature coatings showed 

marked improvement in various characteristics over their low deposition temperature cousins. 
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I. INTRODUCTION 

Since the early Stone Age [1], cutting tools have been ubiquitous elements within society. They have played a 

key role in our development as a species and as a civilization [2]. While stone and bone tools remained the state 

of the art for well over 3 million years, man continuously sought to improve on these early devices. For 

example, handles were added to improve the ease of use, effectiveness, and efficiency [3, 4]. Firing of stone 

tools increased their durability [5]. However, around 8000 years ago and the advent of the early Bronze Age, 

metallurgy was developed [6, 7] . Starting with copper, followed shortly by bronze, man was able to harness the 

power of metal tools for the first time. This stage of development lasted throughout the dynastic periods of 
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Egypt.However, around 1800 BC, ironworking began in earnest [8, 9]. The development of steel followed [10]. 

However, early steel making processes were difficult and expensive. Steel did not become ubiquitous until the 

Bessemer process was introduced in the middle of the 19th century [11]. Improvements in the steel-making 

process rapidly developed, along with the introduction of more exotic compounds, such as cemented carbides. 

However, even these modern tools show the same defects as our early hand-axes: they wear out and can be 

expensive to replace. 

1.1. Introduction to Protective Coatings 

Tool wear and corrosion are surface-driven processes. Therefore, there are two available methods to extend tool-

life: development of new bulk materials for the body of the tool and/or develop surface protection schemes, such 

as coatings. By applying a surface-treatment, such as a protective coating, the tool’s wear properties can be 

tailored for specific operating environments. However, the means for producing consistent and economical 

surface treatments were lacking. Not until the 1960’s, with the development of physical vapor deposition 

techniques, did scientists began developing effective wear-resistant coatings which significantly improved tool 

lifetime over prior techniques . 

1.2 Types of Protective Coatings 

Protective coatings for tools can be classified into three categories, dependent on the nature of their bonds: 

metallic, covalent, and ionic. Metallic compounds share their conduction electrons. Effectively, an electron gas 

is distributed across 

the substance, shared by the positively charged nuclei located at the lattice sites.Typically, metallic bonding 

leads to high electrical and thermal conductivity, high 

boiling points, ductile, and luster. And, since the bonding is not directional,metallic compounds are usually very 

ductile. Table 1.1 lists some relevant protective coatings with metallic bonding. Covalent bonds are the localized 

version of metallic bonding. Here, electrons are shared between neighboring atoms rather than the whole lattice. 

For example, 

H2 is covalently bonded1. A stable balance between attractive and repulsive forces allows the two atoms to 

share their electrons. Due to the strength of this bond, covalent compounds tend to be very strong, with high 

melting points. However, the directional nature of this bond lends to a characteristic brittleness. And the lack of 

delocalized electrons result in low electrical and thermal conductivities. Table 1.2lists some relevant covalent 

coatings used as protective coatings.Ionic materials are the result the electrostatic attractive of opposite charges. 

A prime example is table salt, NaCl. This is formed by the combination of a sodium cation (positively-charged 

ion) and chloride anion (negatively-charged ion). Purely ionic bonds cannot exist, there is always some amount 

of covalent bonding between the ions. Bonds are considered primarily ionic when their character dominates the 

material. Generally, this occurs with a large difference in the electronegativities2 of the relevant atoms. Table 

1.2 lists some ionic compounds and properties which are 

relevant to the protective coating industry. 

The most successful protective coatings are typically metallic in nature. The nature of the bonding is probably 

the main reason for the success of the metallic coatings. Most tools are made out of materials with similar 

bonding structure:metals. While it is possible to manufacture adherent covalent and/or ionic  

protective coatings, it is typically easier (and less costly) to produce metallic coatings on metal substrates. 
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1.2.1 Binary Compounds 

In addition to the nature of the bonding, protective coatings can be grouped according to the number of 

elements: binary compounds are formed from two 

elements, ternary compounds add a third element, quaternary compounds add a fourth element, and so on. 

Binary compounds have been very successful as 

protective coatings on a wide variety of tools. One of the most successful has been TiN, a metallic compound. 

TiN coatings have relatively good mechanical properties (H ∼ 31 GPa; E ∼ 550 GPa [17]), and decent 

corrosion resistance, with the added 

bonus of an attractive, goldish color. However, thermal stability may be an issue,with possible oxidation at 

temperatures as low as 500 ◦C [18]. 

Another successful binary coating has been another metallic compound, CrN.It is a very good barrier to 

corrosion [19–22], and these coatings prevent oxidation,up to ∼ 700 ◦C. And thick CrN coatings have 

demonstrated low wear [23]. However,these films have the drawback of low hardness, (∼ 11 GPa [16]). CrN 

films tend to form with a porous, columnar structure [24–27]. This tends to not only lower their hardness, but it 

also reduces their usefulness as corrosion and oxidation inhibitors. 

The microstructure can be improved with higher growth temperatures, resulting in improved mechanical 

properties [28]. With regards to the corrosion resistance, one solution is the application of a metal buffer layer 

between the substrate and the CrN film. This has shown to improve both the oxidation and corrosion resistance 

of CrN films [20, 29, 30].With its high melting point and high hardness [31], tungsten carbide (metallic) has 

played a prominent role in the tool industry since the beginning of the last century. However, its most stable 

form, hexagonal- (h-)WC, tends to be brittle and is easily damaged [32]. Further development was facilitated 

with the formulation of a composite: tungsten carbide grains embedded in a metal matrix 

(usually, cobalt). This cemented-WC has excellent hardness, strength, and fracture toughness. Unfortunately, 

both WC and cemented-WC suffer from low thermal stability. At temperatures as low as 500 ◦C forWC and 600 

◦C for cemented-WC oxidization and strength deterioration begins to occur [31, 33]. In addition, the prominent 

wear mechanism for cemented-WC seems to be preferential removal of the relatively soft metal [34–36], which 

negates the improved ductility of the material.With its excellent mechanical, chemical, physical, and electronic 
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properties, tungsten nitride has found use in a wide variety of applications. It has proven to be an effective 

diffusion barrier in microelectronics , preventing the formation of copper silicides up to 600 ◦C [37]. Tungsten 

nitride has also shown to be useful in the catalytic conversion of nitrous oxide [38]. As a protective coating, 

tungsten nitride has excellent wear properties up to 300 ◦C [39]. Unfortunately, this very low oxidation 

temperature limits the use of tungsten nitride in mechanical applications. 

1.2.2 Structural modifications 

1.2.2.1 Superlattices 

 

Figure 1.1: Schematic diagram of a TiN/VN superlattice structure, based on the results of Helmersson, et al. 

[60]. The complete 2.5 μm coating consists of 480 layers of 2.6 nm thick TiN and 2.6 nm thick VN.Another 

effort to improve traditional coatings is with superlattices.Superlattices consist of thin coatings, in a repeated 

bilayer. As shown in Fig. 1.1, a typical example is a 2.5 μm TiN/VN coating, with 480 bilayers of 2.6 nm thick 

TiN and 2.6 nm thick VN layers [60]. The resulting mechanical properties are significantly higher than the 

properties of the constituent layers, see Table 1.3.Another example is AlN/CrN. Single layer AlN and CrN films 

have measured hardnesses of 16.2 GPa and 26.7 GPa, respectively. However, when combined in a superlattice 

structure (with bilayer period of 3.8 nm), the composite H is 40 GPa.This is significantly higher than the H 

calculated by rule-of-mixtures, 21.5 GPa [61].Of course, the obvious question is why; what mechanisms are at 

play? There are several models that offer insight into the mechanisms at play. There are several competing 

models for this behavior. One is based on dislocation blocking.  
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Figure 1.2: High-resolution transmission electron micrograph of TiN/SiN nanocomposite coating. The (111) and 

(200) lattice planes of TiN nanocrystals are clearly visible, due to their orientation with respect to the electron 

beam. These nearly spherical crystallites are surrounded by an amorphous Si3N4 matrix [92]. 

critical stress becomes unattainable and dislocation movement stalls. This is known as Hall-Petch hardening [93, 

94], and can be analytically described by a simple relationship. 

                                    H = H0 + kd−1/2 (1.1) 

where H is the measured film hardness H0 is the intrinsic hardness of the bulk material, k is a material-based 

constant, and d is the grain size4. 

This relationship has been found to hold true down to ∼ 10-20 nm [96, 97].However, further decreases in the 

grain size results in a decrease in the system 

hardness [98]. This is probably due to a combination of diffusional creep [99],grain-boundary sliding (i.e. 

nucleation and movement of dislocations within the grain boundaries) [100], and triple-junction effects [101]. 

 

II. METHODOLOGY 

2.1 Experimental Design 

This project consisted of three phases to investigate the optimal parameters for hard, protective coatings based 

on CrN-WC. In the summer of 2009, a study was conducted to determine the viability of the system: were hard, 

adherent CrN-WC coatings possible, and would nanocrystalline-Diamond (nc-D) grow on these coatings 

without additional pre-treatment? This successful study was followed by a 

variation of deposition conditions at low deposition temperature. By varying the deposition parameters, the 

microstructure and relevant chemical, mechanical, and tribological behavior may be optimized and controlled. 

While moderately successful as tribological coatings, CrN-WC coatings (deposited at low temperature) suffered 

from adhesion problems and lower than expected mechanical properties.The final step increased the deposition 

temperature. The aim here was to increase adhesion, and assist with the spinodal phase segregation - leading to 

improved mechanical properties. Prior results with other multi-phase systems, as noted in Section 1.3.3.2, show 

consistent improvement of mechanical properties at elevated deposition temperatures. These high deposition 

temperature coatings showed marked improvement in chemical, mechanical, and tribological properties 

over their low deposition temperature cousins. 
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At each stage of the project, the properties of the CrN-WC coatings were thoroughly investigated. The surface 

topography was measured with AFM and 

HR-SEM; internal structure was imaged with cross-sectional HR-SEM. XRD yielded the crystallographic 

structure. Chemical composition was evaluated with 

EDS, Raman spectroscopy, and X-ray Photoelectron Spectroscopy (XPS). Optical profilometry measured wafer 

curvature; combining this with the Stoney equation,stress is determined. The mechanical and tribological 

properties were investigated with nanoindentation, scratch testing, and pin-on-disc tribometry. 
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Chemical Vapor Deposition 

With PVD, a physical target is used to generate the necessary adatoms for film growth. In Chemical Vapor 

Deposition (CVD), the ”targets” are volatile 

chemical precursors. While there are several types of CVD deposition tools, the process is effectively the same. 

A substrate is exposed to volatile chemical 

precursors, which will either react and/or decompose on the sample surface to form the desired compound. The 

main differences between the different types of CVD are the operating pressures and the excitation sources. 

Obviously, atmospheric CVD processes are carried out at, or near,atmospheric pressures (∼ 101 kPa). 

Atmospheric processes offer the advantages of 

lower cost, due to the lack of vacuum equipment. A good example of this is combustion CVD. Here, precursors 

are added to an open flame. The high 

temperature of the flame decomposes the precursor into highly reactive intermediates. During this, the desired 

substrate is passed over the flame, and the intermediates condense on its surface to form the desired film. By 

optimizing the deposition parameters (i.e. flame, speed of substrate, substrate temperature,substrate-to-flame 

distance), high quality films, with a wide range of morphologies and optimized for a variety of applications can 

be easily grown [161–165].Additionally, this technique can be highly conformal for very thin 

films.Unfortunately, the number of suitable precursors limits this technique to only a fewmaterials, mostly 

oxides.Most modern processes in use are low-pressure (∼ 5 kPa) or Ultra-High Vacuum (UHV) (∼10−6 Pa). 

This allows for much more precise control over the reaction chamber atmosphere, yielding higher quality films. 
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Additionally, it opens the possibility to far more excitation sources, such as plasma-based sources. In turn,the 

additional excitation sources (and available energies) increase the number of available precursors for coating 

deposition. Low-Pressure Chemical Vapor Deposition (LPCVD) and Ultra-High Vacuum Chemical Vapor 

Deposition (UHV-CVD) techniques are far more versatile than atmospheric techniques.A good example is Hot-

Wire Chemical Vapor Deposition (HW-CVD). This low-vacuum technique uses a hot-wire, or hot-filament3, to 

crack the precursor molecules into reactive intermediates. It is simple to operate, very scalable, and can deposit 

a wide range of metals, semiconductors, and insulators.  

 

 

 

Deposition conditions for growth of nanocrystalline-Diamond (nc-D) coatings 

 

where T∗  is the generalized temperature of the extended model, T∗ MDT is the 

30 

 

where T∗  is the generalized temperature of the extended model, T∗ MDT is the generalized temperature of the 

MDT model, and Tpot is the characteristictemperature of the potential energy. 
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where Q is the ion charge state and e is the elementary charge. 
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III. RESULTS AND DISCUSSION 

Viability of the CrN-WC System 

3.1.1 Feasibility and Properties of CrN-WC Coatings 

To investigate the viability of the CrN-WC system, four samples of are deposited on 10 x 10 mm2 pieces of Si 

and 5 mm diameter discs of commercially-pure titanium. The deposition conditions are summarized in Table 

3.1. No external heating was provided, and the substrate temperature wasless than 200 ◦C. 

Table 3.1: Deposition conditions for the viability study of CrN-WC coatings. For improved adhesion, a 170 nm 

Cr coating is deposited onto the bare substrates. 
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Figure 3.1(a) shows the XRD pattern for the WC sample on Si. Bycomparing this pattern with prior work [187] 

and the ICDD PDF database [174], 

the structure has been determined as the carbon deficient, cubic WC1−x phase, with an average crystallite size 

of approximately 3 nm from Debye-Scherrer analysis, see Eqn. 2.6. After removing the surface contamination, 

XPS, shown in Fig. 3.2(a), 

yields only two carbide states in C1s core level at 283.5 eV and 282.4 eV; the film may contain some amount of 

W2C, as shown by the band splitting in Fig. 3.3(a).Unfortunately, the WC coating is partially delaminated from 

the Si substrates, as shown in Fig. 3.4, and Ti substrates (not shown). However, surface 

 

 

Figure 3.1: X-ray diffractograms of samples (a) WC, (b) Cr-WC, (c) WCN, and (d)CrN-WC deposited 

onto Si. Note, there is a 170 nm Cr buffer layer underneath the top coating. 



 

23 | P a g e  
 

 

Figure 3.9: Raman spectra from the nc-D coating with (a) WCN and (b) CrN-WC 

samples acting as a base layer. The substrates are commercially-pure Ti discs. 
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IV. CONCLUSIONS AND PERSPECTIVES 

This research project consisted of three phases to elucidate the composition-property relationship for coatings 

based on WC-Cr-N. The first phase was a viability study to determine initial parameters for the follow-on 

investigations.After this phase, another study began the investigation of composition-property relationships. 
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This part was subdivided into two sections. First, the composition was varied by changing the amount of 

nitrogen in the working gas mixture. Then,the coating composition was further varied by changing the amount 

of power 

applied to the two sputtering targets (Cr and WC). All this was completed without external heating. The final 

phase added substrate heating. 4.1 Summary of the Viability Study Using reactive RF magnetron sputtering, Cr-

WC-N based coatings were successfully deposited onto both Si and Ti substrates. The binary WC coating was 

superhard (H ∼ 47 GPa), despite a grain size significantly smaller (∼ 3 nm) than the typical critical grain size 

for Hall-Petch hardening. This may be due to the presence of both WC1−x and W2C phases. Additionally, the 

coatings were very smooth, with an RRMS ∼ 1.1 nm. Unfortunately, these films partially delaminated 

from both the Si and Ti substrates. Ternary Cr-WC films also have high hardness (H ∼ 19 GPa), but with good 

adhesion. This coating probably consists of WC1−x and Cr7C3 phases. While the mechanical results are 

promising, neither the WC nor the Cr-WC coating survived Microwave Plasma Chemical Vapor 

Deposition (MPCVD) process for nanocrystalline-Diamond (nc-D) deposition. Introducing nitrogen into the 

working gas significantly reduced the 

deposition rate of WC, resulting in a WCN coating of only 0.9 μm. Chemical and structural characterization 

suggest a primarily WCN composition, with small 

amounts of metal oxide and free carbon. The combination of low thickness and multiple phases in a nearly 

amorphous structure may explain the measured mechanical properties (H ∼ 12 GPa; E ∼ 246 GPa). However, 

these coatings were still adherent after plasma treatment, and did support nc-D growth via MPCVD.However, 

the surface roughness of the nc-D coatings was significantly higher than desired. This may be the result of 

relatively low nucleation density and enhanced 

secondary nucleation during growth of the nc-D coating.While not as hard as the WC coating, the CrN-WC 

coatings showed a much higher hardness than either the WCN or the Cr-WC coatings; H ∼ 30 GPa. This may 

be due to the formation of a nanocomposite of CrN and WC, as supported by 

XPS and XRD. However, it is unclear if the nanocomposite is formed by multiple nanocrystalline phases, or by 

a nanocrystalline/amorphous structure. The CrN-WC also survived plasma treatment, and nanocrystalline 

diamond films were successfully 

deposited. The nc-D coatings on CrN-WC were deposited under the same conditions as the nc-D films on WCN. 

As such, the nc-D coatings on CrN-WC also showed significantly increased the surface roughness.Overall, the 

viability study was successful and showed the promise of combining CrN and WC phases in a single coating. 
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