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Abstract 

This thesis investigates the effects of deposition process and microstructure on 

tribological properties and corrosion behaviour of various coating systems. The coating 

systems studied were electroplated and physical vapor deposited (PVD) using electron 

beam (EB), cathodic arc (CA) and plasma enhanced magnetron sputtering (PEMS). 

Several coating compositions were also studied, including nickel, nickel with carbon 

nano-tubes, TiN, CrN and CrSiCN. Post-deposition treatments with polymethyl 

methacrylate (PMMA) were applied to the TiN coating systems to modify and study the 

corrosion behaviours with respect to the effect of defects. 

All coating samples were evaluated for their composition, microstructure and surface 

morphology. The coating mechanical properties of hardness and Young's modulus were 

also studied to investigate their correlation to wear and erosion. Potentiodynamic 

polarization and electrochemical impedance spectroscopy (EIS) tests were conducted to 

investigate the electrochemical corrosion behaviours of the PVD coating systems. 

Equivalent electrical circuit (EEC) models were then applied to analyze the relationship 

between electrochemical impedance and the key diffusion governing factors, i.e., 

diffusion coefficient and diffusion layer thickness. The correlations between these 

electrochemical factors and the coating microstructure were analyzed. 

In this study, it was observed that in addition to hardness (H) and Young's modulus (E), 

the H /E ratio is an important parameter relating to the wear and erosion rates. In wear 
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behaviour, the H /E ratio is inversely proportional to the specific wear rate. In erosion 

behaviour, at low impingement angles, higher H /E ratios relate to lower erosion rates; 

-5 -y 

whereas at high impingement angles, higher H /E ratios relate to higher erosion rates. 

This study also found that in a coating system the effective diffusion coefficient is 

proportional to the coating porosity; and the diffusion layer thickness on substrate would 

be increased by the presence of a sufficient coating thickness. Thus coating defects and 

coating thickness are the two essential factors governing the electrochemical corrosion in 

a coating/substrate system. 
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1. Introduction 

1.1 Background 

Mechanical component degradation has drawn more attentions in various industrial 

applications. In harsh working environments, mechanical and chemical attacks subject 

components to damage, and therefore components degrade over time. This can result in 

limited load-carrying capacities, reduced system efficiencies, shorter lifetimes, equipment 

or machinery shutdowns, and even fatal accidents sometimes [1]. The most common 

mechanical and chemical attacks are wear, erosion and corrosion, respectively. 

Statistical studies conducted on the attack modes (Table 1-1) indicate that wear and 

corrosion are important factors that lead to high failure rates in engineering components, 

and corrosion plays a more significant role than wear; therefore corrosion causes more 

economic losses than wear or erosion (Table 1-2). 

It has been estimated that about 25 to 40% of corrosion caused losses [2, 3] and 18.6% of 

wear caused losses [4] can be avoided by incorporating effective protection technologies, 

including improved component design, judicious selection of materials and coatings. 

There is a significant market demand to support preventing component degradation. 
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Table 1-1 Mechanical component failure mechanisms (summarized from [5]) 

Attack manner 

Corrosion 

Wear/abrasion/erosion 

Percentage of failures 

Non-aircraft components 

29 

3 

Aircraft components 

16 

6 

Table 1-2 Summaries of metal degradation caused economic losses 

Country and year 

Germany, 1975 

US, 1978 

US, per year 

Germany, 1975 

US, 1978 

US, 1978 

Australia, per year 

Great Britain, per year 

Japan, per year 

Attack 

wear 

wear 

erosion 

corrosion 

corrosion 

corrosion 

corrosion 

corrosion 

corrosion 

Economic loss 

l%ofGNP* 

0.9% of GDP** 

billions of dollars 

5%ofGNP* 

3.5% of GDP** 

3.1% of GDP** 

3 to4%ofGNP 

3 to4%ofGNP 

3 to4%ofGNP 

Reference 

[6] 

[4] 

[7] 

[8] 

[4] 

[2] 

[9] 

[9] 

[9] 

* Germany GNP in 1975 was 10 billion DM 
** US GDP in 1978 was 2,276 billion US dollars 

1.2 Development of Surface Engineering in Protective 

Applications 

In harsh working environments, the most common degradation initializes on the surfaces 

of mechanical components [10]. As a result, component degradation remedies typically 

resort to surface engineering [11] to improve the resistance of components to the attacks 

from wear, erosion and corrosion [12,13]. 

2 



Surface engineering is a multidisciplinary subject of tailoring properties of component 

surfaces to achieve desired function and serviceability [4]. Protective surface 

modification is to apply proper treatments to the surface or near-surface regions, 

attempting to impart the surface with distinct functions from that of the original raw 

material [14]. These treatments can be in the form of metallurgical, mechanical, 

chemical, or overlay coatings [4]. Surface-engineered metallic components possess 

improved characteristics, including corrosion resistance, oxidation or sulfidation 

resistance, wear resistance, reduced factional energy losses, enhanced fatigue resistance, 

and toughness. 

The development of the automobile industry is a major driving force for rapid progress in 

surface modifications. The techniques used in these modifications include electrolytic 

plating to improve corrosion resistance and to lower the coefficient of friction (COF) of 

the cylinder bore and piston; and physical vapor deposition (PVD) or chemical vapor 

deposition (CVD) coatings to enhance wear and seizure resistance, and to lower friction 

[15]. 

In the aeronautical and gas turbine industries, component surface enhancement 

techniques have also undergone development. The development of jet enging-propelled 

aircraft imposed more demands for materials used in gas turbines. These new challenges 

included higher operating temperatures, lighter weight structures, and improved 

environmental resistance (resistance to sand, mist, salt, and impurity from low-grade 

fuels). Protective coatings are necessary to improve turbine component performance and 
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extend operating temperature and durability [16]. Figure 1-1 shows that advanced 

thermal barrier coatings (TBC), combined with cooling systems and single crystal alloys, 

are becoming the only way to allow components to operate at high working temperatures 

[16]. Thermal barrier coatings offer protections for components working at temperatures 

up to 1320°C [17] A number of deposition technologies can be used to apply diffusion or 

overlay coatings, including CVD, PVD and thermal spraying technologies. Among them, 

electron beam physical vapor deposition (EB-PVD) can produce coatings with a high 

homogeneous thickness and a smooth surface [16]. 
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Figure 1-1 The development of superalloys and heat resistant coating systems [16]. 



Besides elevated temperature, gas turbine components, particularly vanes and blades, are 

vulnerable to erosion and corrosion [18 - 22]. Impacts of solid particles and liquid 

droplets on leading and trailing edges of turbine blades and vanes cause fatal 

consequences because they change the shape and dimensions [23 - 26]. 

For erosion protection, coatings were applied to engine components. The earliest solution 

was a varnish coating [16] that was intended to reduce erosion damages and corrosion 

attacks. In the past decades, PVD and CVD coated transition metal compound hard 

coatings became the dominant solutions to combat erosion [27 - 29] and corrosion [30]. 

However, because of the inherent defects (micro-cracks, pores, pinholes, grain 

boundaries) that resulted from most PVD deposition processes [31 - 34], corrosive media 

was able to reach the substrate material [35-38], attacking the coating-substrate interface 

[36, 39 - 41]. These attacks eventually lead to failure of the protective coatings. 

The primary objective of this thesis is to develop coating systems and associated 

deposition processes for improved triobological and corrosion resistances. A critical issue 

in this study to achieve this objective is to better understand the mechanisms of 

mechanical and chemical attacks and their correlations with the nature of coating 

systems. 
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1.3 Scope, Objectives and Organization 

As a part of a collaborative research project between Carleton University and Institute for 

Aerospace Research of National Research Council (NRC) of Canada, supported by 

Liburdi Turbine Services Inc., the main goal of this study is to gain a comprehensive 

understanding of the behaviours of transition metal coatings under erosion and corrosion 

environments which gas turbine compressors are subjected to; and to characterize coating 

microstructures and associated deposition processes. Within this scope, the main 

objectives of this thesis are: 

1. To select a series of coating systems with potential capability to provide erosion, wear 

and corrosion protections for gas turbine compressor applications. Widely used 

transition metal nitride coating systems such as titanium nitride (TiN) and chromium 

nitride (CrN) based coating systems (CrSiCN) are selected in this study. These basic 

coating systems are produced using different deposition processes and with modified 

compositions to study the effects of deposition process and composition on 

microstructure and mechanical properties as well as their tribological and corrosion 

behaviours. 

2. To conduct experimental studies of the selected coating systems under the conditions 

similar to that in the gas turbine compressor working environments. 

3. To modify coating compositions and develop novel post-deposition treatments to 

improve corrosion resistance. 

4. To examine the effect of nano-structure on the tribological resistance. 

5. To analyze the effects of coating deposition processes on coating microstructures and 

performances in working environments. 
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6. To investigate the effects of defects in coatings on their anti-corrosion performances. 

This thesis includes the following chapters: 

• Chapter 2 presents a literature review of the issues of surface degradation 

characteristics and mechanisms. The current trend in the development of solutions to 

surface degradations and the state-of-the-art of hard and super-hard coatings is 

studied. 

• Chapter 3 details coating and coating characterization procedures. In particular, 

electroplating and PVD deposition techniques used for experimental studies are 

introduced. Characterizations of the coating systems were carried out using methods 

such as SEM, XRD, EDS, wear (pin-on-disk), erosion (solid particle impingement), 

and corrosion tests (potentiodynamic polarization and electrochemical impedance 

spectroscopy (EIS) measurements). Data obtained on corrosion tests was processed 

and analyzed using equivalent electrical circuit (EEC) technique. 

• Chapter 4 systematically presents the experimental results on microstructures and 

mechanical properties of the coating systems studied; discusses the factors affecting 

coating system behaviours with respect to wear, erosion and corrosion and the 

correlation with their properties. 

• Chapter 5 provides conclusions, indicates contributions based on the results and 

findings obtained, and recommends future work. 
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2. Literature Review 

2.1 Metal Component Surface Degradation 

A general definition of material degradation is the loss of some desired performance in an 

engineering application. Metal degradation can be classified as due to physical, chemical 

or biological effects [8]. Physical degradation is associated with the effects of force and 

heat, which results in wear and thermal corrosion. Chemical degradation is related to 

destructive reactions, which cause the corrosions. Biological degradation is caused by 

interactions between life forms and engineering materials. This study emphasizes both 

physical and chemical degradation mechanisms. 

The consequences of surface damage can be summarized into three categories, i.e., 

constant material volume and weight, material loss, and material gain. Even without 

weight or volume changes, damage can still arise due to structural changes, plastic 

deformation, and surface cracks. When material loss occurs it usually takes the form of 

erosion or wear. Material gain involves pickup of loose particles, embedding of erosive 

particle fragments into the component surface, or corrosion products. Any of these 

damages would deteriorate the desired functions of the components. As are shown in 

Figure 2-1 (a) and (b) sand and dust erosion caused severe damages to an aircraft turbine 

engine compressor. Detailed typical erosive and corrosive damages on a gas turbine 

compressor blade are shown in Figure 2-1 (c). 

8 



(a) Eroded centrifugal compressor [42] (b) Eroded axial compressor [42] 

(c) Erosive and corrosive damages of the compressor blade [16] 

Figure 2-1 Erosive and corrosive damages on components. 

2.2 Degradation Mechanisms 

2.2.1 Wear and Erosion 

Physical attacks can be classified as dynamic impact and non-impact. Dynamic impact 

attacks are the attacks due to repetitive exposure to contacts from solid particulates or 

liquid droplets, which is termed erosion. Non-impact attacks, taking the form of sliding or 
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scratching, are termed wear and cause the surface to roughen and material to be removed. 

The critical difference between erosion and wear is repeat impingements in erosion and 

abrasive sliding in wear. The force governing an erosion process is the deceleration of 

impinging particles, whereas the governing force in a wear process remains 

approximately constant [10]. 

Under normal conditions, the physical damages experience three stages: run-in, steady, 

and wear-out stages. Run-in period is an early stage, where the damage rate is high. In the 

following steady state process, most of the working lifetime of a component is consumed, 

but at a relative low rate of damage. In wear-out stage, a high rate of damage leads to fast 

failure [43] which should be avoided at all costs. Under increasingly harsh conditions, 

e.g., high temperatures, high strain rates, high stress and high sliding velocities, the 

steady stage is shortened, thus the run-in stage tends to merge with the wear-out stage, 

therefore drastically reducing the working lifetime for the component [43, 44]. 

2.2.1.1 Wear 

Wear causes progressive loss of material from a solid surface, due to a relative motion 

between that surface and a contacting substance [10, 45, 46]. 

The wear process usually experiences three typical stages [47]. In the initial period (type 

I), the wear rate is low. In the following period (type II), the wear rate is constant. In the 

tertiary period (type III), the wear rate increases drastically with time. These types of 
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wear can be found in their corresponding regimes in a wear-time curve (Figure 2-2). In 

this curve, the types of wear correspond to three wear regimes: running-in or break-in or 

wear-in, the steady state, and accelerated wear/wear out [47, 48]. 
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Figure 2-2 Wear and wear rate behaviour as a function of time, number of over-rolling or 
sliding distance [48]. 

Type I wear in the running-in regime causes changes in geometry and mechanical 

properties on the rolling/sliding surface [49]. This regime usually results in asperities, 

increased average contact area, decreased frictional work (Figure 2-3) and average 

roughness, lower surface temperature, and decreased wear rate [50]. Two mechanisms, 

i.e., plastic deformation and mild wear dominate this regime [49, 51]. Plastic deformation 

is an important factor in changing the surface topography [52], for which many models 

were developed. The model of asperity change [48] due to plastic deformation in the 

rolling contact running-in period reached a good agreement with experiments. A 

deterministic elastic plastic contact model [53] was proposed for the surface topography 

of a rolling contact during the running-in phase. In the running-in regime, parameters 

such as load, sliding velocity, initial surface roughness, lubricant, and temperature have 
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controlling effects [54]. A sufficient load benefits surface roughness reduction after 

running-in; therefore a proper running-in period is desirable for prolonging the lifetime of 

a system. 
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Figure 2-3 The change of the coefficient of friction and a roughness as a function of 
time, number of over rolling or sliding distance of a contact under constant operating 
conditions [48]. 

In the steady state Type II wear, the wear rate demonstrates a linear wear vs. time 

relationship (Figure 2-2). In this phase, the average coefficient of friction, specific wear 

rate, and other specific parameters are constant [55]. The micro-hardness increases due to 

selective work hardening; and the coefficient of friction slightly decreases. This phase 

determines the working lifetime of the components, therefore it is desired that it be as 

long as possible [56]. As in the wear out region, dynamic loading causes fatigue, and 

results in material losses, resulting in rapid increases in the wear rate (Figure 2-2). 

The extent of the damage and the mechanism of wear are two major concerns in the 

classification of wear. On the basis of the extent of damage, wear can be classified as 
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mild or severe [57]. A comparison of mild wear and severe wear is summarized in Table 

2-1. Generally, a mild wear results in polished surfaces (Figure 2-4 a), accompanied by a 

low wear rate, whereas a severe wear causes roughened surfaces (Figure 2-4 b) with a 

high wear rate. 
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(b) Severe wear 

Figure 2-4 Wear tracks on PVD CrN coatings [58]. 
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In mild wear, tribochemistry and local plastic deformation are dominant [48]. 

Tribochemistry is a branch of chemistry about chemical and physical changes related to 

mechanical energy [59] and is concerned with the chemical reactions at the interface 

between the lubricant and the contact surfaces under boundary lubrication conditions [60]. 

In severe wear, material is lost by adhesive wear and material transfer, corrosive wear, 

cutting, plastic deformation, surface fracture and fatigue, tearing, and melting [1]. 

The criteria used to distinguish mild from severe wear are the coefficient of friction and 

the specific wear rate. The coefficient of friction, expressed as ju=F/N, increases as a wear 

process transfers from sliding to deformation [61], indicating the transition from mild to 

severe wear, and from steady state to accelerated wear. The rapid increase in wear rate 

during transition from steady state to accelerated wear also indicates the transition from 

mild into severe wear [51]. 

Table 2-1 Distinction between mild and severe wear [51] 

Mild Wear 

Result in smooth surfaces 

Debris small than 100 run 

High electrical contact resistance 

Severe Wear 

Result in rough, deeply torn surfaces 

Large metallic wear debris up to 0.01 mm 

True metallic junctions formed 

The transition from mild to severe wear would result in an acceleration of degradation. 

Predicting and prohibiting this transition are critical for governing the working lifetime of 

a component. The mechanical severity of contact (<Sc,m) has been proposed as one of the 

physical parameters for evaluating the transition from mild to severe wear, and is 

described as [57]: 
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Klc 

where, 
ju: coefficient of friction, 
Pmax'- maximum Hertizan contact pressure, 
Kjc: fracture toughness, and 
d: pre-existing crack length. 
SCim: mechanical severity of contact, is used to identify the transition from mild to 

severe wear, with a threshold value of 6 [57]. 

The general wear mechanism is the energy transfer accompanied by material removal or 

displacement [62]. Five basic specific wear mechanisms were summarized as adhesive 

wear, abrasive wear, surface fatigue [63], tribochemical reactions [62], and corrosive 

wear [64]. In adhesive wear, two smooth bodies slide against each other; fragments are 

pulled off one surface, adhering to the other [65] and is found in severe wear [63]. 

Abrasive wear takes place as a hard rough surface or a soft surface containing hard 

particles slides over a soft surface, and ploughs grooves. Fatigue wear takes place with 

repeated sliding or rolling over a surface, causing deformations or cracks [48]. In rubbing, 

chemical reactions occur at the interface between the contact materials [60] that 

accelerate material damage. In a corrosive environment, a reaction layer is generated. As 

the layer is removed by mechanical action, corrosive wear occurs [48, 64]. 

Wear processes are associated with two important tribological factors, friction and 

lubrication, which are described in the following sections, then the two important modes 

of wear, adhesive and abrasive, are reviewed in detail. 
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2.2.1.1.1 Friction and Lubrication 

Friction 

Friction is defined as the resistance to relative lateral (tangential) motions between solid 

surfaces, fluid layers, or other material elements in contact. 

Friction can be classified into several modes: dry friction, lubricated/fluid friction and 

internal friction. Dry friction consists of relative lateral motion between two unlubricated 

solid objects in contact. This friction can be further divided into static and kinetic. Static 

friction occurs between two solid objects at rest, opposes the relative sliding of the 

objects, and increases with the tangential force that attempts to move an object. When the 

tangential force overcomes the maximum static friction force (referred to as limiting 

friction force), the objects begin to slide relative to each other. At the moment that sliding 

occurs, static friction is no longer applicable and kinetic friction governs the dynamic 

sliding motion. 

Lubricated friction [66] or fluid friction [67, 68] resists relative lateral motion of solid 

surfaces separated by a layer of fluid. This friction also describes the friction 

phenomenon between the fluid moving layers [69, 70]. 

A friction force is derived from electromagnetic force between charged particles such as 

electrons, protons, atoms, and molecules on two contacting surfaces. This force is 

difficult to calculate, so it is obtained in an empirical way. 
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The adhesion theory of friction [71] discusses the cause of friction. When two surfaces 

are brought into contact under an applied load, junctions are formed where asperities 

contact. When contacting surfaces move relative to each other, the friction between the 

two surfaces converts kinetic energy into thermal energy. A kinetic friction is caused by 

chemical bonding between the surfaces [72] at asperities in micro- and nano-scale [73]. 

The total area of real surface contact at asperities is a function of load and penetration 

hardness of the softer material, and is approximated by the equation: 

A=N/H (2-2) 

where, 

A: real area of contact 
TV: load 
H: penetration hardness of the softer material 

During sliding between two surfaces in contact, junctions are sheared. Therefore, the 

friction force (F) is related to the shear stress r of the softer material and the real contact 

area A: 

F = xA (2-3) 

Since F = juN, then ju = r /H. The value of the ratio x /H, which equals the coefficient of 

friction, remains constant for most metals. With such a relationship, for clean, non-

lubricated surfaces, the real effective contact area is increased as the surfaces wear, and 

increased surface energy generates more friction, therefore the coefficient of friction rises 

as the surfaces wear. 
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Lubrication 

Lubrication is a process or technique used to reduce the wear of surfaces, in contact and 

moving relative to each other, by interposing a third substance (in a form of film), termed 

a lubricant, between the surfaces to carry the load (pressure generated) between the 

surfaces. The lubricant can be a solid, a solid-liquid dispersion, a liquid, a liquid-liquid 

dispersion (greases) or a gas. 

Three distinct situations can be observed with respect to the mode of lubrication, i.e., 

fluid film lubrication [74, 75], elastohydrodynamic lubrication [75, 76], and boundary 

film lubrication [75]. 

In a fluid film lubrication regime, through viscous forces the load is fully supported by 

the lubricant within the gap between the objects moving relative to each other, therefore 

solid contact is avoided. This mode of lubrication can be further divided into hydrostatic 

and hydrodynamic lubrications [75]. In a hydrostatic lubrication, an external pressure is 

applied to the lubricant, to maintain the fluid lubricant film; whereas in a hydrodynamic 

lubrication, the motion of the contacting surfaces is used to pump the lubricant around the 

moving object to maintain the lubricating film. 

In elastohydrodynamic lubrication, an elastic deformation on the contacting surface is 

induced by viscous resistance of the lubricant which increases the load contacting area. 

In boundary film lubrication, chemically reactive components of the lubricant react with 

the contact surface at the elevated temperature and pressure conditions, forming a highly 
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resistant film on the moving surfaces, which is referred as to a boundary film. This film is 

sufficient to support the load, and reduce asperity direct contact due to the normal force. 

Adequate lubrication reduces wear between solid objects by preventing asperity contact; 

therefore it minimizes wear damage to the solid surfaces. 

2.2.1.1.2 Adhesive Wear 

Adhesive wear is a consequence of material transfer caused by direct contact and plastic 

deformation under a high normal load between the asperities in a rubbing pair. The 

asperities on the contacting surfaces penetrate the opposing surface, and generate a 

plastic zone surrounding the penetrating asperity. Adhesive wear is the most common 

form of wear and is commonly encountered on an unlubricated surface or in the case of 

lubricant failures. This type of wear is also referred to as cold welding wear, scoring, 

galling, seizing, or scuffing in engineering applications. 

The mechanism of an adhesive wear is attributed to the contact that may result in a 

surface plastic deformation, where soft surface films or oxide layers are broken up and 

removed. Clean surfaces provide stronger adhesion [77] at the asperity contact, and 

increase the fragments pulled off due to repeated cold weld and separation [63]. In this 

type of wear, physical-chemical adhesive interaction between the surfaces plays a role in 

the initial asperity bonding process but the energy absorbed in plastic deformation and 

movement is the main cause for material transfer and wear. Oxidation films and other 
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contaminants between the contact surfaces generally suppress adhesion wear but may 

contribute to abrasive wear [78]. 

The general rate of adhesive wear (i.e. volume removed per unit time), regardless the 

form of damage, is described by the Archard adhesive wear equation as [79]: 

i N L 

w = k (2-4) 
H 

where, 
w: wear rate 
N: applied load, 
L: sliding distance, 
H: hardness of the softest material, 
k: wear coefficient. 

2.2.1.1.3 Abrasive Wear 

Abrasive wear behaviour is related to a variety of material characteristics [10]. Hardness 

is a primary property for abrasive wear resistance. The hardness and load together 

determine the contact surface area, which is proportional to the wear rate [80]. A high 

modulus results in high contact stresses that probably weaken this resistance. High yield 

strength would increase wear damages due to less fracture. Strain hardening could 

complicate the situation. A high melting temperature would increase the resistance to 

wear due to less softening. 

Regarding crystal structure, wear rate for cubic crystals is about twice that for hexagonal 

crystals due to the differences in slip system and plasticity. With respect to microstructure, 

materials with high strain hardening exponent have better wear resistance. A high 
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toughness increases the wear resistance, mainly for brittle materials. In general, alloys 

demonstrate higher wear resistances than pure metals. Carbides based materials or 

carbide reinforced metals usually have improved wear resistances [10] 

Mechanisms of abrasive wear usually take the forms of cutting, wedge formation, 

plowing, and brittle fracture (cracking). In cutting wear, a chip forms in front of the 

cutting asperity. The material is removed from the surface, and the wear track (groove) is 

generated (Figure 2-5 a). In a wedge forming wear, the material is deformed, and 

accumulates in front of the sliding asperity (Figure 2-5 b). In plowing wear, the material 

is shifted to the sides of the wear groove, but is not removed from the surface (Figure 2-5 

c). In cracking (brittle fracture) wear, the material cracks in the subsurface regions 

surrounding the wear groove (Figure 2-5 d). 

(a) Cutting [81 ] (b) Wedge forming [81] 

(c) Plowing [81] (d) Cracking (brittle fracture) [82] 

Figure 2-5 SEM images of processes of abrasive wears. 
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2.2.1.1.4 Models for Predicting Abrasive Wear 

An early analysis of wear was conducted by Holm [83] who established the relationship 

for the wear removed volume (Vwear) in the sliding distance L and the true contact area, 

which was followed by the work of Archard [65] who developed the Archard wear 

equation [84]: 

, NL 
Kear=kA— (2-5) 

where, 

Vwear: the wear removed volume, 
kx. Archard wear coefficient (< 1) [65, 85]. 
L: the sliding distance, 
JV: the normal load, 
H: the hardness of the worn surface. 

Replacing the wear coefficient (fo) and hardness of the surface (H) with the wear rate 

(k£), Eq. (2-5) is simplified as [86]: 

Vwear = kKNL (2-6) 

This Archard wear equation (Eq. 2-6) postulates a proportional relationship between the 

wear rate (worn volume per unit sliding distance), load, and material combination. 

A number of modified Archard's wear equations have been widely used in numerical 

simulations, especially for the mild wear situation, and have given satisfactory results [87 

-91]. One of the equations uses a semi-empirical approach and relies on experimental 

data to determine the depth of wear h, and is presented as [92]: 
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h = —L"Pm (2-7) 
H 

where 
K: wear coefficient, 
H: the hardness of the worn surface, 
L: sliding distance, 
P: pressure, 
m and n: exponents determined by materials and test conditions [56]. 

The empirical equation (Eq. 2-7) indicates that Archard's linear wear law [65] involves 

the mechanical properties of the interacting materials. It states that the volume of the 

removed material is proportional to the sliding distance (L), the pressure (P), wear 

coefficient (K), and is inversely proportional to the hardness of the contact surface (H) 

[85]. 

Replacing wear coefficient (K) and hardness of the surface (H) with the dimensional wear 

rate (fa), Eq. (2-7) is simplified as: 

h = kL"Pm (2-8) 

Eq. (2-8) is widely used for wear resistance comparison among materials. 

Another modified Archard's wear equation, Khurshchov empirical equation [10], was 

developed incorporating the elastic properties of the interacting materials: 

(2-9) 

where, 
E: modulus of elasticity, 
fa: the Khurshchov wear coefficient, and is determined through experiments 
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In order to describe all phases during a wear process, i.e. running-in, steady state, and 

accelerated wear, a dynamic wear model was proposed [47], which is also modified from 

Archard's wear equation, and is presented as: 

Vwear = cF/S (2-10) 

In this model, the wear rate is proportional to a force term (F), which is contributed by 

frictional force, and is inversely proportional to the wear resisting term (5), which is 

related to material strength near the surface. The constant (c) can be determined 

experimentally or by using analytical methods. 

Surveying the literature, it has been found that there have been over thirty two parameters 

and nearly two hundreds of equations proposed, involving various material properties and 

working conditions [93], in attempt to find a model that can describe and predict complex 

wear processes. However, not a simple and universal model has been found to be able to 

predict wear on the basis of mechanical properties and contact information [61]. This is 

primarily due to the complexity of the wear process which is highly dependant upon 

specific operating conditions. Experimentation in conjunction with semi-empirical 

approaches on a case by case basis seems to provide a more effective prediction. 

2.2.1.1.5 Abrasive Wear Test 

The wear testing methods include Taber® Abrasion test, sand rubber wheel abrasion test, 

ball-cratering method [94] (also referred as Calo® test), and pin-on-disk test [95, 96] as 

shown in Figure 2-6. 
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Figure 2-6 Schematic illustration of various types of abrasive wear tests. 

The Taber Abrasion test uses the rotary platform abrasion tester (Taber Abraser) for 

evaluating resistance to rubbing abrasion. In this test, wear is caused by the rolling action 

of an abrading wheel against a spinning specimen [95]. This test has been widely used, 

and covers a wide spectrum of testing materials. The ball-crater and dimple-grinder 
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methods have been further developed and used extensively to assess the abrasive wear 

resistance of thin hard coatings [94]. 

The pin-on-disk test is the most common abrasive wear test [98]. A fixed pin (usually a 

cylinder with a hemispheric end), under a certain load makes contact with a flat disk as it 

rotates at a certain velocity [95, 96]. This test is designed for evaluating resistance to 

sliding wear, has been widely used, and is recognized as one of the standard wear 

evaluating methods [96]. 

2.2.1.2 Erosive Damage 

Erosive damage is the destruction and loss of material as a consequence of repeated 

impacts from the abrasive action of a moving fluid or solid particles [10]. As a special 

case of wear, erosion involves material removal by cutting or surface fatigue [1], causing 

changes in volume / weight or shape of the attacked object [99 - 102]. The manifestation 

of particle erosion includes thinning of components, macroscopic scooping appearance, 

surface roughening, and formation of ripple patterns on metals [10]. 

2.2.1.2.1 Types of Erosion and Mechanism 

The nature of the material and the erosion conditions govern the mechanism of an erosion 

process. The natures of materials include microstructure and various mechanical and 

physical properties [103, 104]. For ductile materials, impacting particles cause severe and 

localized plastic strain that eventually cause fracture [105] (Figure 2-7 a). As for brittle 
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materials, erosion is induced by the propagation and intersection of cracks [106] (Figure 

2-7 b), and followed by fracture of the cracked micro pieces [103]. This form of erosion 

for brittle metals is attributed to Herzian stress (as indicated in Figure 2-7 b) [105, 107]. 
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Figure 2-7 Mechanisms of erosions for ductile and brittle materials [108]. 

A contact surface involving many grains would reduce the rate of erosion [100, 109] due 

to the effect of grain boundary strengthening (Hall-Petch relationship), thus small grain 

sizes are preferred for erosion resistance. However, material heat treatment conditions 

should be also taken into account as well [110]. 
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Erosion conditions, which are independent of the properties of the substrate, include 

impingement variables (impingement angle and erodent velocity), testing temperature, 

erodent feed rate, and erodent properties such as size, shape, density, hardness and 

friability. With respect to impingement angle, erosion can be further subdivided into 

abrasive and impingement modes. The abrasive erosion is a micromachining action of 

particles impacting the surface at low impingement angles, i.e., the relative motion of the 

abrasive particles is nearly parallel to the solid surface. This action involves low stresses, 

and does not fracture the surface. Impingement erosion is the impact of particles at large 

incident angles, which induces cracking and crack coalescence. 

For hard and brittle materials, impingement induced cracking damage is proportional to 

the normal component of the impact momentum. At low impingement angles, the normal 

component of the impact momentum is low, and it is usually difficult to initiate cutting, 

therefore the erosion rate is low. High-angle erosions tend to be fatigue in nature. The 

erosion rate increases with impingement angle, approaching the maximum near a right 

angle for brittle materials, in which cracks can easily form and propagate [106]. 

Erosion rates for ductile materials are generally high due to their low strengths. The 

cutting mechanism dominates at low impingement angles due to high tangential impact 

force, while the work hardening effect dominates at high impingement angles. Materials 

consume impact energy mainly in the forms of plastic deformation and defect 

accumulation or micro cracking, depending on the hardness of materials. Erosion rates 

for ductile materials quickly increase with impingement angles in the low angle region, 
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and reach the maximum values at low impingement angles (for example 30°); then 

decrease with a further increase of impingement angle, as the ductile materials can absorb 

most of impact energy at higher impingement angles [106, 111]. 

A comparison between the erosion rates with respect to material properties is shown in 

Figure 2-8. Understanding the impact angle related erosion mechanism is necessary for 

the selection of materials and their microstructures for different applications. 

15 30 45 SO 75 90 
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Figure 2-8 Erosion resistances vs. impingement angle [106]. 

Another important factor in erosion is particle impact velocity which significantly 

influences the erosion rate of brittle materials [112]. At low impact velocities, cracks take 

cone shapes, and radial cracking changes to lateral cracking with increase in further 
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higher velocity, lateral cracks form. At high impact velocities, the damage pattern is 

essentially independent of the impacting particle geometry, impact angle, and surface 

hardness [113 - 115], and is predominantly governed by the kinetic energy of the 

impacting particles [116]. As shown in Figure 2-9, the erosion rate for brittle materials 

increases with impact velocities. 
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Figure 2-9 Erosion rate as a function of particle kinetic energy [117]. 

10000 

Temperature is another factor in an erosion process as surface properties of the metal 

significantly change due to oxide layer growth and annealing [118]. Under such 

conditions, erosion consists predominantly of three processes: erosion, erosion-oxidation 

and oxidation. Erosion-accelerated oxidation [119] is commonly seen in gas turbines 

where erosion removes the oxidation resistant layer rendering the substrate material more 

prone to oxidation. 
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2.2.1.2.2 Modeling of Erosion 

A common method of quantifying erosion is to measure the material loss normalized by 

the amount of erodent [94]. In a non-corrosive condition, an erosion process is mostly 

measured by erosion rate, Em or Ev, which is defined as the mass or volume of material 

removed by a unit mass of erodent, respectively, and can be simply described as: 

Em=MJMe or Ev=VJMe (2-11) 

where, 
Mm: mass of removed material, 
Vm: volume of removed material, 
Me\ mass of erodent. 

This is the most common approach that has been employed in erosion evaluation. 

However, it can only describe relative erosion damage for a given test condition, and 

does not take erosion mechanism into account. Attempts have been made to involve other 

factors associated with erosion mechanisms under various test conditions. For example, 

kinetic factors were introduced to describe erosion rate in a dynamic mode [94] and 

described as [120]: 

Em = (k/2)pv2 (2-12) 

where 
p: the density of the surface material, 
k: specific wear rate or dimensional wear coefficient, and 
v: abrasive particle velocity. 

A tribological intensity (y/) (representing kinetic energy of the particle striking the unit 

surface per unit time) was introduced to characterize the relationships among particle 

velocity, impact angle, and erodent particle flow, and is written as: 

V=VfhO) (2-13) 
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Eq. (2-13) indicates that the tribological intensity (y/) is linearly proportional to the 

particle flux (tp) for a certain particle velocity vector determined by impact angle {&) and 

particle velocity (v) [94]. This triobological factor, involving dynamic factors in the 

erosion process, can be used to modify other equations. 

The volume loss due to erosion for ductile materials is described as [121]: 

Vero = ^ > l ( s i n 2 0 - - s i n 2 0 ) (2-14) 
WX X 

where, 
Me: mass of erodent, 
p: density of material, 
v: velocity of erodent, 
6: impact angle, 
y. the tribological intensity, the second erosion factor obtained from metal cutting 
experiments; 
X = P/F, 

where, 
P: normal contact force, 
F: friction force. 

This equation assumes erosion abrasives bounce off the impacted surface with sufficient 

kinetic energy. In the case that an abrasive cuts into a ductile surface, and stops at a depth 

as its kinetic energy is exhausted, the volume loss can be expressed as [121]: 

Vm=^-(^cos20) (2-15) 

Eq. (2-14) and Eq. (2-15) involve the factors of material density, erodent velocity and 

impact angle. At a certain velocity, the materials with a lower density (or more porous) 

would be subjected to more loss. For ductile materials, the loss is proportional to the 2nd 

32 



power of erodent velocity or its kinetic energy. This indicates the predominant role of the 

impact velocity in an erosion process. A critical impact angle exists, usually lower than 

30°, at which material loss reaches the maximum, and over which the loss begins to 

decrease. However, these two models lose their accuracies as impact angles approach 0° 

and 90°, and are not valid at these two impact angles. 

The volume loss due to erosion for brittle materials is described as [121]: 

Vero=k4(^r6^^v^^ (2-16) 
XV 

where, 
v: the velocity of erodent, 
R: the particle radius, 
JX\ coefficient of friction, 
kf. the erosion constant that is determined by normal stress and velocity; 
R*: a constant determined by pi, velocity, and elasticity of the substrate. 

R6 

In this equation, for a given erosion condition, the item k4(—)(06M)/(M~2) is a constant; the 

R* 

erosion loss appears independent of the impact angle, and is mainly associated with the 

velocity of erodent and coefficient of friction. However, for a given material, the impact 

induced friction force is proportional to the normal component of the impact momentum 

(product of mass and velocity). Furthermore, for a given erodent with a certain impact 

velocity, the normal component of impact momentum increases with the impact angle. 

This indicates that higher impact angles would result in greater impact induced friction 

forces in addition to greater normal impact momentums, and therefore leads to higher 

erosion loss. This is in agreement with the foregoing discussion on the characteristics of 

brittle erosion. However, due to the fact that many parameters in this equation need to be 
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determined by means of experiment, the accuracy of the prediction is dependent on the 

accuracies of experiments. 

Other empirical equations have been developed with respect to specific erosion 

conditions [7, 103, 107, 117]. However, those models, including the above mentioned, are 

only valid for certain materials under certain test conditions. As a special type of wear, 

erosion is a complex process involving numerous intrinsic and extrinsic factors. It is 

difficult to describe an erosion process using a purely mathematical model or a simplified 

empirical equation. Instead, experimental investigation in combination with semi-

empirical equations is a more effective methodology in erosion evaluation. 

2.2.1.2.3 Erosion Tests 

Two widespread uses of erosion test are gas blasting and centrifugal accelerating, as 

shown in Figure 2-10. In a gas blast rig, erodent particles are accelerated through a 

nozzle by a stream of gas (dry nitrogen or argon) [122], shooting at the specimens [94]. 

In a centrifugal accelerating test, particles on a rapidly rotating disc are accelerated by the 

centrifugal force, flying to the specimens. In comparison with centrifugal accelerating 

test, a gas blasting test can provide a wider range of particle velocities, and does not need 

taking into consideration of the impact of rotating particles; a centrifugal accelerating test 

can closely control the erosion test parameters, and does not need a gas supply [123]. In 

this study, the erosion evaluations were conducted using blast test, under the same 

conditions of erodent properties, impingement velocity and angle, and in a comparison 

approach. Obtained data was processed using Eq. (2-11). 
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Figure 2-10 Schematics of erosion test systems. 
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2.2.2 Corrosion 

Corrosion is a phenomenon of destructive attack or deterioration of a metallic material 

due to chemical reaction with its environment [125, 126]. The essence of corrosion is a 

chemical or electrochemical oxidation process, in which the metal transfers electrons to 

the environment, and results in a valence change from zero to positive values. The 

corrosion environment or media, can be in the form of liquid, gas or hybrid solid-liquid. 

These media are referred to as electrolytes in electrochemistry [127]. 

2.2.2.1 Types of Corrosion 

Corrosion can be classified in many ways. With respect to corrosion media, corrosion of 

metallic materials can be divided into three groups: wet corrosion, molten matter 

corrosion, and dry corrosion [125, 128]. Wet corrosion, a typical electrochemical process, 

is the most common type of corrosion occuring in water based electrolytes. Corrosion can 

also occur in other fluids, e.g., fused salts or molten metals. In a dry corrosive 

environment, the corrosion is an oxidation process. 

Corrosion modes can be classified into general corrosion (uniform corrosion) and 

localized corrosion [127]. In general corrosion, reactions randomly take place across the 

whole surface of the material. General corrosion could take many forms [ 129 ]. 

Atmospheric corrosion is the most common type of corrosion on metal pieces. Galvanic 

corrosions occur between dissimilar metal/alloys or microstructural phases (e.g., pearlitic 

steels, copper alloys, and lead alloys). High temperature corrosion takes place on steels 

and forms a porous iron oxide phase. Fused salt corrosions occur due to molten salts. 
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Localized corrosion concentrates at particular areas and also takes various forms [130]. 

Crevice corrosion is observed at interfaces on a metal/alloy surface like underneath a 

gasket or at lap joints under bolts or under rivet heads. As a special case of crevice 

corrosion, filiform corrosion occurs under a protective film. Pitting corrosion is an 

extremely localized corrosion [130], and is characteristized by having depth of 

penetration that is much greater than the diameter of the affected area. 

Other types of corrosion are intergranular, selective leaching, corrosion-erosion, stress 

corrosion, and hydrogen embrittlement damage [131]. Corrosion mechanism and material 

microstructure both play key roles in a corrosion process. In this study a coating/metal-

substrate system is considered, where galvanic corrosion due to the presence of coating 

defects is the typical corrosion mode, and electrochemical reaction is the essential 

corrosion mechanism. 

2.2.2.2 Corrosion of Coating Systems 

In a coating/metal-substrate system, the metal substrate is not directly in contact with the 

corrosion environment. However corrosions may still occur due to defects in the coatings 

such as voids, pinholes, droplet, poor adhesion, differences of chemical composition 

between the coating matrix and droplet [32, 33, 132, 133], as summarized in Figure 2-11. 

These defects can lead to breakdown of the coating through coating delamination [37] or 

cracking [127]; and through these defects, corrosive media reach the substrate, and result 

in corrosive damages [36, 38, 134, 135]. Therefore, these defects are the main causes of 

failure of a coating/metal system. 
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Figure 2-11 Schematic of corrosion mechanisms of coating systems with defects [133]. 

In a coating/metal system, pitting is the result of localized galvanic corrosion at the 

interface [33, 39, 40]. In pitting corrosion, the two competing factors are pit plugging 

action and corrosion product dissolution. In a corrosion process, the corrosion product 

could accumulate at pit sites, plugging the local access for the electrolyte; the corrosion 

product could be further dissolved into the electrolyte. The plugging effect increases 

resistance to corrosion, whereas dissolution decreases this resistance. 

Dissolution is caused by the hydrolysis of metal salts in the pits, and the process is 

responsible for the increase in acidity [133, 136]. At this level, corrosion is diffusion 

governed, and the corrosion products limit oxygen access [137 - 139]. Once metal 

dissolution starts, localized attacks with a high local corrosion current density will occur 

[40], providing accesses for electrolyte to the substrate metal. Anodic and cathodic 

reactions occur at local sites, and continue toward the direction of gravity. A vertically 
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oriented or downward defect retains the electrolyte, and assists the accumulation of 

corrosion products [127]. Therefore, a rough and heterogeneous surface is more 

susceptible to pitting corrosion [140 -142]. 

Important factors affecting pitting corrosion include environment, coating morphology 

[143], compositional heterogeneity [127], and the local microscopic condition such as the 

microstructure and orientation of the pits [143]. 

Studies were conducted with regard to nucleation of pits and their distribution over metal 

surfaces. A model [144] was proposed to explain the formation of corrosion pits in a 

water based electrolyte with chlorine ions (CI") and oxygen molecules (O2). As shown in 

Figure 2-12, CI" ions penetrate via the irregularities or defects in the coating, moving 

towards the bottom of the pit where they react to form metal salts; oxygen molecules and 

the metal salts react with water molecules to casue oxidation [145]: 

02+3Cl"+M+2H20 -»• MC1+20H"+2HC1 (2-17) 

Metal salts and hydroxyl ions (OH") are produced in the process. With further reaction, 

metal chloride is hydrolyzed and free hydrochloric acid and metal hydroxide are 

generated. Free hydrochloric acid formed at the bottom of the pit results in an increase in 

the concentration of hydrogen ions, and consequently leads to high acidity near the 

bottom of the pit and high conductivity of the electrolyte [133]. As a result the 

electrochemical process through the pit electrolyte is accelerated. The metal hydroxide 

compound reacts with oxygen and water, forming corrosion products (oxides). As a 

consequence of the above reactions, the coating can be delaminated by the growth of 
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corrosion product (Figure 2-12 b), which leaves an accumulation of corrosion products 

over the pit that can act as a barrier to the entry of the electrolyte, retarding further 

corrosion progress in certain instances [144]. 

(a) Pitting corrosion mechanism (b) Coating delamination as a result of 
pitting corrosion 

Figure 2-12 Schematic for pitting corrosion mechanism in a coating/substrate system and 
damage to the coating. 

2.2.2.3 Electrochemical Corrosions 

Corrosion is an electrochemical reaction process, accompanying two simultaneously 

opposite reactions i.e., reduction and oxidation (referred to as redox reaction). In such a 

corrosion process, metal ions in the electrolyte are reduced and are deposited on the 

electrode surface (cathode); while the corroding metal atoms oxidize, become ions, and 

dissolve from the electrode (anode) surface into the electrolyte. Corrosion is governed by 

electrochemical kinetics [127]. The driving force is the difference in potentials of the 

electrodes, and the corrosion rate is related to the flow rate of electrons (electrode current) 

through a metal-electrolyte interface. The electrode current (I) is the quantity monitored 

in investigating a corrosion process by means of electronic measurement. 
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In an electrochemical process, electrode reactions induce deviations from equilibrium due 

to the electrical current passing through the electrochemical cell, and result in a deviation 

in the working electrode (WE) potential. This phenomenon is referred to as electrode 

polarization. In this process, the deviation from equilibrium causes a difference in 

electrical potential between the polarized and the equilibrium (un-polarized) electrodes. 

This potential difference is defined overpotential [145]. 

Two mechanisms, i.e., electrical charge transfer and mass transfer, govern an 

electrochemical polarization. In this study, the interest is on the charge-transfer governed 

polarization, referred to as activation polarization, in which the reaction controls the rate 

of electron flow through a metal surface that undergoes an oxidation [145]. 

In a polarization of an electrode from the open-circuit potential (OCP) under steady-state 

conditions, the potential-current relationship is quantitatively described by the Butler-

Volmer equation [146,147]. This equation takes both cathodic and anodic reactions on 

the same electrode into account, and is given as: 

I = A-i0- {exp 
(1 - a)n • F 

RT (E-EJ -exp 
a-n-F 

RT (E-EJ } (2-18) 

where: 
/: electrode current, 
i0: exchange current density, 
E: electrode potential, 
Eeq: equilibrium potential, 
A: electrode active surface area, 
T: absolute temperature, 
n: number of electrons involved in the electrode reaction 
F: Faraday constant (9.65 xlO"4 C/mol) 
R: universal gas constant 
a: symmetry factor, dimensionless 
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As a relative parameter, electrode potential cannot be directly measured, and can only be 

evaluated by referring to an arbitrary zero point, which is the potential of a reference 

electrode. In electrochemistry, electromotive force (emf) is the potential difference 

between the two electrodes in an electrochemical cell without electronic current flow. 

To measure electromotive force (emf), a standard hydrogen electrode (SHE) cell is 

introduced, as is shown in Figure 2-13, which consists of a working electrode, a counter 

electrode, and a reference electrode. Detailed working principles and apparatuses are 

introduced in the literatures [127, 146, 147]. A counter electrode is connected to the 

working electrode through the electrolyte to measure and control the potential drop across 

the surface of the working electrode and the electrolyte (referred to as interfacial 

potential). The counter electrode provides the current to the electrolyte, and changes 

polarity opposite to that of the working electrode. 

To overcome the variation of the interfacial potential, a third electrode (reference 

electrode) is introduced between the working and counter electrodes (referred to as a 

three-electrode system). This system offers a controllable potential between the working 

and reference electrodes. In practice, two types of reference electrodes, i.e., silver-silver 

chloride electrode and saturated mercury-mercurous chloride (calomel electrode) 

electrode are used, with the latter one being the most widely used [127, 146]. 
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Figure 2-13 Schematic diagram of three-electrode electrochemical cell. 

The potential-current relationship for the working electrode (WE) can be determined by 

the factor of either current or potential; and the corresponding approaches are the 

galvanostatic and the potentiostatic method, respectively. A galvanostatic approach, with 

a constant current applied between a working electrode and a counter electrode, measures 

the changes in potential of the working electrode relative to the reference electrode. 

Whereas in a potentiostatic approach, a fixed working electrode potential to reference 

electrode is maintained regardless of the variations in the current corresponding to the 

changes in the rates of corrosion. This method closely follows the potential behaviour of 

the metal. This potentiostatic method is favored in many applications, and was employed 

in this study. 

As a determining factor for the rate of electrochemical corrosion, electrochemical kinetics 

is characterized by several primary polarization parameters, i.e., corrosion potential 

(Ecorr), and Tafel slopes (fia) and (fic). Evaluation of these parameters can determine the 
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polarization resistance (Rp), corrosion current density (iCOT), and Faradaic corrosion rate 

(CR). The functional relationship among these electrochemical kinetic parameters can be 

obtained and described with assistance of a polarization curve shown in Figure 2-14. 

Transpassive 
i 

Potential (V) 

l p I CO 
(A/cm2) 

Log(l) 

(where ip is the passive current density, icorr corrosion current density, is secondary current 
density, ic critical current density, imax maximum current density, Epa passive potential, 
Ecorr corrosion potential, E02 oxygen evolution potential, Epp primary passive potential, 
and Ep pitting potential) 

Figure 2-14 A typical hypothetical polarization curve [127]. 

A polarization curve indicates two limiting cases for the Butler-Volmer equation [127]. In 

a low over potential region (polarization resistance region), the Butler-Volmer equation is 

simplified as [127]: 

nF 
RT 

(2-19) 

whereas, in a high over potential region, the Butler-Volmer equation is simplified as [127]: 

E - Eeq = a - blog(i) for a cathodic reaction, or (2-20 a) 

E- Eeq = a + blog(i) for an anodic reaction, (2-20 b) 
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This form of the Butler-Volmer equation is also referred as the Tafel equation, where a 

and b are Tafel equation constants (for a given reaction and temperature). In the Tafel 

equation, the anodic polarization due to an anodic over potential (E - Eeq >0) 

corresponds to a metal surface oxidation in the form of losing electrons, consequently, the 

metal surface is positively charged. 

On the other hand, cathodic polarization requires that electrons be supplied to the metal 

surface at a negative over potential, E - Eeq < 0, thus implying E < Eeq. 

Under this condition, the Butler-Volmer equation is converted to the Stern-Geary relation 

[148, 149]: 

, _ 1 fiafib 1 
2.303 (fia+JSb) Rp 

(2-21) 

where 
fia and/?c: the Tafel slopes of the anodic and cathodic corrosion reactions, 
Rp: polarization resistance corresponding to the resistance of the system to the corrosion 
process. 

In an electrolytic cell system, electrode polarization is governed by two factors, i.e., 

electrical charge transfer and mass transfer [127]. The charge-transfer induced 

electrochemical polarization is referred to as activation polarization, where a redox 

stoichiometric reaction occurs. This reaction controls the rate of electron current flow 

from the electrode surface [145]. Therefore from this electric current the polarization 

behaviour can be investigated. 
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2.2.2.4 Experimental Approaches to Studying Corrosion 

Properties 

A metal corrosion process can be evaluated by direct current (DC) or alternating current 

(AC) electrochemical techniques. The direct current (DC) techniques include 

potentiostatic or potentiodynamic polarization, linear polarization, Tafel extrapolation, 

and cyclic polarization. The alternating current (AC) techniques include electrochemical 

frequency modulation (EFM) and electrochemical impedance measurements (for example, 

electrochemical impedance spectroscopy (EIS)). 

Polarization measurement is a powerful tool in the study of reaction mechanisms and 

corrosion kinetics [148]. Using this method the potential range of interest is close to the 

corrosion potential, and the applied currents are within the range of the corrosion current. 

The nature of the test surface is retained without significant changes, thus the reactions 

that occur during the polarization are the ones in the corrosion process [150]. 

Three polarization methods are widely used in the experimental investigation of 

corrosion, i.e. linear polarization (LP), Tafel extrapolation, and EIS [127]. The linear 

polarization (LP) technique covers both anodic and cathodic regions of the linear 

polarization curve (potential vs. current density) for determining the polarization 

resistance (Rp). The Tafel extrapolation (TE) technique focuses on the linear regions of 

the anodic and cathodic curves for determining (Rp). EIS, also named dielectric 

spectroscopy, is an alternating current (AC) polarization experimental technique 

characterizing electrochemical systems. This technique measures the impedance of a 
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system over a range of frequencies corresponding to different interfaces in an electrolytic 

cell system. Using this method, a series of electrochemical parameters can be determined, 

including charge transfer resistance, double layer capacitance and ohmic resistance. More 

details with regard to the three test methods and procedures are further discussed in the 

following sections. 

Linear (Potentiostatic and Potentiodynamic) Polarization 

Potential control is commonly used in characterizing electrochemical behaviour of 

metallic materials. Potentiostatic and potentiodynamic are two potential control 

approaches used in developing polarization curves. The former is a stepwise technique 

and generates a steady-state current response. The latter one is a dynamic technique, in 

which a polarization curve can be obtained quickly at a low potential scan rate, yielding a 

transient current response [127]. 

The Potentiodynamic polarization technique is a DC electrochemical method measuring 

electrochemical current density that depends on the dynamic potential of a working 

electrode, from which corrosion rates are estimated. Important information that can be 

detected includes critical potential for passivity, the corrosion rate in the passive region, 

and the spontaneous passivity of a material in a specific solution. It also works with a 

scan at a varying rate that provides thermodynamic and kinetic information 

simultaneously. 
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Figure 2-15 shows a schematic of a linear polarization curve, which demonstrates the 

extraction of polarization resistance. The polarization resistance (Rp) is estimated from 

the linear slope of the curve as: 

AE 77 
Rr 

A/ Az 
(2-22) 

where the difference in overpotentials is defined as AE = rj = rja - r\c and the 

corrosponding difference in corrsion current density is defined as Ai = i0,2 - i0,i [127]. 
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Figure 2-15 Schematic of linear polarization curve and extraction of polarization 
resistance [127]. 
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Figure 2-16 shows an example of the polarization curve for TiN, TiBN, CrN and ND2N 

coating systems and HSS substrate, where the anti-corrosion characteristics of several 

coating systems and the high speed steel (HSS 1.3207) substrate can be compared by 

means of comparing their polarization characteristic regions and parameters such as 

corrosion potential (Ecorr), corrosion current density (iCOrr), active region, passivation 

potential, passive region, and pitting potential. 

2000' 

5" 
E 

1600-

1200-

800-

400 - »•••• 
o 
CO LU 

I I 
substrate; HSS 1.3207 

"HEN 
....„,.,f..?........„..,|^Uj,,ftlj. 

}\ J 2 i CrN 

HSS (1.320?) 

-400 _.. 

-800 - •..-..".••» 

i nitH—i niinq i 111tni|—i IIIIIH—I imiq I miiiij—I i uui| i IIIIIB| I imiiq 

-10 -8 -2 
firm—i 11iim 

o 

log I [iog{A/cm)] 

Figure 2-16 Potentiodynamic polarization curves for TiN, TiBN, CrN and M>2N coating 
systems and HSS substrate in 0.8 M NaCl solution [151]. 

Polarization techniques can be used in kinetic corrosion studies and accurate 

measurement of low corrosion rates (less than 0.1 mm/y) [146, 152, 153]. Linear 
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polarization measurements have been used when evaluating protection for corrosion 

control, comparison studies of corrosion rates of alloys, and evaluating coatings in 

corrosion protections [150]. However, there are uncertainties in this technique that 

include methods of plotting data, correct interpretation of critical regions in polarization 

curves, and abrupt changes in the slope of the overvoltage verses the logarithm of current 

density. These problems need detailed consideration when conducting experimental 

studies [148]. 

Tafel Extrapolation Method 

In a polarization curve to extrapolate the Tafel anodic and cathodic linear regions, an 

intersection of curves can be used to obtain both ECOn and icorr.. Figure 2-17 shows Tafel 

constants (in unit of V/decade) obtained from both the anodic and cathodic portions of 

the Tafel plot. As a basic curve, the Stern diagram (Figure 2-17) can be generated using 

the potentiodynamic polarization technique with a constant potential scan rate. This 

technique can measure extremely low corrosion rates, and is used for continuous 

monitoring of corrosion rates. A Tafel plot can measure the corrosion current which is 

related to the corrosion rate. However, this method is complex due to the effects of 

concentration polarization and resistance drop [127, 154]. The concentration polarization 

stems from a high reaction rate at which the electro-active species cannot reach the 

electrode surface at a sufficient rate. In such a condition, the reaction rate is diffusion 

controlled. The resistance of the solution could cause a nonlinear Tafel behaviour at high 

currents. 
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Figure 2-17 Schematic polarization curve showing Tafel extrapolation [127]. 

Coating porosity is an important parameter determining the corrosion of a coated metal 

system. Techniques have been proposed for evaluating the porosity of a coating [35,155, 

156], including anodic current measurement, the coulometric method, and porosity 

calculations from Ecorr and Rp measurement [157]. An empirical equation was developed 

for estimating the porosity of the coating as [158 -160]: 

P^RJR,)*™ •\*ECorr\iPa (2-23) 

where, 
P' the total coating porosity, 
Rps: the polarization resistance of the substrate, 
Rp: the polarization resistance of the coated steel, 
AEcorr: the difference between the corrosion potentials of the coated steel and the substrate 
material, 
/?a:the anodic Tafel slope of the substrate. 
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Electrochemical Impedance Spectroscopy (EIS) 

EIS is a powerful experimental technique that has found widespread applications in the 

field of characterization of materials, coatings, batteries, fuel cells, and corrosion 

phenomena. Pioneering theoretical work including that of Epelboin, Smith et al. (AC 

polarography), Frumkin, and Armstrong et al has been enabled by EIS and has 

contributed to the understanding of detailed mechanisms of corrosion [161]. EIS provides 

information on reaction parameters such as corrosion rates, oxide integrity, surface 

porosity, coating integrity, mass transport, and electrode/interface characteristics [37] and 

is suitable for high-impedance interfaces, which is the case for an anti-corrosion coating 

system [162]. 

Figure 2-18 illustrates EIS characteristics for Ti- and Cr-based PVD coating systems in 

the forms of Nyquist plots (plots of the real component vs. the imaginary component of 

impedance) and Bode plots (plots of impedance magnitude and phase at different 

frequencies). This provides a more comprehensive approach to investigating an 

electrochemical corrosion behaviour for a coating system compared to a potentiodynamic 

polarization approach. 
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Figure 2-18 EIS curves for Ti- and Cr-based nitride coatings in 3.5% NaCl solution [38]. 

Recently, equivalent electrical circuit (EEC) technique has been developed [37, 127, 163, 

164]. Using this technique, an electrochemical system can be described with an 

equivalent electrical circuit, EIS experimental data is incorporated into equivalent 

electrical circuit models that corresponds to specific electrochemical corrosion systems, 

thus obtaining the values for the equivalent elements in the equivalent electrical circuit 
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models. Therefore, it makes the EIS method more practical and powerful in the study of 

electrochemical corrosions. 

The EIS technique is more powerful than traditional DC techniques in which it is very 

difficult or impossible to obtain mechanistic information [163, 164]. Being more 

sensitive, the EIS technique can also be used in situ and does not necessarily require 

artificial accelerating factors [146]. Table 2-2 summarizes the most frequently used 

electrochemical testing methods. This study uses both potentiodynamic polarization and 

EIS techniques to analyze the corrosion of coatings. 

Table 2-2 Summary of electrochemical measurements in corrosion studies [165] 

Test 

Potentistatic 

Potentiodynamic 

Galvanostatic 

Galvanodynamic 

Potential 

Polarization 
resistance 

Impedance 

Conditions 

Constant votage 

Variable votage 

Constant current 

Varibale current 

1 = 0 

Variable votage, around 
corrosion potential 

r.f. voltage 

Information 

Time dependence of corrosion 
current at given potential 

Corrosion mechanism 

Time dependence of corrosion 
potential at given current 

Corrosion mechanism 

Behaviour in galvanic corrosion 

Absolute corrosion rate 

Changes in surface state 

54 



2.3 Surface Protection and Coatings 

2.3.1 Surface Protection Solutions 

Surface protection can be achieved using two general approaches, i.e., new materials 

development and surface modification [1, 166]. In practical applications, the most 

commonly used solutions are surface modification and application of surface coatings 

[46]. 

Surface compositional and microstructural modifications were the earliest solutions to 

increase surface hardness and wear resistance for cutting tools. Compositional 

modification can be accomplished through thermochemical treatments involving 

carburizing, nitriding, carbonitriding, siliconizing, chromizing, boronizing (for carbon 

steels and high-speed steels), and ion implantation [11, 167, 168], while the surface 

microstructural manipulation uses laser hardening, electron beam hardening, and shot 

peening. 

Several limitations exist to applying surface modifications. The dependence on the nature 

of the metal surface restricts modification techniques in compositions and microstructure. 

The drawbacks include limited composition choices, induced brittleness through the 

formation of intermetallic compounds, grain growth due to prolonged thermal treatment, 

and dimensional changes. To overcome these limitations, overlay protective coating 

solutions have been developed, which are independent of the nature of surface, and have 
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many more applications. The following sections introduce various coating types and the 

associated applications. 

2.3.2 Protective Coating Systems 

The automobile industry started the development of protective coatings for wear and 

corrosion prevention in the late 1920s and was the first to introduce electroplating 

techniques to improve component surface qualities [15, 169]. The tool industry later 

pursued coating development to increase hardness and wear resistance for cutting tools, 

and drove the growth of hard protective coatings. In the mid 1960s, chemical vapor 

deposition (CVD) techniques were used for the deposition of hard and refractory 

compounds (e.g., WC, TiC, TiN, ZrN, and HfN) to provide anti-wear properties for 

cutting tools [168, 170]. The worldwide market for cutting tools is a multi-billion dollars 

business and nearly 70% of all cutting tools were coated as of 1996 [168]. 

In the aircraft industry, sand erosion, corrosion, and oxidation motivated coating 

development for protecting gas turbine engine components [28, 171 - 174]. PVD was a 

major deposition technique in the development of hard coatings such as CrN, TiN, TiC, 

TiCN, and TiAlCN. 

Table 2-3 summarizes the progress in wear, erosion and corrosion protection coatings. It 

shows a trend in the mainstream evolution of protective coatings, from plating to vapor 

deposition, from pure metals to ceramic compounds, from monophase to multiphase 

compounds, and from single to multiple functions. 
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Table 2-3 Summary of the development in protective coating systems 

Year 

1926 

1938 

1960s 

1965 

1968 

1969 

1970 

1971 

1972 

1973 

1974 

1980 

1991 

1992 

Coating systems 

Ni, Cr electroplating 

Ni bright plated 

Hard Cr plating 

Sputtered silicon carbide, plasma 
sprayed tungsten carbide coatings 
Semibright nickel plus bright nickel 
with microdiscontinuousc hromium 
Si and Al based, modify elements: V, 
Al, Mo, Cr, and Ti 

Impregnated flame sprayed carbides 

Combine high temperature strength 
of dispersion strengthened alloys 
Semibright nickel plus bright nickel 
with trivalent chromium 
Fused silicided compositions and 
flame sprays overlays 
Stainless steel with high Cr and C 
contents 

TIKOTE-C on Ti-6-4 

Reduce Al and Ti contents in the 
alloy 

Combinations of refractory, reactive, 
and rare earth metals in the alloys 

Nickel plating (PWATM 36) for 
titanium alloys (Ti-8Al-lMo-lV, Ti-
Multilayered nickel controlled by 
STEP with microdiscontinuousc 

A1203, TiN, TiC and TiB2, SiC, HfN 

PVD (Ti, A1)N coatings 

Sputtered TiN 

Oxides: aAl203, V203, Ti02, indium-
tin oxide 
Inorganic coatings on the base of 
salts of metals such as Mg, Ca, Zn 

Ternary coatings (Ti,Al)N, (Cr,Al)N, 
(Ti,Cr)N, (Ti,Y)N, (Ti,Pd)N. 

Feature 

Anti-wear and corrosion 

Anti-corrosion 

Anti-erosion 

Anti-erosion 

Anti-wear and corrosion 

Anti-erosion 

Increase life of gas turbine 
components 

gas turbine components 

Anti-wear, corrosion 

Gas turbine 

Reduced abrasive wear 

Surface crack propagation 

Oxidation of nickel-base alloys in 
gaseous and alkaline environment 

Hot corrosion resistance of 
nickel-base superalloys 

Anti-erosion 

Anti-corrosion 

WC tools 

Anti-corrosion 

Anti-corrosion 

Cutting tools 

Anti-corrosion 

Anti-corrosion 

Reference 

[169] 

[169] 

[28] 

[28] 

[169] 

[175] 

[176] 

[177] 

[169] 

[178] 

[99] 

[179] 

[180] 

[181] 

[182] 

[169] 

[183] 

[184] 

[185] 

[101] 

[186-189] 

[40] 
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1993 

1995 

1996 

1997 

1998 

1999 

2000 

2003 

2004 

2005 

2006 

2007 

2008 

2009 

2010 

(Ti, A1)N and TiN(Pt) (PVD) 

(Ti, A1)N and TiN(Pt) (PVD) 

Ion-assisted deposition Ti-Cr-N 

WC(CVD), TiN(PVD) 

WC-(TixAly)N coatings 

CrN, (Cr, A1)N) 

CrN 

nc-MeN/a-nitride 

nc-MeN/nc-nitride 

nc-MeN/metal 

PVD TiN, CrN, TiAlN, TiAlCN; and 
CVD DLC 

Cr203 

Ti-C-N/DLC 

(Ti, A1)N based multilayer coating 

TiN/NbB, TiN/VN, TiN/AlN (PVD) 

TiCrN 

Ion-assisted deposition Ti-Cr-N 

Quaternary Cr-Si-C-N coatings 

Nanocrystalline grain/amorphous 
matrix systems 
Cr-Al-Si-N nanocomposites 
coatings 
Cr-Al-N, Cr-Si-N, and Cr-Al-Si-
N hybrid coatings 
Ti-Si-C-N based nanocomposite 
coatings 

Ti-Al-Si-N nanocomposite coatings 

Ti-Al-Cr-Si-Y-N nano-crystalline 
coatings 

Protection of aero engine 
compressor blades 

Aero engine compressor blades 

Anti-corrosion 

Cutting tools 

Anti-corrosion 

Anti-corrosion 

Anti-corrosion 

Anti- wear / erosion 

Anti- wear / erosion 

Anti- wear / erosion 

Anti- wear, seizure in auto 
industry 

Anti-corrosion 

Gas turbine 

Gas turbine 

Anti- wear 

Anti- wear 

Anti-corrosion 

Anti-wear 

Anti-wear 

Anti-wear 

Anti-wear 

Anti-wear / erosion 

Anti-wear 

Anti-wear and oxidation 

[190] 

[190] 

[191] 

[103] 

[192] 

[193] 

[194] 

[195 - 197] 

[195] 

[198 - 200] 

[15] 

[201] 

[202] 

[203] 

[204] 

[205] 

[191] 

[206] 

[207] 

[208] 

[209] 

[210] 

[211] 

[212] 
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2.4 Transition Metal Based Coatings 

Transition metal compounds, especially their carbides (e.g., TiC and Cr3C2) and nitrides 

(e.g., CrN and TiN) have high hardness, high melting points, excellent electrical and 

thermal conductivities, high chemical and thermal stabilities, and good resistance to wear, 

erosion and corrosion attacks [213 - 218]; valuable properties which ensure their 

dominant role in coatings in a variety of industries [213,219-221]. 

2.4.1 Transition Metals and Their Compounds 

Transition element atoms contain incomplete d-orbital sub-shells, which are able to 

become cations with incomplete d sub-shells. These elements correspond to the groups 

from 3 to 12 in the Periodic Table. In the forty transition metals, the groups IV, V, and VI, 

especially in the first row (for example Ti, V, and Cr) demonstrate characteristics such as 

exceptional environmental resistance and hardness [222 - 225]. 

Mechanical properties of transition metal compounds, such as hardness and elasticity are 

associated with their electronic structures and bonding [216, 221, 226, 227]. In the early 

transition metal elements, the 3d, 4d, and 5d sub-shells extend outward the periphery of 

the atom (or ion), and are strongly influenced by other atoms such as C, N or O [221]. 

The involvements of these atoms via hybridization of the p- or d- orbital, offer directional 

bonds of metal-to-nonmetal and significantly increase the strength and elastic modulus 

of the compounds [220, 217]. The quantity and location of these valence electrons are 
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two critical factors governing the structure and characteristics of the respective 

compounds, especially hardness [221]. In general, the hardness increases with the 

quantity of valence electrons [216, 220, 221, 223]. 

The bonds in transition metal compounds can take the form of ionic (e.g., salt-like 

nitrides), covalent (e.g., covalent nitrides), or a combination of metallic, covalent, and 

ionic (e.g., interstitial nitrides) [7, 101,228]. The bonding structures of hard coatings 

consist of a combination of localized metal-metal and metal-nonmetal interactions, 

resembling both covalent and metallic bonding features [228]. The properties of 

transition metal compounds are simultaneous determined by covalent, metallic, and ionic 

bonds [221]. 

Transition metal nitrides and carbides are important compounds for surface 

modificatioins because of their properties [219], such as high melting points (1500-

3400°C), high hardness (20-30 GPa), good resistances to abrasive wear, erosion [27 - 29, 

229]. Their high chemical stability ensures a high resistance to corrosion [30, 225]. For 

example, titanium nitride (TiN) is most commonly used in industrial applications because 

of its high hardness and elastic modulus [230]; chromium-based nitride (CrN) coatings 

provide high resistance to wear and corrosion [33, 209, 231, 232], lower coefficient of 

friction, and high toughness [233, 225]. 
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2.4.2 Development in Transition Metal Based Coatings 

2.4.2.1 Coating Composition Development 

The properties (crystal structure, hardness, modulus of elasticity, thermal expansion 

coefficient (TEC), and melting point) of several binary transition metal nitrides and 

carbides are summarized in Table 2-4. 

Table 2-4 Properties of binary transition metal nitrides and carbides 

Material 

CrN 

Cr3C2 

HfN 

HfC 

NbN 

NbC 

TiN 

TiC 

TaN 

TaC 

VN 

vc 
wc 
ZrC 

ZrN 

Crystal 
structure 

cubic 

orthorhombic 

cubic 

cubic 

cubic 

cubic 

cubic 

cubic 

hexagonal 

cubic 

cubic 

cubic 

hexagonal 

cubic 

cubic 

Hardness 
(GPa) 

11.2 

12.75 

15.69 

26.48 

13.73 

23.54 

18-21 

28-35 

9.8 

14.71 

14.71 

28.44 

21.58 

25.5 

15.69 

Elastic 
modulus 

(GPa) 

400 

400 

380 

460 

480 

580 

395 

410-510 

556-595 

450 

460 

430 

695 

350-440 

500 

TEC 
(10'6/°C) 

2.3 

10.3 

6.9 

6.6 

10.1 

6.6 

9.35 

7.4 

3.6 

7.4 

8.1 

6.2 

4.3 

6.7 

7.1 

Melting 
point 
(°C) 
1773 

1895 

3660 

3930 

2323 

3600 

2950 

3070 

3300 

3980 

2450 

2648 

2770 

3420 

2980 

Reference 

[216,234] 

[234] 

[168,216,234] 

[234,235] 

[216,234,235] 

[234,235] 

[168,216,234,235] 

[168,234,235] 

[234, 236] 

[234, 235, 237] 

[216,234] 

[234,238] 

[234] 

[239] 

[168,216,235] 

The properties of a binary nitride compound (e.g. TiN, ZrN, NbN, and CrN) such as 

hardness, elasticity, and chemical inertness, can be improved by adding a third element 

(e.g., Al, B, Cr, Si, Ge), to obtain a ternary compound [40, 198, 240 - 242]. Even a small 

amount of a third element plays a decisive role in the modification of chemical bonding, 

structure, and morphology of the deposited coatings [39, 40]. In ternary metallic nitride 
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coatings, the hardness is enhanced by means of a solid solution of atoms in metal nitride 

lattice, or by forming a nanocomposite material (nc-MN) with an amorphous phase [243 -

246]. Figure 2-19 shows hardness changes for metal nitrides vs. the concentration of the 

third element. It indicates that the nanohardness increases with the concentration of the 

third element, reaching a maximum at the concentration of the third element (between 2 

at.% and 10 at.%) before declining; and this was found in another research that the peak 

hardness for CrN based coatings was observed as the Si content reached 2.2 at.% [247]. 
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Figure 2-19 Nanohardness vs. third element for various metal nitrides [246]. 

In particular, the amorphous silicon nitride phase can be formed in the matrix as the result 

of adding Si and can improve the mechanical properties and oxidation resistance of the 

binary metal nitride coatings [242, 244, 248]. These were believed to be associated with 

the grain boundary hardening from a strong cohesive energy of the inter-phase 

boundaries [249] and solid solution effect from Si and amorphous silicon nitride, i.e., nc-

MeN/a-SiNx nanocomposite [209, 249, 250]. The amorphous phase can also act as an 
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oxygen barrier to slow down the oxidation diffusion rate, resulting in enhanced oxidation 

resistance [251]. 

More recently, quaternary coating systems have been developed and investigated. A 

CrAlSiN system has demonstrated multi-functional coating characteristics with super 

hardness (>40 GPa), excellent resistance to oxidation and wear [209]. The CrSiCN 

system has a fine composite microstructure consisting of nano-sized crystals (Cr,Si)(C,N) 

that are well distributed in the amorphous phase of SisNVSiC mixture. The hardness of 

CrCN coatings was significantly increased when the Si addition was increased to 9.2 at.%. 

The friction coefficient of the CrSiCN coatings also decreased compared to CrN, Cr(C,N), 

and CrSiN coatings [206]. Compositions for ternary and quaternary Ti- and Cr-based 

coatings are summarized in Table 2-5. 

Table 2-5 Summary of ternary and quaternary Ti and Cr based coating compositions 

Coating systems Reference 

Ternary 
(Ti, A1)N, (Cr, A1)N, (Ti, Cr)N, (Ti, Y)N, (Ti, Pd)N 
(Ti, A1)N, TiN(Pt) 
(Cr, A1)N 
TiAlCN 
TiBN 
TiSiN 
Ti-Cr-N 
Cr(C, N), CrSiN 
CrAIN, CrSiN 

[40] 
[190] 
[193] 
[15] 
[252] 
[252] 

[191,205] 
[206] 
[209] 

Quaternary 
CrSiCN 
CrAlSiN 
CrAiSiN 
TiSiCN 
TiAlSiN 
(TiAlV)N 

[206] 
[208] 
[209] 
[210] 
[211] 
[252] 
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2.4.2.2 Layered Coating Structure and New Microstructure 

Development 

In addition to composition modification, the coating performance can be further 

improved through the development of multilayered or multiphase coatings. For example, 

to enhance the coating-substrate adhesion, improve hardness, and reduce stress, duplex or 

multilayered coatings were developed [170, 240, 253 - 256]. Figure 2-20 shows typical 

multilayered coatings. Early studies on multilayers of metals (each layer<500nm) showed 

significant improvements in general strength [257, 258], which was attributed to 

inhibiting the Frank-Read source (dislocation formation) and crack propagation [259, 

260], and crack deflection [261]. These effects were referred as to the toughening concept 

[226, 262 - 264]. 

The early modeling (by Koehler) [265] found that high shear strength coatings can be 

realized by means of alternating layers with high and low elastic modulus. Thin layers 

and the differences in elastic modulus between layers would inhibit dislocation formation 

and mobility [249]. The Hall-Petch relationship was reported between mechanical 

enhancements and laminated layer thicknesses in metal/ceramic and ceramic/ceramic 

laminate structures [266, 267]. The overall hardness for a coating system can be higher 

than the individual components that make up the layers due to the formation of 

superlattices [268]. Superlattices contain multiple layers with a modulation period in the 

range of several lattice parameters (on the order of 1 to 10 nm), as shown in Figure 2-21. 
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(a) SEM image of a MoS2-Ti/TiAlN-MoS2/TiN/Ti multilayer coating [269] 

(b) TEM image of a TiN/NbN superlattice film. A HR lattice fringe image of a void 
situated at a low-angle column boundary is shown in upper-left [234] 

Figure 2-20 Cross section images of multilayer and superlattice coating systems. 
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(a) nano-scale multilayered structure of the TiAlN/VN coating [270] 

(b) CrN/ScN coating (modulation period: 1.7 nm, interface width: 0.18 nm) [271] 

Figure 2-21 Cross-sectional TEM micrograph multilayered coating with superlattice 
structure. 
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Mechanical properties of multilayered coatings as a function the number of layers are 

shown in Figure 2-22. The microhardness of multilayered coatings TiN/ZrN and 

TiN/NbN increases with the number of layers; and for the multilayer coating TiN/CrN the 

hardness increased, but reached a peak value at 80 layers (Figure 2-22 a). This behaviour 

of TiN/CrN is associated with (Ti, Cr)N solution formation [272]. These observations 

suggest that the interphase boundaries and layer lattice mismatch are the main factors 

governing the increasing hardness of multilayered coatings [272]. As for the multilayer 

coating CrN/Si3N4 (Figure 2-22 b), the hardness is between those of monolithic CrN and 

Si3N4 films, and increases with modulation period, remaining almost constant as the 

modulation period exceeds 10 nm. The modulus of elasticity demonstrates a similar trend 

to that of hardness (Figure 2-22 c). For nitride superlattices (Figure 2-22 d), 

microhardness versus modulation period rapidly increased from X = 0, reaching the peak 

value at X = 5-15 nm, then decreases for increasing modulation period. 
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(a) Microhardness of multilayered coatings as a function of number of layers [272] 

Figure 2-22 to be continued 
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Figure 2-22 to be continued 
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(d) Microhardness of multilayer coating as function of modulation period (modified from 
[234]) 
Figure 2-22 Mechanical properties of a multilayered coating as a function of the number 
of layers or modulation period. 

Despite the advantages of multilayered coatings, it is difficult to apply them with uniform 

thicknesses on three-dimensional components and rough surfaces where the superlattice 

effect would be lost as the layers would not be in perfect periodicity [207]. In addition, 

extended exposure to elevated temperatures causes interdiffusion and subsequent 

intermixing of the superlattice structure [274, 275]. As an alternative, nanocomposite 

coatings offer similar advantages to multilayered coatings, but their properties are not 

critically dependent on the layer thickness or substrate geometry [207]. 

With the development of nano-material science, nanotechnology has been incorporated 

into thin film/coating technology. Combining the concepts of composite materials and 
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nano-scaled materials, nanocomposite coatings were developed [170, 276 ]. A 

nanostructure (with grain size< 10 nm) offers a strong interface that inhibits grain 

boundary sliding, high hardness, high toughness, good elastic recovery, chemical and 

thermal stabilities, low friction, and good tribological characteristics [202, 277 - 280]. 

A nanocomposite coating consists of at least two phases, which can be 

crystalline/amorphous or crystalline/crystalline [170, 202, 276]. Typical applied hard 

nanocomposite configurations include nc-MeN/a-nitride (where, nc-nanocrystalline, Me-

transition metals, a-amorphous) [195 - 197], nc-MeN/nc-nitride (nc-TiN/nc-BN)[195], 

and nc-MeN/metal (e.g., Cu, Ni, Y, Ag, and Co) [198 - 200]. 

Figure 2-23 shows some developed systems for coating applications. Boundary regions 

play an important role in the atomic arrangement that relates to deformation [170]. The 

embedded nanocrystals in a thin amorphous matrix (Figure 2-23) offer better coherence 

at grain boundaries than do pure polycrystalline composites, and are more suitable for 

tribological applications compared to the single or polycrystalline multilayered coatings 

[249]. Figure 2-24 compares the mechanicial properties for those coatings, and shows 

that the nanocomposite and superlattice coatings demonstrate significant advantages in 

hardness and modulus of elasticity over monolithic or single-phase coatings. 
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Figure 2-23 Microstructures of nano-composite coatings. 
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Figure 2-24 Comparisons of mechanical properties for nano-composite coatings (data 
sources: [170, 207, 215, 216, 234, 235, 254, 272, 281, 282]). 
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In nanocomposite coatings, a high-volume density of grain boundaries across grain-

matrix interfaces limit initial crack sizes, promote crack deflections, and terminate crack 

propagation [204, 207, 279, 283]. Smaller structures have fewer surface defects [284], 

which is another explanation for the reduced dislocation initiation in nanocomposite 

structures. Grain boundary sliding occurs instead of dislocation movement; and the result 

is a different microstructure deformation mechanism from that of large grain-sized 

materials [202, 277 - 280]. Unlike the hard coatings where high plastic deformation can 

only be accommodated by hardness reduction, the nanocomposites allow high elastic 

strain with high hardness and toughness due to the effect of the combined hard and soft 

phases [170]. 

2.4.3 Transition Metals and Compounds: Processes and 

Properties 

2.4.3.1 Coating Deposition Processes 

Metal surface coating processes can be classified into three general forms, conversion, 

thin film, and overlay [103]. Conversion processes are chemical or electrochemical 

treatments such as carburizing, nitriding, carbonitriding, siliconizing, chromizing, 

boronizing, oxidizing, and phosphating. Thin film processes include aqueous-deposition 

(electro- or electroless- and other wet chemical depositions), vapor deposition such as 

physical vapor deposition (PVD) and chemical vapor deposition (CVD), and ion 

implantation. Overlay processes include plasma, laser, plasma transfer arc (PTA), thermal 

spray, and detonation gun. 
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2.4.3.1.1 Aqueous Deposition: Electroplating 

Electroplating is an electrochemical process classified as an aqueous deposition technique. 

In a metal salt electrolyte cell system, the metallic ions carrying a positive charge are 

attracted to the substrate that is negatively charged, which results in metallic ion being 

reduced to form a metallic coating on the substrate surface. 

The main advantage of this technique is a metallurgically bonded coating with no heating 

required of the substrate. This reduces the heat-affected zone (HAZ), and minimizes the 

changes to the substrate properties [285]. Figure 2-25 shows a typical electroplating 

setup. 
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Figure 2-25 Schematic of a typical electroplating setup [286]. 

Process variables such as pulsed current and additives have been introduced into the 

conventional dc electrolytic plating and have brought benefits to depositions [287-291]. 

With a pulsed current, grain sizes and porosity can be reduced. Adhesion can also be 
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improved with greater pulse peak voltages while allowing a moderate average local 

current density, so the burning effect is significantly alleviated and coating uniformity is 

improved. Additives such as carbon nanotubes and other nano particles in electroplating 

solutions change the brightness, grain size, and leveling of a coating; they can also 

modify the mechanical and physical properties and cause stress release and pitting 

reduction [95]. The grain refining and leveling are attributed to the effects of electrode 

kinetics and the structure of an electrical double layer at plating surfaces, which affect 

mass transport during the deposition process[95, 292, 293]. 

For example, the introduction of carbon nanotubes (CNT) into nickel electroplating 

generates a matrix of Ni-CNT coating. CNTs increase the number of nucleation sites for 

individual grain growth, therefore reducing the grain size [294]. CNTs also improve the 

mass transport rate for the ions in the electrolyte, thus enhancing current density and 

therefore increasing the growth rate [293]. As a result, the matrix of Ni-CNTs shows a 

significant improvement in mechanical properties over pure Ni electroplating [295, 296]. 

Other particulates such as nano AI2O3 particles [297 - 299], ZrC>2 particles [300], SiC 

particles [294, 301, 302], and carbon nano-fibers [303] were also introduced into nickel 

electroplating. With the incorporation of nano AI2O3 particles, the grain size in the 

coating was reduced [299], the strength was increased [293], and microhardness was 

increased [298, 299]. The introduction of ZrC>2 particles resulted in an increase in 

hardness [300]. With SiC particles, grain size was reduced, hardness was increased [294], 

the coefficient of friction was lowered [301], and the resistance to wear and corrosion 
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was increased [294, 301, 302]. The incorporation of carbon nano-fibers modified the 

microstructure and mechanical propeties in the deposition composite [303]. 

2.4.3.1.2 Physical Vapor Depositions 

The vapor deposition methods include physical vapor deposition (PVD) and chemical 

vapor deposition (CVD) [239, 288, 304]. PVD processes form coatings by means of 

material vapors and their successive condensation onto substrates. Vaporization 

techniques include evaporation, sputtering, laser ablating, ion plating, molecular beam 

epitaxy (MBE), and electron beam. CVD processes form coatings by depositing films 

from vapor-phased chemical reactions onto substrates. 

Physical vapor deposition is an atomistic deposition process. In this process, solid 

materials are vaporized by physical means, and then are transported in the vapor phase to 

the substrate, and deposited as films [46, 305]. Compared to other deposition processes 

(electroplating, CVD, or plasma spraying) the PVD technique demonstrates several 

advantages such as versatile composition, unique microstructures, and the ability to 

modify crystal structure (e.g., amorphous deposits). Additionally, PVD techniques 

promise wide substrate temperature ranges, high deposition rates, high purities, excellent 

bonding to the substrate, and highly uniformed and dense structures [7, 306]. Evaporation 

and sputtering are two important vaporization mechanisms in PVD [307, 308]. 
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Thermal Evaporation Process 

In evaporation processes, materials are vaporized by means of heating mechanisms such 

as resistance, induction, electronic arc, electron beam, laser and plasma (ionization). The 

transition of solids or liquids into the vapor phase is an atomistic thermodynamic 

phenomenon [307]. The process requires a high vacuum environment (up tol0"5-10_1 

torr) to prevent collision between evaporated atoms with atmospheric gases. 

Plasma-assisted reactive evaporation (ARE) is a process involving metal or alloy 

evaporation in a plasma reactive gas environment. The plasma assisted evaporation 

process results in a higher deposition rate compared to conventional evaporation process 

with simple heating. 

CathodicArc Process 

The cathodic arc deposition technique was developed to achieve higher ionization, 

current density, better coating adhesion, and a higher deposition rate [309]. Arc 

evaporation is induced by the striking of a high current, low voltage arc on a cathode 

surface (target), generating a small (i.e., a few micrometers) energetic emitting area 

(cathode spot), where a high velocity jet of vaporized cathode material is established. 

Figure 2-26 shows a cathodic arc PVD (CA-PVD) process. In the high density electron 

cloud many vaporized atoms are ionized. These ions are then accelerated to high energies 

by a controlled electric field within the vacuum chamber. For reactive depositions, the 

reactive gas atoms, introduced into the chamber during the process, are also ionized by 
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the high energy electrons in the arc, and are accelerated before reacting with the target 

material. As a result of the reaction, the formed compound is bonded to the substrate. 

A disadvantage of the CA-PVD technique is that it exhibits higher roughness compared 

to sputtering and electron-beam depositing techniques [32]. In a cathodic arc vaporization 

process, part of the material is ejected in the form of molten globules. These globules are 

deposited and embedded during the coating growth process and act as source of growth 

defect [310]. 
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Figure 2-26 Schematic of a cathodic arc deposition process [311]. 
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Sputtering Process 

A sputtering deposition process makes use of the phenomena that momentum transfer 

from energetic species to a target material, and results in ejections of atoms or molecules 

from the surface by means of bombardment [225]. Figure 2-27 shows a typical sputtering 

deposition apparatus. In an evacuated chamber, the target (a source of coating material as 

cathode) is connected to a negative voltage supply. With an inert gas (typically argon) 

introduced into the chamber, a glow discharge is initiated between the cathode and anode 

(substrate holder). Due to the ion (e.g., Ar+) bombardment at the target surface, charged 

particles (e.g., secondary electrons or ions) and photons are emitted. In addition, under a 

constant electron bombardment, the substrate surface is deeply cleaned of surface oxides 

and other contaminants [312], which can improve the coating adhesion and density, and 

enhances the mobility of adsorbed species. 
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Figure 2-27 Schematic diagram of the sputtering process. The positively charged argon 
ions strike the negative cathode with sufficient energy to dislodge atoms, which then coat 
on the positively charged anode surfaces [313]. 
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In a reactive sputtering, atoms or molecules from sputtered target and reactive gasses 

collide before they reach the substrate. This type of sputtering deposition is beneficial for 

depositing a compound as the phase in the coating structure (e.g., TiN form as a result of 

Ti reacts with N2 gas). 

In magnetron sputtering, a magnetic-field generates spiraling electron paths to restrict the 

flow of electrons to the vacuum chamber wall and maximize the efficiency of gas 

ionization [314 - 316]. This process is further divided into balanced and unbalanced 

magnetron sputtering. In a balanced magnetron sputtering system, magnetic flux near the 

cathode surface goes to the magnetic core (Figure 2-28 a), therefore energetic electrons 

escape from the primary magnetic trap near the cathode surface, going toward the anode 

(substrate holder). To avoid the energetic particle bombardment on the growing film in 

balanced magnetron sputtering, an unbalanced magnetron configuration was introduced 

[307, 317, 318]. In an unbalanced magnetron configuration, stronger magnets are set on 

the outside of the existing field (Figure 2-28 b). This magnetic field traps secondary 

electrons escaping from the target surface to prevent collisions with the PVD chamber. 

When a negative bias is applied to the substrate, the incident ionized particle flux is 

increased, which is used to control the growth properties of the coating. Unbalanced 

magnetron sputtering creates coatings with increased density, lower stress, and lower 

droplet formations [319]; and has been commonly used to fabricate hard nitride/carbide 

coatings [307]. 
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Figure 2-28 Schematics magnetron sputtering configurations [308]. 

In general, magnetron sputtering allows for lower substrate temperatures [225], low 

working pressures (i.e., more compacted film structures) and better coating adhesion 

[315]. A wide range of ceramic, metallic or other compound films can be deposited using 

this technique. However, the power applied is limited so as to prevent the target material 

from melting [225], and the target utilization is low (only material on the track is being 

used) [320]. To enable higher power input, hence a higher deposition rate, high power 

impulse magnetron sputtering has been developed in which high voltage pulses (several 

100 V to several kV) are used to offer high plasma densities without overheating the 

target material [225]. 

Sputtering has been combined with other techniques such as ion beam and pulsed laser. 

Ion beam combined sputtering yields excellent adhesion and high purity due to low 

working pressures (about 0.1 mtorr) and low substrate temperature [307]. Magnetron 
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sputter-assisted pulsed-laser deposition has been developed for depositing hard coatings 

such as TIN and Ti-C-N/DLC [202, 276, 305]. 

PVD techniques also have several drawbacks. Due to the effect of line-of-sight, it is 

difficult for PVD techniques to coat parts with complex shapes (no internal passages can 

be coated) and large surface areas (non-uniformity). PVD techniques need solid metal or 

oxide sources as target materials, which are time consuming to manufacture and costly 

[321]. High capital investment and operating costs are also a consideration when 

selecting PVD processes. 

2.4.3.2 Coating Microstructure and Properties 

In developing coatings for tribological applications, the major concerns are mechanical 

properties including hardness, elasticity, toughness and friction [216]. In corrosion 

applications, however, foci are placed on factors such as chemical stability, surface 

morphology, composition homogeneity, diffusion rate, and microstructure imperfections 

[213-216,218]. 

2.4.3.2.1 Effect of Coating Microstructure 

Figure 2-29 shows typical PVD coating fractures where features such as microstructure, 

thickness, interface, surface morphology, and defects can be observed. 
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Figure 2-29 SEM images of fracture surfaces. 
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In a coating/substrate system, the difference in thermal expansion between the coating 

and substrate generates stress. Incorporation of Ar into PVD sputtered films causes 

compressive stresses, whereas the incorporation of N interstitially in the lattice in 
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tetrahedral positions results in lattice expansion in PVD films. Non-equilibrium growth 

conditions such as high biases, high rates or low temperatures could force nitrogen to 

occupy lattice positions, consequently increasing lattice strain. High density of grain 

boundaries and defects like dislocations generate internal stresses in coatings, which 

cause expansions in the lattice. 

Plasma assisted physical vapor deposition techniques create low temperature deposition 

environments which reduces interdiffusions. A controlled low energy ion bombardment 

makes it possible to adjust the grain size and mechanical stress [323, 324], and to avoid 

columnar structures in the depositions [249]. 

2.4.3.2.2 Coating Mechanical Properties 

Hardness and elasticity are two of the most important coating mechanical properties for 

many applications and are the ones considered in this work. However, the hardness for a 

coating is different from that of the bulk material of the same composition, which is due 

to the effect of the vapour deposition process in changing dislocation densities, grain size, 

strain hardening, and density [98, 111, 249]. 

According to the Hall-Petch relationship, grain size reduction leads to increased strength 

(and hardness). However, with a grain size of about 10 nm, hardness saturation occurs 

[249, 325], as demonstrated in Figure 2-30. For coatings with columnar microstructure 

and the presence of voids at the grain boundaries, a decrease in hardness results [216]. 

Among process parameters, bias voltage is a critical parameter governing the hardness of 
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the coatings. As the bias voltage is increased to a sufficiently high value, ion 

bombardment on the coating during the growth results in a denser coating microstructure 

that can enhance the hardness [323, 324] (Figure 2-31 a, b) and erosion resistance 

(Figure 2-32) [326]. Growth temperature is another important factor being responsible 

for hardness. As shown in Figure 2-33 (a), for the ceramic coatings TiN, TiC, and TiB2, 

hardness increases with growth temperature; however, with higher temperatures, the 

hardness of the TiC and TiE$2 coatings decrease. The hardness change with growth 

temperature could be associated with the changes in grain sizes or columnar grain 

boundary void densities at various growth temperatures [234]. As is shown in Figure 2-

33 (b), the hardness and elastic modulus of TiN coatings increased as the substrate 

temperature increased from room temperature to 450°C. With a further increase in 

substrate temperature, both values decreased. 
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Figure 2-30 Hardness of a material as a function of the grain size [325]. 
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[326]. 
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Figure 2-33 Coating mechanical properties of as function of substrate temperature. 
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Coatings, in general, show very high elastic modulus and strength due to the effect of 

surface pinning of dislocations [98]. In addition to the influence of coating process 

parameters, the elastic properties of the coatings are also influenced by the coating-

substrate interaction, and the stresses generated in the coating system [218]. The 

difference in thermal expansion between the coating and substrate generates stress. 

Incorporation of Ar into the deposited films causes compressive stresses, whereas the 

incorporation of N interstitially into the lattice results in lattice expansions in deposited 

films. High density of grain boundaries and defects like dislocations generate internal 

stresses in coatings. 

Enhancements in both hardness and modulus of elasticity can be found in 

nanocrystalline/amorphous (nc/a) composites, where the nanocrystalline phase is smaller 

than 10 nm, and the amorphous phase involving the nanocrystals is only a few atomic 

bond lengths [330], therefore sharp interfaces are provided between the nanocrystals and 

amorphous matrix. This is because the dislocations in the crystallites are prohibited from 

moving through the amorphous matrix. Randomly oriented nanocrystals embedded in a 

thin amorphous matrix yield a better coherence at the grain boundaries compared to pure 

polycrystalline. These properties make such materials more suitable for tribological 

coating applications than single or polycrystalline multilayered coatings [249]. 

Both hardness and modulus of elasticity of a coating are factors related to the wear 

behaviour of the coating [331]. These two factors together govern the contact pressure on 

a surface. The relationship can be described as [332]: 

88 



PY=0.78r2(Hi/E2) (2-24) 

where 
Py= contact pressure, 
r= contacting sphere radius 

According to Eq. (2-24), for a given contact pair, the ratio H /E (plastic deformation 

resistance) is linearly proportional to the contact pressure. Therefore this combined 

parameter is an indicator that is used to evaluate the resistance of a coating to a plastic 

deformation [193] and in evaluating the wear behaviour of a coating. 

2.4.3.2.3 Wear Behaviours of Transition Metal Nitrides and Carbides 

Due to their advanced mechanical properties, transition metal nitride and carbide coatings 

have been applied in applications where wear is a factor. With the development of this 

group of coatings, theoretical and experimental studies on wear behaviours have been 

done. In an experimental study on a TiN coating, the wear rates (in the form of weight 

loss) for bare and TiN coated stainless steels under mild and severe Taber abrasive wear 

conditions were compared, as shown in Figure 2-34. Weight losses for TiN coatings were 

significantly lower than those for stainless steel substrates under both mild (Figure 2-34 

a) and severe (Figure 2-34 b) wear conditions. The difference in weight loss between 

coated and uncoated samples increases with the number of cycles. Thicker coatings 

showed higher weight losses. This is due to microstructural effects and is attributed to 

lower densities and increased grain sizes with thicker coatings [333]. 
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Comparing nitrides and carbides, an overview of their resistance to flank wear and crater 

wear is shown in Figure 2-35 where flank wear is also referred as to as abrasive wear, 

and crater wear is caused by a chemical interaction between the rake face of a metal 

cutting insert and the hot metal chip. With regard to flank wear, most of the carbides 

showed a higher resistance than nitrides; this was attributed to the higher hardness of 

carbides (for example, TiC). With regard to crater wear, nitrides demonstrated higher 

resistances than carbides due to the high enthalpies of formation (e.g., TiN and HfN), 

which result in high resistances to chemical reactivity in tribological processes [203]. 

Additionally, higher melting points of HfN and HfC as compared to those for TiC and 

TiN are expected to be responsible for the improvement in the wear behaviours of HfN 

and HfC [203]. 
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Figure 2-35 Wear behaviours of hard components [203]. 
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The abrasive wear resistance of binary (TiN and TiB2), ternary (TiBN and TiBC), and 

quaternary (TiBCN) coatings were also investigated (using a stylus-disc tribometer test). 

A comparison of the wear volume curves (Figure 2-36) indicates that the wear rate 

decreases with increased hardness of the coatings; it also reveals a trend that ternary and 

quaternary coatings demonstrate lower wear rates compared to binary coatings. This 

trend was also observed in another study on flank wear (in the form of cutting), as shown 

in Figure 2-37, ternary nitride coatings (TiCN and TiAlN) demonstrate superior wear 

resistance to binary coatings (TiN). This is mainly attributed to the increased hardness of 

ternary and quaternary coatings, e.g., TiBC and (TiBC)N, compared to binary coatings. 

Additionally, the high resistance to thermal oxidation (e.g., TiAlN) is believed to be 

responsible for high resistance to wear. 
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Figure 2-36 Abrasion wear volume as a function of wear time and microhardness 
(HV0.05). Substrate: S6-5-2; counterpart: 100Cr6; interfacial medium: AI2O3; grit size: 1 
mm; F=0.5 N [203]. 
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Figure 2-37 Maximum flank wear as a function of time for: (a) SAE 1045 steel (305 
m/min); (b) ductile cast iron (244 m/min); and (c) Inconel 718 (46 m/min) [203]. 

More results from experimental studies on nitride and carbide hard coatings in wear 

applications are summarized in Table 2-6, which shows significant improvements in 

wear resistance due to the application of nitrides and carbides. 
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Table 2-6 Summary of improvement due to nitrides and carbides 

Tools substrate 

HSS(M42) 
cutting tool 
Cemented carbide 
cutting tool 

HSS(M-IO) drill 

Cemented carbide 
cutting tool 
Cemented carbide 
cutting tool 
Cemented carbide 
cutting tool 

HSS(M-10) drill 

Cemented carbide 
cutting tool 

HSS(M-IO) drill 

Cemented carbide 
cutting tool 

Coated steel 

cemented carbide 
ball bearing 
4118 carburized 
steel roller 
bearing 
4118 carburized 
steel roller 
bearing 

Coating 
material/treatment 

TiC 

TiN, TiC 

TiC, TiN 

TiN 

TiC, TiN 

HfN, TiC/Al203, 
A1203, TiC/TiN 

TiN 

(Ti, A1)N, TiN/TiC 

(Ti, A1)N, TiN 

TiN, HfN, ZrN 

Cr7C3 

TiC 

TiN 

TiN 

Coating 
thickness 

(Mm) 

5-8 

5 

2 

5 

8-10 

-

1-2 

-

-

8-18 

10 

2.5 

0.25 

1.0 

Deposition 
method 

ARE 

IP, CVD 

ARE 

MS 

CVD 

CVD 

MS 

CVD 

IP 

CVD, IP 

CVD 

CVD 

PVD 

PVD 

Improvement 
in wear life 

3-8 times 

IP comparable 
to CVD 

20 time 

Several times 

Several times 

HfN most 
superior 

50 times 

3 times better 
than (Ti, A1)N 
3 times better 
than (Ti, A1)N 
High hardness 
of IP, MS, ARE 

20 times 

5 times 

6 times 

4 time 

Reference 

[304] 

[304] 

[304] 

[304] 

[304] 

[304] 

[304] 

[304] 

[304] 

[304] 

[334] 

[334] 

[334] 

[334] 

Further studies on ternary and quaternary nitride coatings looked at important factors 

governing wear behaviours such as coefficient of friction and hardness. The 

microhardness of the CrN based coatings such as CrN, Cr-Si-N Cr- Al-N and Cr-Al-Si-

N as a function of Si content, and average friction coefficients of these coatings against a 

steel ball are shown in Figure 2-38 (a) and (b) respectively. It can be seen that the 

harnesses of Cr-Si-N and Cr-Al-Si-N increased with Si, and reached a maximum at a Si 

content of around of 9 at.%; meanwhile, the average coefficient of friction for the CrN 

based coatings decreased with the content of Si. 
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Figure 2-38 Microhardness and friction coefficient of coating vs. Si contents [209]. 
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In the study of CrN and CrN-Wx series of coatings, the friction coefficients and wear 

depths for CrN and various CrN-Wx coatings (against a 1045 steel cylinder) are 

summarized in Figure 2-39. The coefficient of friction and wear depth concurrently 

decrease with the content of W, reaching a minimum value at a tungsten (W) content of 6 

at.%. This suggests a correlation between wear resistance, coefficient of friction and the 

addition of W in CrN coatings. It was found that the microstructure changed due to the 

addition of W. The coating microstructure was the most dense at the W content of 6 at.%; 

and where the hardness reached the highest value [335]. 

• Friction coefficient 
I Wear depth 

CrN CrN-W... CrN-W,. O'N-W... CrN-W.^.CrN-W,™ 
3% 6% 8% 13% 16% 

Figure 2-39 Coefficient of friction and wear depths for the CrN and CrN-Wx coatings 
under identical testing conditions (100N normal load, 2 mm stroke, 6 min test duration, 
50 Hz frequency, sliding against 1045 steel) [335]. 

In the study on TiMoN coatings, the average coefficient of friction and wear rate also 

change as a function of Mo content as shown in Figure 2-40 (a) and (b). Both properties 

decreased with the content of Mo; and reached the minimum values at the Mo content of 

30 at.% and 50 at.%, respectively. This is due to the tribo-oxidatively formed 

96 



molybdenum trioxide (M0O3) layer that with a low shear strength acted as a lubricant, 

resulting in reductions in coefficient of friction, and consequently lower wear rates [336]. 

Microhardness and coefficient of friction of various CrSiCN coating compositions vs. Si 

content are shown in Figure 2-41. Micro hardness of the coatings was observed to 

increase with Si content, and reached the peak value of -43 GPa at a Si content of 9.2 

at.% (Figure 2-41 a). This is due to the evolution of the microstructure of Cr(CN) 

coatings with Si addition, which resulted in the formation of fine crystallite and 

nanocomposite structure, and enhanced hardness. Cohesive energy at interphase 

boundaries along with the percolation of the amorphous phase played a role in the 

hardness enhancement. Si dissolution into Cr(C,N) crystal also resulted in solid solution 

hardening. Comparing the average coefficients of friction (Figure 2-41 b), it was found 

that the coefficient of friction of CrN coating decreased with Si content. This was due to 

the formation of an amorphous silicon nitride phase that acted as a solid lubricant [206]. 

090 

(a) Friction coefficients (b) Wear rates 

Figure 2-40 Effect of Mo on tribological behaviours of TiMoN coatings (under pin-on-
disc dry sliding with a WC-Co ball as the counterpart) [336]. 
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Figure 2-41 Influence of Si content on coating tribological behaviours [206]. 

2.4.3.2.4 Erosion Behaviours of Transition Metal Nitrides and 

Carbides 

As one of the most important anti-erosion coatings, TiN have been extensively studied. 

The typical erosion behaviours of TiN coatings at various impingement angles are shown 

in Figure 2-42. TiN coatings, because they are harder, showed lower erosion rates 

compared to 17-4PH steel and electro less nickel coatings at all impingement angles, 

indicating their superior erosion performance. Unlike 17-4PH steel and electroless nickel 

coatings, erosion rates for the TiN coatings increased with impingement angle, and 

reached a maximum at high impingement angles (60° to 90°), which is typical of brittle 

erosion. 
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Figure 2-42 Erosion behaviours for 17-4PH steel, electroless nickel coating, and TiN 
(VAPVD-1) coating (plotted using data in [337]) 

Erosion resistances (in form of the time required to erode a unit length, i.e., s/mil, where 

mil = 25.4 urn) of tungsten carbide (WC) and titanium nitride (TiN) coatings and 

uncoated Ti-6A1-4V alloy at various impingement angles and particle velocities (at an 

impingement angle of 90°) are summarized in Figure 2-43. WC and TiN coatings 

showed similar erosion characteristics and their erosion resistances decreased with 

impingement angle, demonstrating brittle features, distinct from the titanium alloy Ti-

6A1-4V. WC coating remained relatively erosion resistant at all impingement angles, 

which could be related to its fine grained microstructure compared to the TiN counterpart 

[338]. Both coatings show significant advantages (one order of magnitude) in erosion 

resistance over the Ti-6A1-4V alloy at a low impingement angle (22.5°). It can be 

observed that erosion resistance for both coatings at an impingement angle of 90° 
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decreased with increasing particle velocity. This was likely due to their brittle 

characteristics that weaken the resistance to erosion under high impact. 
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Figure 2-43 Erosion resistance of coatings WC and TiN and uncoated Ti-6A1-4V steel 
(plotted using data in [338]. 
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At high temperatures, the erosion resistance of TiC, shown in Figure 2-44, demonstrated 

an improved erosion resistance over INCO 718 steel at low impingement angle. 

However, TiC reached a higher erosion rate at a high impingement angle (90°), indicating 

the brittle nature of the TiC coating even at elevated temperature. 

" f * i"W 'fmT y ^ f f p w ^ i|i i| i) § j iiiny gin» ,| in IIIHI mpi'ii & ^ imy-y 

' l A "! -*t 6 B i i i n " i 

i o t o 30 40 so m 7§ s§ §0*rt 

IMPINGEMENT ANGLE (deg.) 
Figure 2-44 Erosion rate variation of uncoated and coated INCO 718 with impingement 
angle (T=538°C, V=305 m/s of grit velocity, 20 g of grit) (modified from [339]). 

Other coating compositions such as titanium nitrides, carbides and alumina demonstrated 

stable erosion resistances at elevated temperatures. As shown in Figure 2-45, the erosion 

rates for TiN and TiC coatings at a 90° impingement angle (maximum erosion rates) are 

an order of magnitude lower than the INCO 718 steel. 
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Figure 2-45 Erosion rates of coatings with temperature (at 90° impingement angle, and 
140 m/s grit velocity) [339]. 

In a study of ternary coatings TiAlN, the erosion rates, displayed in Figure 2-46, were 

found to be in the order of TiAlN-#4 > TiAlN-#l > TiAlN-#2 > TiAlN-#3), where from 

TiAlN-#l to #4, Al concentrations increased from 10 to 35 at.%, which indicates that an 

optimal Al concentration for erosion resistance exists. 
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Figure 2-46 Erosion rates of TiN and TiAlN coating systems [326](Regenerated (b)). 

102 



The effects of impingement angle and particle velocity on erosion rates of TiN and 

TiAlN-#3 (with lowest erosion rate among the TiAlN coatings) coatings are further 

compared in Figure 2-47. The erosion rates for both coatings increase with impingement 

angle, indicating brittle erosion characteristics. Coating TiAlN-#3 showed a consistently 

lower erosion rate than TiN at all impingement angles and even at a higher particle 

velocity than that applied to the TiN coating. 
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Figure 2-47 Influences of impingement angle and particle velocity on erosion rates for 
TiN and TiAlN-#3 coating systems (regenerated from [326]). 

Erosion behaviour of quaternary carbonitrides (TiSiCN and ZrSiCN) in the form of 

weight loss, are shown in Figure 2-48. The quaternary carbonitride coatings 

demonstrated a significant increase in erosion resistance relative to the bare substrates of 

stainless steel and titanium. 
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Figure 2-48 Erosion resistance of various coatings with 50 micron AI2O3 erodent [340]. 

In an experimental study on combined erosion and corrosion behaviours of TiN coatings 

on a-Ti alloy substrate with saline slurry (sodium chloride, 0.91 wt.% normal solution), 

the erosion-corrosion rates, erosion rates and flow-induced corrosion rates vs. impact 

velocity are shown in Figure 2-49. It can be seen that the TiN coated samples 

demonstrate advantages in all three properties (erosion-corrosion rate, erosion rate and 

flow-induced corrosion rate) due to the primary protection of the TiN coating from 

erosive attack. 
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Figure 2-49 Log erosion-corrosion rate, erosive rate and flow-induced corrosion rate vs. 
impact velocity for the TiN coating and an uncoated a-Ti alloy [341]. 
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2.4.3.2.5 Corrosion Behaviours of Transition Metal Nitrides 

Corrosion behaviours of TIN and CrN coatings in sulfuric acid at various temperatures 

are demonstrated in the form of a potentiodynamic polarization curve as shown in Figure 

2-50, and the test results are summarized in Table 2-7. Corrosion current densities, 

critical and minimum passive current densities for the TiN and CrN coatings were two to 

three orders of magnitude lower than that for the 1040 steel substrate, indicating their 

advantages in corrosion resistances in sulfuric acid. After heat treatments at 600 and 650 

°C, the corrosion resistances of the TiN and CrN coatings were further improved (Figure 

2-50 a, b)(Table 2-7). This was attributed to the diffusion of Ti and Cr into the steel 

substrate, generating corrosion resistant layers at the coating/substrate interface [342]. 

1600 

^ 1080 -
u? 
O 
V) 
<o 
> 560 
> 
UJ 

«" 40 
*-• c _g 
"5 
°" -480 

I i|Hiii i II |IIIJ f«ri[nujj, i miiii) -i i i|imi i'"ffiyni 

i; 

-1000 
10' 

1 ' ' " " l * • • l " " ' ' • • * " . , r»J . . .i..»l • . »i»» 

1600 

1080 -

O 
CO 

> 
> 
£ 
in 

c 
o 
0. 

-480 

UHI I 1 •IIIUI 

Substrate -

.10001 • ..i—i ...»....l . ,.i...,l . ..i,,,.! . ..i.J . . . i . . . 

10 10l 102 103 104 10s 106 
101 102 103 10* 105 10* 

Current Density, i { nA / cm2 ) Current Density, i ( nA / cm2 ) 

(a) TiN coatings (b) CrN coatings 

Figure 2-50 Potentiodynamic curves of coatings 1040 steel substrates in 1 N sulfuric 
acid solution [342]. 
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Table 2-7 Potentiodynamic polarization data for 1040 steel, TiN and CrN coatings on 
1040 steels substrates at various temperatures determined from the polarization curves in 
1 N sulfuric acid solutions [342] 

Sample 

Substrate 1040 steel 

TiN as-coated 

TiN heated 600°C 

TiN heated 650°C 

CrN as-coated 

CrN heated 600°C 

CrN heated 650°C 

&corr 

(mV vs.SCE) 
-554 

-547 

-571 

-559 

-499 

-473 

-489 

Icorr 
(nA/cm2) 

3,387 

42 

35 

6 

9 

10 

7 

(nA/cm2) 

266,000 

3,762 

1,480 

238 

1,256 

143 

244 

((xA/cm2) 

3,000 

625 

400 

83 

102 

43 

46 

Experimental studies on binary and ternary titanium and chromium nitride coatings were 

conducted. The potentiodynamic polarization curves of the coatings TiN, TiAlN, and 

SB40-P40 steel substrate, and the coatings CrN, CrAIN and mild steel substrates are 

shown in Figure 2-51 (a) and (b), respectively; and the test results summarized in Table 

2-8 and Table 2-9. It can be observed from Figure 2-51 that the polarization curves of 

the coatings have lower corrosion current densities (three orders of magnitude lower) 

than the bare substrates, indicating their superior corrosion resistances. This observation 

was further confirmed by the increased values of polarization resistances (Rp) (Table 2-8 

and Table 2-9). Additionally, in the passivity region (Figure 2-51 a), passivity current 

densities of the coatings TiN and TiAlN are about three orders of magnitude lower than 

the substrate (passivity current density is a current density that remains stable as the 

electric potential increases within a certain potential zone). It is also noted that the ternary 

TiAlN and CrAIN coatings have higher polarization resistances than binary TiN and CrN 

coatings, respectively. This could be due to the denser microstructures of the ternary 

coatings TiAlN and CrAIN which restrict the corrosive medium from contacting the 
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substrate [343, 344]. The presence of Al in the ternary coatings formed an AI2O3 layer on 

the surface of the coating, acting as a protection from further attack [343]. 
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Figure 2-51 Potentiodynamic polarization curves of coating and substrate steels. 

Table 2-8 Potentiodyna 
recorded in 0.5 M NaC 

Sample 

MB 40-P40 steel 

PVD TiN 

PVD TiAIN 

imic polarization data of the untreated and coated specimens 
aqueous solution after 1 hour exposure [345] 

£C(W(VvsAg/AgCl) 

-0.195 

-0.349 

-0.212 

icorr (UA/Cm 2 ) 

11.49 

0.066 

0.063 

Rp (kQcm2) 

3.29 

164 

535 

Table 2-9 Potentiodynamic polarization data of CrN and CrAlN coatings deposited on 
mild steel s 

Sample 

Mild steel 

CrN 

CrAlN 

ubstrates in 3.5% NaC 
^ (VvsAg/AgCl ) 

-0.62 

-0.46 

-0.34 

"1 solution at room temperal 
icorr (pA/cm2) 

16.71 

6.95 

1.03 

pc (V/dec) 

0.28 

0.17 

0.09 

ure [3431 
Pa (V/dec) 

0.05 

0.09 

0.08 

Rp (kQcm2) 

1.30 

5.90 

19.90 
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Potentiodynamic polarization curves of ternary coatings TiAlN and CrAlN are shown in 

Figure 2-52. Both curves show obvious passive stages, which are due to the formation of 

passive oxide layers that seal pores in the coating [344]. In the passive regions the 

corrosion current densities remained at very low levels (~2uA/cm ). As the potentials 

increased to certain values (pitting potential), pitting occurred due to the dissolution of 

the oxide layers [344]. The higher pitting potential of the CrAlN coating (Figure 2-52) 

revealed its better corrosion resistance in comparison to the TiAlN coating. 

1E-6 1E-S 1E-4 1E-3 0.01 

Current Density (A/cm2) 

Figure 2-52 Potential polarization curves of the TiAlN and CrAlN coating systems [344]. 

Corrosion behaviours of nitride coatings TiN, CrN, TiAlN TiAlN/CrN (multilayered), 

and an uncoated mild steel substrate after one hour immersion in a corrosive medium 

were measured, and presented in the forms of EIS plots (Nyquist and Bode)(Figure 2-
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18). The Nyquist plots (Figure 2-18 a) and the log |Z| vs. log/plot (Figure 2-18 b) 

indicate that corrosion resistance increased in the order of: substrate, TIN, CrN, TiAIN 

and TiAlN/CrN. The phase angle vs. log/plot (Figure 2-18 c) shows that the minimum 

phase angles of all the coatings (-70°) are less than that of the substrate (-78°), indicating 

inhomogeneous surface features of the coatings. 

EIS test results of the TiN and CrN coatings after multiple-day immersions indicated that 

CrN based coatings generally demonstrated higher polarization resistances than the TiN 

based coatings under the same conditions (substrate, corrosive media and immersion 

time). 

This can be explained based on both composition and microstructure. Both TiN and CrN 

coatings can form thin passive oxide layers on the coating surface and at open pores, and 

therefore delay or eliminate localized corrosion. Chromium oxide layers are denser than 

titanium oxide layers, and therefore chromium nitride based coatings usually show higher 

resistances to corrosion and oxidation. Also, the passive oxide layers on CrN and TiN 

coating surfaces were assumed to possess p- and n-type semiconductor characteristics, 

respectively. The better corrosion resistance of CrN based coating is attributed to the p-

type semiconducting oxide layer, which significantly slows the reduction rate, and 

consequently lowers corrosion rate [344]. 

In a coating/substrate system, the corrosion behaviours are governed by the diffusion 

mechanism of the reactant species (e.g. oxygen) through the coating in an 
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electrochemical process. The diffusivities of these species are influenced by the coating 

microstructure such as pores and grain boundaries. Titanium nitride coatings usually have 

straight columnar structures (Figure 2-53 a). 

The concentration of reactive species gradually decreases across the electrolyte/coating 

interface. This is referred to as a semi-infinite-length diffusion mode; whereas in 

chromium nitride coatings, the zig-zag grain boundaries and fine equiaxed structures 

(Figure 2-53 b) restrict the diffusion of reactive species crossing the electrolyte-coating 

interface in a finite-length diffusion mode. The difference in coating microstructure is 

therefore another reason for the difference in corrosion resistances of these two nitride 

coatings [344]. 

oo 

Coating Solution 
Figure 2-53 A schematic illustration of oxygen diffusion mechanism for (a) columnar 
(e.g. TiN), and (b) equiaxed (e.g. CrN) crystallite structures [346]. 
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The coating thickness has been observed to affect the corrosion resistance as well. The 

polarization curves of various types of TiN coatings with various thicknesses are shown 

in Figure 2-54. It can be observed that the critical passivity current densities of the TiN 

coatings were much lower than those of the substrate. Increasing coating thickness 

resulted in further reduction in critical passivity current density for all TiN coatings. This 

indicates that a sufficient coating thickness in a coating system is desired for optimized 

corrosion resistance. 
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Figure 2-54 Polarization curves of coating systems with various thicknesses. 

When coatings with different thicknesses are prepared using different techniques, the 

trend between the corrosion resistance and thickness may not be obvious. As shown in 

Figure 2-55, the potentiodynamic polarization curves of TiN coatings prepared using 

various deposition processes (plasma-based ion implantation (PBII), sputtering 
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deposition, shielded vacuum arc deposition, and plasma spraying) revealed that the 

thinnest coating (PBII sample) exhibited the best corrosion resistance, i.e., the lowest 

corrosion current density and passivity current density. The lowest defect population was 

also found in the PBII TiN coating [348]. The result suggests that defect is a dominant 

factor governing corrosion behaviours of a coating system and that the defect density is 

strongly determined by the deposition process. 
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Coating thicknesses (um): PBII: 0.03, sputtering: 1, vacuum arc: 1, plasma spraying: 30 

Figure 2-55 Potentiodynamic polarization curves of TiN coatings produced by various 
deposition processes [348]. 

As shown in Figure 2-56, all three TiN coatings (deposited using various techniques) 

demonstrated simultaneous changes in critical passivity current densities and area ratios 

of pinhole defects with an increase in coating thickness. This indicates a certain 

correlation of corrosion behaviour and defects in a coating system. Further quantitative 
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studies on coating surface pit density and total volumetric porosity revealed a close 

dependence of corrosion current density and corrosion potential on coating defects as 

summarized in able 2-10. Therefore, coating defects are a priority issue in developing 

coating systems, particularly for corrosion applications. 
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Figure 2-56 Effect of coating thickness on critical passivity current density and area ratio 
of pinhole defect [134]. 

Table 2-10 Density of nodular "inhomogeneities", corrosion pits, corrosion current 
density, corrosion potential and calculated porosity of some TiN and (Ti, A1)N coatings, 
together with the coating thicknesses and Al/Ti evaporation ratios [184] 

Coating 

(Ti, A1)N 
(Ti, A1)N 
(Ti, A1)N 

TiN 
TiN 
TiN 

Thickness 
(um) 

3.3 
3.3 
3.4 
18 
4.2 
5.3 

Al/Ti 
ratio 

0.56 
1.40 
2.40 

-
-
-

Defect 
density 
(cm"2) 
1,000 
1,200 
6,700 
7,000 
10,000 
18,000 

Pit 
density 
(cm"2) 
700 
1100 
2300 

2 
93 
950 

Icorr 
(|xA/cm2) 

7.8 
6.6 
28 
8 

24 
35 

J-'corr 

(mV(SCE)) 

-413 
-421 
-427 
-392 
-408 
-425 

Porosity 

6.88 x io 4 

7.14 x 10'4 

2.70 x 10"3 

1.22 x 10"4 

3.28 x 10"4 

3.51 x 10"3 
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2.4.3.2.6 Coating Defects and Their Impacts 

In a coating system, defects can be classified into three types: (1) open porosities where 

the pores are interconnected, (2) closed porosities where the pores are isolated, and (3) 

through-porosities (pores or pinholes) that extend through the deposit into the substrate 

[98, 349]. Through-porosities are the main contributor to corrosion of the substrate as it is 

through these porosities that aqueous corrosive media access the substrates [111, 133, 98, 

349, 350]. 

Defects in coatings can be classified according to formation mechanism as lattice defects 

and growth defects [322, 349]. Lattice defects are the vacancies resulting from missing 

atoms or clusters at lattice positions, and lattice dislocations. As a typical lattice defect, 

voids are closed internal pores that do not connect to a free surface [349]. The 

aggregation of vacancies result in microvoids along grain and column boundaries, going 

through the deposition (Figure 2-57 a) [234]. Abrupt interfaces form interfacial voids; 

rapid diffusion causes capillary voids at grain boundaries [349]; voids also form at triple 

points between grains and grain boundary during annealing [351] (Figure 2-57 b, c). 

Additionally, voids form due to the embedded droplets [133](Figure 2-57 d). 
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(a) Cross-sectional TEM micrograph showing the evolution of microstructure in a TiN 
film sputter-deposited at Ts = 300°C. The negative substrate bias Vs was changed 
stepwise without interrupting the growth. The void regions along column boundaries 
(indicated by arrows) become dense when increasing Vs from 80 to 120 V [234] 
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(b) SEM image after thermal cycling. A single arrow indicates void formation along the 
grain boundary. A double arrow indicates void formation in the grain interior [352] 

Figure 2-57 to be continued 
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(c) A typical void in a coating after annealing at 900°C for 2 hours [351] 
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(d) A droplet in a coating and resulted in voids [353]. 

Figure 2-57 Defect formations in coating systems. 
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Two general sources of cores are foreign particles and droplets. Foreign particles stem 

from contamination (e.g., dusts and debris) on the substrate surface. This type of particle 

can be minimized through cleaning the substrates, chambers, and targets (for PVD) by 

physical means. The other source of cores are droplets generated during the deposition 

process. Physically cleaning substrates and deposition chambers, and optimizing 

deposition parameters would minimize the source of droplets, therefore lower the rate of 

growth defects. In PVD processes, droplets can be generated due to cathode arcing 

[32,111], molten vapor condensation [32, 111, 354, 355], and preferential nucleation 

caused by surface irregularities or inhomogeneities [32] (Figure 2-58). These defect 

formations and growths are affected by deposition parameters, including bias voltage and 

duty cycle [32]. They can be minimized by increasing the energy of bombarding ions, 

eliminating the nucleation sites, increasing the atom mobility and surface diffusion, and 

increasing the duty cycle [32]. 

Figure 2-58 Images of irregularly and droplet [353]. 
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Substrate bias voltage is an important parameter governing the crystal structure and 

morphology of deposited coatings. Surface morphologies of CrN coatings deposited at 

various bias voltages are shown in Figure 2-59. The surface roughness decreased with an 

increase in bias voltage, which was attributed to the change in number and size of 

projections on the surface of the coatings. These results were in agreement with a 

statistical study about the relationship between numbers of projections and substrate bias 

voltage. As can be seen in Figure 2-60, the number of projections and the diameter of 

projections decreased with increasing bias voltage. 

Figure 2-59 Typical SEM photographs of chromium nitride films deposited at the 
substrate bias voltage of (a) 0 V, (b) -20 V, (c) -50 V, and (d) -500 V [356]. 
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Figure 2-60 Variation in number of projections classified by diameters with substrate 
bias voltage [356]. 

Pinhole densities in TiN and CrN coatings at various bias voltages are shown in Figure 

2-61. TiN coatings exhibited the maximum pinhole density at a bias voltage of 100 V 

(Figure 2-61 a). With increasing bias voltage, pinhole density decreased. CrN based 

coatings with multiple phases prepared at low bias have the highest pinhole density 

(Figure 2-61 b); whereas, a single phase coating deposited at high nitrogen pressure and 

high substrate bias has the lowest density. The change in pinhole density with bias 

voltage is related to its effect that controls the ion bombardment energy on on coating 

growth and internal stress of deposited TiN coatings [323, 324]. 

Porosity affects the properties of coatings in many ways. High surface area in a porous 

material makes it easy to contaminate, oxidate, and deform. The voids at the coating-

substrate interface reduce the adhesion due to the decrease in effective contact area, 

acting as stress concentration defects that initiate a path for fracture propagation. Also, 
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interfacial voids result in increased contact resistances between the coating and substrate, 

and decreased thermal conductance across the interface [98, 349]. 
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2-61 Pinhole density vs. substrate bias voltage [357]. 

Density is important in determining coating properties including mechanical deformation 

and corrosion resistance [98, 349]. Porosity measurement is a good evaluation of defect 

densities, which can be evaluated by means of electrochemical methods [158 - 160]. Due 

to the fact that porosity is inversely proportional to the packing factor, the packing factor 

(P) can be employed as a quantitative measurement of the defect density (pores or 

pinholes) [101, 133]. 

Coating defects are inevitable in hard coating depositions. Post-deposition treatments are 

conducted in an attempt to interrupt the defect and block the access path for the corrosive 

media [111]. Some experimental studies have shown the effect of post-deposition 

treatment in closing the open pores [358, 359]. 
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2.4.3.2.7 Correlations between Coating Properties 

To possess enhanced tribological and corrosion resistances, it is expected that a coating 

system should have high hardness, sufficient elastic modulus, and low defect density. 

PVD hard coatings such as TiN and CrN have good wear resistance, and are moderately 

corrosion resistant. However, due to their specific microstructures, columnar (for TiN) or 

equiaxed crystalline (for CrN) [346], growth defects are difficult to avoid, which could 

lead to severe corrosion and ultimately loss of mechanical integrity. Experimental results 

revealed that low-density coatings do not necessarily show open porosity, whereas open 

porosity can be found for coatings with higher densities [215]. 

The superhard coating systems, such as multilayer, nanocomposite, and superlattices, 

possess excellent hardness and elasticity. Also, multiple interfaces in multilayer and 

superlattices act as barriers to corrosion attackes to substrates. However, any intrinsic 

defects in the coating structure such as voids (Figure 2-57), irregularties and droplets 

(Figure 2-58), could undermine this advantage. This result suggests that a complex 

coating system must be well designed in terms of both compositions and microstructure 

in order to have enhanced the mechanical and electrochemical properties. 

In summary, it is a challenge for a coating system to provide good anti-corrosion 

properties, while retaining excellent mechanical behaviour [133], such as high hardness, 

high elesticity, and a low cofficient of friction. The difficulties stem from the nature of 

the coatings and the deposition processes. Understanding these properties and their 

correlations is fundmental for the development of new future coating systems. 
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2.5 Research Objectives 

From the literature review it is concluded that coating is an effective way to provide 

protection to metal components under tribological and corrosive attacks. For a given 

coating system, the responses to tribological and corrosive attacks are directly determined 

by composition, microstructure and mechanical properties. As such the research 

objectives for this thesis will focus on the effects of coating compositions and 

microstructures on these behaviours under tribological and corrosive attacks. More 

specifically, this thesis is focused on the following four main objectives: 

Effect of Coating Deposition Conditions on Coating Microstructure and Properties 

The effect of deposition process and parameters on coating microstructure and properties 

will be studied through a series electroplated nickel coatings. In electroplating, different 

pulse frequencies (and nano sized additives) are used to modify coating microstructures 

(grain size and thickness) and consequently the properties of the coating such as hardness 

and modulus of elasticity. To investigate the effect of nano additives, carbon nano-tubes, 

will be introduced in the electroplating process to impart changes to microstructure. The 

effect of changing microstructures on various properties will also be investigated. This 

study helps better understand the correlation between deposition conditions and coating 

properties; and is expected to support the further studies of the PVD hard coating systems 

in this work. 
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Effect of Coating Composition on Mechanical Properties and Tribological Behaviours 

The effect of coating composition on microstructure, mechanical properties, and 

behaviours of wear, erosion and corrosion will be studied with a series of chromium 

nitride based PVD coating systems with various C, Si and N contents. The coating 

composition will be changed gradually from CrN to CrSiCN, with increasing amounts of 

Si and C. With composition changes, microstructure, and mechanical properties and their 

wear, erosion and corrosion resistances are expected to change. The reasons for such 

changes will be explored. 

Effect of Coating Defect and Post-deposition Treatment on Corrosion Behaviours 

First the effect of defects in PVD coating systems on corrosion behaviour will be further 

studied. Subsequently, post-deposition treatment with a dielectric substance poly (methyl 

methacrylate) (PMMA) will be applied to the coating surfaces to fill the coating defects, 

and any changes to corrosion mechanism and rate will be measured. Polarization 

measurement and EIS techniques will be used in this study. 

Quantitative Analysis on Corrosion Mechanisms in Coating Systems 

To study the corrosion mechanism(s) of PVD coating systems with different 

compositions and microstructure, the EEC models are proposed and applied to corrosion 

analyses. Through interpreting and comparing EIS parameters from alternative EEC 

fitting results, further information on detailed diffusion related corrosion mechanisms 

will be obtained. 
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Mathematical analyses on electrochemical impedance or admittance will be involved to 

determine the correlations between the changes in impedance or admittance and 

micro structure in coating systems. Experimental data will be compared with the 

mathematical analyses. 

Expected Outcomes 

The expected outcome of this study is an understanding of the effects of coating 

composition, microstructure, and post-deposition treatment on the properties of PVD 

coating systems and their tribological and corrosion resistances. This understanding is 

expected to make a contribution to the development of new wear, erosion, and corrosion 

resistant PVD coating systems. 
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3. Materials and Experimental Procedures 

This chapter introduces substrate material types and surface preparations, deposition 

facilities and procedures, and post-deposition treatments. Coating processes include 

electroplating and physical vapor deposition (PVD). Evaluations on coating 

micro structure and properties such as wear, erosion, and corrosion resistances in various 

environments are detailed in this study. 

3.1 Substrate and Preparation 

The substrates used included AISI 1040 carbon steel and 17-4 PH stainless steel. The 

sample dimensions and surface treatment conditions are summarized in Table 3-1. All 

the 17-4 PH stainless steel substrates were subjected to a heat treatment, which is 

equivalent to that applied to turbine compressor blades. The heat treatment process 

consists of a solid solution treatment followed by a precipitation treatment and a stress 

relief treatment. For the solid solution treatment, the substrates were heated for two hours 

at 1038±15°C, then air cooled to room temperature. For the precipitation treatment, the 

substrates were heated for four hours at 649±8°C, then air cooled to room temperature. 

The stress relief treatment consists of heating for two hours at 515±5°C then air cooling 

to room temperature. 
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Table 3-1 Summary of substrate steels 

Material 

AISI1040(MS) 

AISI 1040 (MS) 

17-4PH(SS) 

17-4PH(SS) 

Thickness 
(mm) 

1.6 

1.6 

1.6 

3.2 

Dimension 
(mm x mm) 

76x25 

16 (diameter) 

16 (diameter) 

50 (diameter) 

Deposition 
technique 

Electroplating 

PVD 

PVD 

PVD 

Test 

Erosion 

Corrosion 

Corrosion 

Wear/erosion 

All the substrates were ground using abrasive papers with grit sizes from #400 to #1200, 

and polished using a 1 um diamond suspension fluid, then rinsed with distilled water and 

ethanol, air dried and individually sealed in plastic bags. 

3.2 Coating Depositions 

In this section, two deposition techniques, i.e., electroplating and PVD, were used to 

deposit the coatings on the substrate. 

3.2.1 Electroplating 

Nickel plating was conducted with an electroplating apparatus in the Department of 

Mechanical & Aerospace Engineering, Carleton University. The apparatus consists of a 

pulsed direct current (DC) power supply system, an electrolyte bath, and a hotplate 

magnetic stirrer (Corning PC-42, S50448HP) (Figure 3-1 a). The pulsed DC power 

supply system is composed of a DC power supply (GW Instek GPS - 3303), a function 

generator (GW Instek GFG - 8210), and a solid state relay (SSRDC100VDC12). The DC 

power supply provides a direct current for nickel plating. The desired current is set by 
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adjusting the voltage output, and the pulse frequency is set by adjusting the function 

generator. In this study, the function generator was set to square wave output with a duty 

cycle of 50/100. The signal from the function generator controls the solid state relay that 

is connected in series in the circuit to produce the pulsed current. An oscilloscope 

displays the waveforms of the pulsed current. 

In the electrolyte bath (1000 ml) (Figure 3-1), a substrate and a basket with nickel balls 

(commercially pure nickel balls 6.35 mm in diameter) are submerged into the electrolyte. 

The substrate is connected to the DC power supply as the cathode, and the basket is 

connected to the DC power supply, through the solid state relay (controlled by the 

function generator), as the anode. To avoid contamination of the electrolyte by 

dissolution of the copper anode pole connection, an "anti-capillary" cathode was created. 

A polypropylene beaker with drilled holes was inserted in the basket and suspended such 

that about half of the nickel balls were immersed in the electrolyte. A section of Tygon 

tube, filled of nickel balls, is set atop the stack and the anode pole connection made to the 

nickel balls at the top of the tube so that the electrolyte will not contact the copper wire 

connection (Figure 3-1 b). 

The electrolyte bath was set on a hot plate with magnetic stirrer (Figure 3-1), which 

maintains a desired temperature for the electrolyte cell, and provides agitation to the 

electrolyte. Agitation maintains ion concentration uniformity near the electrode surfaces, 

and stabilizes the open-circuit potential [127]. 
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Function generator 
Electrolyte bat. 

DC power supply 

Oscilloscope 

Solid state rela 

(a) Nickel electroplating setup 

Anti-siphon nickel 
balls basket 
(anode) 

Nickel sulphamate 
electrolyte 

Electrolyte bath 

(b) Schematics of nickel electroplating setup and connection 

Figure 3-1 Nickel electroplating apparatus. 
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3.2.2 Electrolyte Preparation 

In this study, the electrolyte was an aqueous solution made of 367 g/1 nickel sulphamate 

(Ni(NH2S03)2), 12 g/1 nickel chloride (NiCl2-6H20), and 36 g/1 boric acid (H3BO3). A 

typical pH value of the solution was 1.5. The solution was allowed to stabilize for 24 

hours prior to the plating process. 

The carbon nano-tube (CNT) dispersed nickel sulphamate electrolyte was prepared based 

on the conventional nickel sulphamate solution, as described above, with the addition of 

CNT. The CNT was CarboLex single-walled nanotube (SWNT) with a mean diameter of 

1.4 nm [360]. To help with the dispersion of CNT, a premixed solution containing CNTs 

(2 g/1) and polyacrylic acid (2><10"5 M/l) were added to the nickel sulphamate electrolyte 

[361]. For further dispersion of CNTs, the electrolyte was subject to magnetic stirring 

(600 to 900 rpm) for at least 2 hours prior to each deposition processes. Sufficient 

soaking time helps in CNTs dispersion [295, 303, 362, 363]. 

(a) Before dispersion (b) After dispersion 

Figure 3-2 SEM images of Carbon nanotubes. 

129 



SEM images (Figure 3-2) show the CNTs before and after dispersion. Figure 3-2 (a) 

shows CNTs before dispersion in solution, where the sample was prepared by taping a 

thin layer of CNT onto conductive carbon tape. The images in Figure 3-2 (b) show the 

CNTs after dispersion in solution, where these samples were prepared by dropping 

diluted CNT dispersed solution on a polished stainless plate; after the water evaporated, 

the state of CNT dispersion was observed. It can be seen that the original CNTs 

conglomerate in the form of granules, while the dispersed CNTs show sufficient 

separation. 

3.2.3 Plating Procedure 

The average working current is determined by multiplying the average current density by 

the immersed total surface area of the substrate where the average current density is the 

product of the peak current density and the duty cycle [364]. In this study, the average 

current density was set at 20 mA/cm which was in the typical range of current density 

for nickel plating [365, 366]. By controlling sample size and immersion depth, the 

effective immersed substrate surface area was set to 12 cm , so an average working 

current of 240 mA was employed. 

During the plating process, the current stability was monitored. Normally, the working 

current decreases with plating progress, which is associated with the increase in hydrogen 

near electrodes and over potential on the electrode surface [127, 367]; this has been 

referred to as electrical double layer (or Helmholtz layer) which behaves as a charged 

capacitor [127]. An agitation helps prevent the current decrease [127]. It is critical to 
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maintain the current at the initial value to avoid cracking of the plated surface due to 

micro-stresses generated during deposition with variable rates. 

In this study, all deposition conditions were fixed, except the electrolyte and pulse 

frequency. The plating specifications are summarized in Table 3-2. 

3.3 Physical Vapor Deposition (PVD) 

In this study, physical vapor deposition (PVD) coatings were made using several 

deposition techniques with various deposition conditions. The coating systems included 

TiN and CrN based with various substrates. The coating specifications are summarized in 

Table 3-2. 

Electronic Beam (EB) Evaporation Deposition 

TiN coatings were deposited on 17-4PH steel substrates with diameters of 50 and 16 mm, 

using an electron beam (EB) assisted PVD evaporation technique at Liburdi Turbine 

Services Inc. Due to the proprietary nature of process, the detailed operation parameters 

are not described here. 

CathodicArc (CA) Deposition 

TiN coatings were deposited on AISI 1040 mild steel (MS) and 17-4PH stainless steel 

(PH-SS) substrates using cathodic arc deposition technique (Metaplas MZR-304 
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unfiltered cathodic arc (CA) coater installed at IAR, NRC). Prior to the deposition, the 

substrates were subjected to an ion cleaning using arc enhanced glow discharge (AEGD) 

with a titanium cathode. 

Four metallic Ti cathodes and N2 gas were employed to form TiN through a reactive 

process. During the deposition process, the chamber pressure was controlled at 8x10" 

mbar for a total of 480 ampere-hours. The substrates were negatively biased at 200V, and 

heated to 400°C with an electrical resistance heater. 

Plasma Enhanced Magnetron Sputtering (PEMS) Deposition 

The CrN based coatings containing Si and C additions (including CrN, CrSiCN(l), 

CrSiCN(2) and CrSiCN(3)) were deposited using a plasma enhanced magnetron 

sputtering (PEMS) coater at Southwest Research Institute, San Antonio, USA. The 

substrates were subject to an Ar sputter cleaning for 60 to 90 minutes to remove the 

residual oxide. A solid Cr target was employed as a source of Cr [368, 369]. In addition 

to a mixture of Ar and N2 gases, trimethylsilane ((CHb^SiH or 3MS) was introduced 

during the deposition process; where, the dissociation of trimethylsilane provides Si and 

C to form the series of CrSixCyNz coatings. The gas flow rates were regulated using an 

optical emission monitor (OEM), and the chamber pressure was maintained between 0.33 

and 0.47 Pa (2.5 to 3.5xl0"3 Torr). The substrate surface temperature was maintained at 

about 400°C during the deposition process. 
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Table 3-2 Summary of produced coating systems 

Coating system Content Substrate Deposition process 

Electroplating 

Ni-0 

Ni-5 

Ni-100 

Ni-1000 

Ni-CNT-0 

Ni-CNT-5 

Ni-CNT-100 

Ni-CNT-1000 

Nickel 

Nickel 

Nickel 

Nickel 

Nickel + CNTs 

Nickel + CNTs 

Nickel + CNTs 

Nickel + CNTs 

MS 

MS 

MS 

MS 

MS 

MS 

MS 

MS 

Electroplating, no pulsed current 

Electroplating, pulsed 5 Hz 

Electroplating, pulsed 100 Hz 

Electroplating, pulsed 1000 Hz 

Electroplating, no pulsed current 

Electroplating, pulsed 5 Hz 

Electroplating, pulsed 100 Hz 

Electroplating, pulsed 1000 Hz 

PVD 

EBTiN 

CA TiN/MS 

CA TiN/SS 

CrN 

CrSiCN(l) 

CrSiCN(2) 

CrSiCN(3) 

TiN 

TiN 

TiN 

CrN 

CrSiCN 

CrSiCN 

CrSiCN 

17-4 PH 

MS 

17-4 PH 

17-4 PH 

17-4 PH 

17-4 PH 

17-4 PH 

Electron beam 

Cathodic arc 

Cathodic arc 

PEMS 

PEMS 

PEMS 

PEMS 

3.4 Post Deposition Treatment 

For comparison purposes with regard to the factor of coating defect in corrosion 

behaviours, some of the PVD coated samples were subject to surface treatment with 

polymethyl methacrylate (PMMA) to seal or limit the coating defects; and were tested for 

corrosion behaviours. Polymethyl methacrylate (PMMA) is synthetic polymer of methyl 

methacrylate (MMA). PMMA exhibits excellent optical transparency and ultraviolet 
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(UV) resistance, is highly inert to acids and alkalis, and has a low water absorption rate 

[370]. PMMA has been widely used in the fabrication of nanoporous structures, where 

PMMA fills the nano-scaled pores by polymerization of the MMA monomer. Benzoyl 

peroxide acts as a radical supplying agent [371 - 373]. 

In this study, the PMMA solution was prepared with 16.6 wt.% poly(methyl 

methacrylate)(PMMA, (C502H8)n), 78.4 wt.% methyl methacrylate(MMA) and 5 wt.% 

benzoyl peroxide. Because sufficient time is required for the solution to equilibrate, the 

PMMA solution was sealed in a glass container at room temperature, and stored in a dark 

place for 24 hours [361, 374]. 

The samples were cleaned with acetone in an ultrasonic bath for 20 minutes, and then air 

dried. The samples were then individually immersed in the PMMA solution, with the 

coating surface facing upward. The container was then sealed and stored in a dark place 

for 24 hours at room temperature. In the first few hours, ultrasonic agitation was used to 

help remove air from the pores or open voids in the coating and enhance solution 

penetration. 

After 24 hours of immersion, the samples were removed from the solution and 

immediately cleaned with a dry soft tissue to remove any residual PMMA solution. The 

cleaned samples were then cured under ultraviolet light at 30°C for 8 hours to assist 

polymerization of the PMMA. The finished samples were individually sealed in labeled 

plastic bags. 
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3.5 Coating System Evaluations 

In this chapter, experimental procedures for characterizing the coatings are described. 

These include experimental evaluations of coating microstructure (phase and grain size), 

surface morphology, defects, chemical composition, mechanical properties (hardness and 

modulus of elasticity), and other properties which include functional responses to wear, 

erosion and corrosion that were evaluated using pin-on-disk sliding wear, sand erosion, 

polarization, and EIS tests. 

3.5.1 Coating Thickness Measurement 

Two methods were used to measure coating thickness, cross sectional images and the ball 

crater method. The former is a direct measurement and can be used for almost all types of 

coatings. And the latter one is an indirect measurement based on geometrical calculation 

and can only be applied to a coating system on which a through crater can be generated 

with an abrasive ball without inducing heavy plastic deformation to the coating. 

Because of their ductility, the thicknesses of the Ni plating samples were measured using 

cross sectional image analysis with the assistance of Clemex Vision PE 4.0 software, 

whereas, the brittle, PVD coating thickness was measured using the ball crater method. 

In a ball crater setup (Figure 3-3), the specimen is fixed on a tilt clamp. An abrasive ball 

(25.4 mm diameter WC-Co was used) is set between the specimen and a driving roller. 
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Abrasive corundum (0.5 urn) grinding paste was applied on the contact surfaces between 

the WC-Co ball and the coating. With the abrasive ball spinning, a crater on the coating 

sample is created. After the coating is ground through, the radii of the two circles 

generated on the coating surface, which correspond to the coating surface and the 

substrate surface (Figure 3-4) , can be used to calculate the thickness of the coating by 

simple application of Pythagorus theorem (Eq. 3-1) 

S = Hs-Hc=4Rl-rj-pl-r^ (3-1) 

where, 
Rb'. the radius of abrasive ball, 
rs and rc: the measured radii of small and large circle. 

Figure 3-3 Setup of ball crater method of measuring thickness of coating (IAR-NRC 
Canada). 
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Figure 3-4 Geometry of ball crater method of measuring coating thickness. 

3.5.2 Scanning Electron Microscope (SEM) Analyses 

Scanning electron microscopy (SEM) (Philips XL30-S FEG) was used to determine 

surface topography, microstructure, and chemical composition of the coatings. 

Surface topography was examined by SEM under a secondary electron (SE) mode. With 

very narrow electron beams multi-direction emitting, SEM (SE mode) produces 

micrographs with a deep field and a three-dimensional characteristic, which is beneficial 

to understanding surface structure. Back-scattered electron (BSE) images were also 
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generated in which the regions containing different compositions exhibit different 

contrast. 

In this study, the grain sizes of the coating systems were estimated from morphology 

images. Deposition defects including embedded nodule, void, and pinholes were 

observed, and were then statistically evaluated with the assistance of image analysis 

software (Clemex Vision PE 4.0). The images of coatings after mechanical and chemical 

attacks were used in the estimation of wear, erosion and corrosion. 

3.5.3 X-Ray Diffraction (XRD) Analysis 

In this study, an X-Ray diffractor (XRD) (Rigaku CN 2631 X-Ray diffractometer) was 

employed for the investigation of crystal structures of the coating systems. A Cu Ka X-

Ray source with a wavelength (A) of 0.154 nm was utilized, and scan ranges (28) were set 

from 20 to 100°. The rates of scanning were set according to the desired resolutions. The 

X-Ray peak identifications and lattice parameter calculations were conducted with a 

DataScan 3.1 software package (Materials Data, Inc). 

3.5.4 Mechanical Properties 

The mechanical properties of the samples, i.e., hardness (H) and modulus of elasticity 

(E), were measured using a nano-indentation hardness tester, a CSM Nano Hardness 

Tester (NHT). 
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For thin film materials, the correlation between load and projected residual macro- or 

micro-indentation area is not as certain as that for bulk materials [101, 375], therefore 

nano-indentation techniques were used. 

In a nano-indentation test, light loads are applied to an indenter with a nano scaled and a 

high precision shaped tip (usually a Berkovich tip with a three-side pyramid geometry), 

which allows the properties of the coatings to be measured without any influence from 

substrate. The curves of load vs. depth of penetration for both loading and unloading 

stages are recorded. From the curves, mechanical properties (hardness and Young's 

modulus) of the material can be inferred using the Oliver-Pharr method [376]. 

The hardness is given by the following equation, which relates the maximum load to the 

projected indentation area: 

H = ^ L (3-2) 
Ar 

where, 
Pmax- maximum load, 
Ar: projected indentation area. 

Note that in a nano-indentation test, to avoid the influence from the substrates, the depths 

of indentation must be controlled to be less than 1/10 thickness of the coating [98, 377, 

378]. In this study, a load of 50 or 100 mN were applied depending on the thickness of 

the coatings. Both loading and unloading rates were set to 100 mN/min for the load of 

50g or 200 mN/min for the load of lOOg. For each sample, at least 12 measurements were 

randomly conducted over the test area, and the average values used. 
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Elastic properties can be determined from the maximum penetration depth (when under 

loading) in comparison with the residual depth of the indentation (upon unloading) [98]. 

The elastic modulus (Young's modulus, E) of bulk material is the stress versus strain for 

the material under an elastic (reversible) deformation, which can be deduced from the 

slope of the unloading section in the load-displacement curve (Figure 3-5), using the 

Oliver and Pharr method [379]: 

E = 
1 n dP 

2VA(hc)dh 
\h=h„ (3-3) 

where, 
A(hc): projected contact area of the indenter tip, 
hc and hmax: current and maximum contact depth, respectively. 

•a 
O 

Displacement, h 

Figure 3-5 Schematic of the nanoindentation load-displacement curve (Oliver and Pharr 
model) (modified from [379]). 
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For a specific nano-indentation tester and a specific sample, the coating's modulus Ecoatmg 

can be calculated according to the Hertzian equation: 

1 _ \ \ ~ V indenter) . *- coating) C\-d\ 

F ~ F E 
indenter coating 

where, 
Vmdenter and vCOatmg' the Poisson's ratios for the indenter and coating, respectively; Eindenter 

and Ecoatmg- the corresponding Young's modulus, in this study, assuming v,„denter= 0.07 
sxxdEindenter=\ 140 GPa for the diamond indenter; and the Poisson's ratio v for the coating 
materials was 0.3. 

3.6 Tribological Behaviours 

3.6.1 Wear 

3.6.1.1 Principle and Equipment 

Wear of the coatings was evaluated by means of dry sliding using a TEER POD 2 pin-on-

disc wear tester (TEER Coatings Ltd., UK)(Figure 3-6) at room temperature. The 

apparatus consists of a sample setup table, a driving system, a controlling and measuring 

system, and a data processing system. 

The working principle of the TEER POD 2 pin-on-disc wear tester is demonstrated in a 

diagram (Figure 3-7). The specimen is horizontally clamped on the sample table. The 

wear pin is set against the specimen surface and offset from the rotating center. The offset 

distance is the radius of the wear track. The driving system rotates the sample table under 
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the loaded wear pin. The control/measurement system controls the test facility, and 

measures test parameters. The data is stored, and processed by the TEER POD 2 software 

package. 

In this study, the wear pin was a WC-Co (6% Co) ball with a diameter of 5 mm. The 

radius of the wear track was set to 4 mm (measured from the center of the pm to the 

centre of the specimen holder), and the rotational speed was set to 477 rpm, which 

corresponds to a linear speed of 200 mm/s. 

$i+#m.>r*i"-Hv?fwi.im**;.,r^,. » . . » , q » , tfM3tY SS* ' ' - " J**-*-. StWVS5^ ("*""*"" 1?JS*'ST"SS*!2| 

Figure 3-6 TEER POD 2 pin-on-disc wear tester (IAR-NRC Canada). 
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Figure 3-7 Diagram of a pin-on-disc wear tester work principle. 

A properly selected load (dead weight) is applied to the end of the loading beam, and is 

transferred through the loading beam and WC-Co ball to the contact point between the 

ball and specimen. With the sample table spinning, the ball slides against the surface, 

generating a wear track circle. Frictional force, generated by the sliding motion between 

the ball and test surface, is measured by the friction cell. 
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3.6.1.2 Data Processing 

During the sliding test, frictional forces (Ffrichon) were measured by the friction cell, and 

the data was stored by the software TEER POD 2. The coefficient of friction (COF) (ju) 

between coatings and the WC-Co sliding ball can be calculated by dividing frictional 

forces (Ffrictton) with the applied normal load (N). 

In the standard wear tests (ASTM Standard G99 [380]), the wear damage to the material 

is evaluated in terms of volume loss. To calculate the worn volume, the depth of the worn 

profile, and hence the cross sectional area is needed. In this study, the depths of the worn 

profiles were measured using a Veeco Dektak" 150 Surface Profiler (Figure 3-8), and a 

typical wear profile is shown in Figure 3-9. The test data was processed using the 

software Veeco Dektak V. 9, with which the cross-sectional area (Acoating.wear) of the worn 

track can be obtained. Consequently, the worn volume (VCOatmg-wear) can be calculated 

using the average worn track cross-sectional area (Acoating.wear) and the radius of the wear 

track (rwear), as described by: 

V = 1m A C\-S\ 
coating—-wear wear coating-wear W "V 

As for the WC-Co sliding ball, using a geometrical relationship, the worn volume of 

spherical cap (Vbaii-wear) can be calculated as: 

Vball-wear = f < d " J- " ( ^ ) ~ ̂ i^ff ^l ~ ( ^ (3-6) 

where, 
Rb: the radius of WC-Co ball, 
dscar- the diameter of the scar on the abrasive (WC-Co) ball. 
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Figure 3-8 Veeco Dektak® 150 surface profiler (IAR-NRC Canada). 
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Figure 3-9 A typical wear profile on a TiN coating sample measured using Veeco 
Dektak® 150 surface profiler. 
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With wear volumes obtained, specific wear rates for both the coating and the ball can be 

obtained for a given normal load (N) and the total sliding distance (L), using the 

following relationship: 

w = wear (3-7) 

To take the hardness of the interacting materials into account in the wear behaviour, 

Archard linear wear law [65] was applied, which is given as [85]: 

Vwear = kA^ (3-8) 

Where, 
H: the hardness for one of the interacting materials, 
k,A. Archard wear coefficient (< 1) [65, 85]. 

Therefore, Archard wear coefficient (UA) is: 

V H 
A NL 

It can be seen that ICA describes a wear property associated with both specific wear rate 

and the hardness of the interacting materials. 

At least 3 wear tests were randomly conducted on each sample, and at least 3 

measurements were randomly conducted on each wear track; and the average values were 

obtained and used in analyses. 
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3.6.2 Erosion 

3.6.2.1 Principle and Equipment 

In this study, the coated samples were evaluated for solid particle erosion behaviour in an 

inert environment at room temperature. Experiments were conducted according to the 

ASTM standard G76-02 [381], using a HME Airbrasive Unit (S.S. White Industrial, 

USA) test facility (Figure 3-10 a). 

The test facility (Figure 3-10 c) consists of a test chamber, an erodent particle (sand) 

supply system, a compressed carrying gas supply system, and a dust collector, as are 

shown in Figure 3-10 (b). The gas supply system provides the carrier for the particulate 

flow. In this study, the carrying gas was compressed dry nitrogen gas (N2), which also 

provides an inert environment surrounding the test samples avoiding oxidation to the 

freshly eroded surface that would affect the nature of the erosion process [382]. The sand 

supply system provides erodent, which in this study was angular AccuBRADE®-50 

Blend #3 alumina (AI2O3) powders (S.S. White Industrial, USA) with an average particle 

size of 50um (Figure 3-11). The sand supply system is connected through a hose to the 

gas supply system. Sand in the holding tank is released with a magnetic vibration device, 

and blown by the carrying gas into a Teflon hose connected to the nozzle, thus generating 

a particulate stream. A powder regulation adjustment knob controls vibration voltage to 

the magnetic vibration device, thus controlling the erodent feed rate. A gas pressure 

adjustment knob controls the gas valve, and consequently the pressure of the carrying gas 

and the speed of the particulate stream. A scale (with an accuracy of lg) is set under the 
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sand container to monitor the weight change of the sand container, and calculates sand 

consumption during an erosion process. 
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(a) HME Airbrasive unit (IAR-NRC Canada) 
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(b) Schematics of HME Airbrasive Unit working principle 

Figure 3-10 HME Airbrasive unit and working principle. 

©as 

148 



Figure 3-11 SEM micrograph of AI2O3 particles used in erosion testing 

In the test chamber (Figure 3-12), the sample and a silicon carbide nozzle are fixed on a 

sample holder and a nozzle holder, respectively. The sample can be adjusted at various 

angles that correspond to impingement angles required in the erosion test; the nozzle can 

be adjusted to a height that matches the targeted area on the sample. The distance from 

the nozzle tip to the nominal face of the sample is fixed at 38 mm. During the erosion 

test, debris is collected by a dust collector. The sample is weighed using a scale with an 

accuracy of 10"5g, before and after each erosion process cycle; and the weight loss is 

calculated. 
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Figure 3-12 Sample and nozzle holder inside test chamber (IAR-NRC Canada). 

3.6.2.2 Data Processing 

The data obtained in erosion tests includes the mass of erodent used and the weight loss 

of coated samples. For a given density of the coating material, the corresponding volume 

changes can be calculated from the weight loss. 

In this study, erosion is evaluated using cumulative weight loss. Using multiple 

measurements at each time interval, the errors inherent in the weight measurements can 

be minimized by averaging. Erosion rate is expressed as a rate of weight or volume of the 

coating material lost per unit of erodent and may take into account impingement angle. 
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3.7 Corrosion Behaviour of Coating-substrate Systems 

Corrosion was studied using potentiodynamic polarization and EIS, using a Gamry 

PC 14™ potentiostat system (Figure 3-13) 
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(a) Electrochemical experimental setup (IAR-NRC Canada) 
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(b) Schematic diagram of the setup 

Figure 3-13 Electrochemical experimental setup. 
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3.7.1 Experimental Setup 

The experimental system consists of an electrochemical cell and a control system that 

includes a data acquisition and analysis system. The electrochemical cell provides the 

environment for the measurement of electrochemical parameters, and consists of four 

primary components: (1) cell body, (2) electrolyte, (3) electrodes, and (4) devices 

monitoring and controlling the environment (Figure 3-14). 

Figure 3-14 Electrochemical cell setup (IAR-NRC Canada). 
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In this study, the cell body was a glass cell, which can be used in temperatures ranging 

from room temperature to 100°C, and is inert to the common electrolyte (3.5 wt.% 

sodium chloride (NaCl) aqueous solution in this study). Electrodes include a working 

electrode (test sample), auxiliary or counter electrodes (two carbon rods), and a reference 

electrode. The test sample (a disk with a diameter of 16 mm and thickness of 1.6 mm) 

was mounted on a Teflon sample holder. The test surface of the sample is pressed 

against the O-ring and is exposed to the electrolyte through the aperture (with a diameter 

of 10 mm). 

To measure and control the potential across the interface between the specimen surface 

and electrolyte (interfacial potential) a counter electrode is introduced, which is 

electrically connected to the working electrode through the electrolyte. To overcome the 

variation in the interfacial potential, a reference electrode is introduced between the 

working and counter electrodes. This system is referred as to a three-electrode system, 

which provides a controllable potential between the working and reference electrodes 

[383]. In this study a saturated mercury-mercury (II) chloride (calomel) electrode (SCE) 

was used. 

The control system consists of a computer, a potentiostat, a waveform generator, and 

frequency response analyzer. The potentiostat keeps the working electrode potential at a 

constant level with respect to the reference electrode. The waveform generator provides 

the electrical signal that gates the flow of current to the cell. Data was collected by the 

computer, and then out put to the frequency response analyzer for processing. 
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3.7.2 Operational Procedures 

Based on the American Society for Testing Materials ASTM G59 [384], testing methods 

ASTM G102 [385], and ASTM G5-94 [386], electrochemical experimental procedures 

were developed for this study. The procedures for potentiodynamic polarization and EIS 

tests are introduced in the following sections. 

3.7.3.1 Potentiodynamic Polarization Test 

The specimen was immersed in the NaCl solution for a few minutes until the solution 

reached equilibrium to establish the steady state open-circuit potential (EOCP) [38]. In the 

potentiodynamic polarization test, the polarization scan started at -300 mV vs. open 

circuit potential and ended at 1400 mV vs. SCE with a scan rate of 5mV/s. The scan 

could be terminated if the current density reached 1 mA/cm . Experimental data were 

collected and then analyzed with Gamry Electrochemistry DC 105™ software. 

3.7.3.2 Electrochemical Impedance Spectroscopy (EIS) Test 

In this study, all EIS tests and measurements were carried out at an open circuit potential. 

A sinusoidal AC perturbation of 10 mV (rms) amplitude coupled with the corrosion 

potential was applied to the electrode in the frequencies from 1x10" to 3x10 Hz using 

five points/decade. As the corrosion potential reached a stable state (a variation of less 

than 5 mV in 5 min), the electrode potential was recorded. The electrode potentials were 

recorded at regular intervals throughout the test process. The test could last several days, 
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depending on the specimen's corrosion performance. Note that, for an EIS test the sample 

must be immersed in the solution until the last data is recorded. 

3.7.3 Data Processing 

Electrochemical measurement data was concurrently recorded during the course of the 

experiments and was later processed using software (Gamry Electrochemistry EIS300 ). 

From potentiodynamic polarization test data, a potentiodynamic polarization curve can be 

plotted, where x- and y-axes correspond to the two primary parameters, current density 

(/) and potential (E), respectively as shown in Figure 3-15. Characteristic regions can be 

identified on the curve, such as active, passive, and transpassive regions. Several 

parameters corresponding to those regions can be determined, including corrosion 

potential, current density, passivity potential, and pitting potential. 

Combining Tafel extrapolation, important parameters such as corrosion current (ICOrr) can 

be obtained using Stern-Geary equation [146, 127]: 

i = (LJL (3-io) 
2 .3039(A+A)* , 

Tafel slopes (fia) and (fic) corresponding to anode and cathode respectively, can be 

obtained from Tafel plot. Polarization resistance (Rp) can be obtained from the following 

relationship: 
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With these parameters, coating porosity (P) can be estimated with the empirical equation 

[158- 160]: 

P = (RjRp)xW 
-\&Ecorr\//3a (3-12) 

where, 
Rps: the polarization resistance of the substrate, 
AEcon- the difference in corrosion potential between the coated and bare substrates. 

1.0E-08 1.0E-07 1.0E-06 1 OE-05 1.0E-04 1.0E-03 1.0E-02 1.0E-01 

Current Density, A/cm2 

Figure 3-15 A typical potentiodynamic polarization curve obtained from a test on a 
CrN/SS coating system. 

For the EIS test, electrochemical impedance Z(cot-(p), a complex number, is composed of 

a modulus \Z\ and a phase angle (<p), both varying with frequency (co). The real and 

imaginary components of the electrochemical impedance obtained at various frequencies 

can be plotted on x- and y- axes, respectively, generating a Nyquist plot as shown in 

Figure 3-16. The high and low frequency data are on the far left and right side of the 
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plot, respectively. Each point on the curve represents data obtained at a certain scanning 

frequency (co); and the angle between the vector and the x-axis represents the phase shift 

Zrea|, OCITl2 

Figure 3-16 Nyquist plots measured from an EIS test on a TiN/MS coating system. 

A Nyquist plot offers an overview of the data and a qualitative interpretation. A larger 

geometrical size of a Nyquist curve indicates a greater impedance value at the corroding 

interface compared to that at electrolyte-coating interface, revealing a higher resistance or 

a better corrosion behaviour for a coating system. However, a Nyquist plot does not 

indicate the frequency corresponding to the point. Bode plots include the forms of log \Z\ 

vs. log f and phase angle vs. log f, where |Z| is the modulus of impedance and / is 

frequency. The impedance is plotted with log / on x-axis and both the impedance 

modulus value and phase shift angle on y-axis (Figure 3-17). The Bode plots explicitly 
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display data for all the frequencies along with the absolute impedance values, indicating 

the effect of angular frequency on the impedance and phase angle. 
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Figure 3-17 Bode plots obtained from an EIS tests on a CrN/SS coating. 

To conduct quantitative interpretations and analyses, the test results were interpreted 

through curve fitting by equivalent electrical circuit (EEC) analyses using Gamry Echem 

Analyst program (V. 1.35). The electrochemical corrosion behaviours can be analyzed or 

explained through the interpretation of the variable values of equivalent electrical 

elements. Some basic EEC models have been developed, which contain the basic circuit 

elements presented in Table 3-3. The corresponding descriptions for the admittance and 

impedance are provided for each element. 

158 



The relative variables used in these equations are R, C, L, Y0, B, and n. Gamry Echem 

Analyst program (V. 1.35) incorporates these variables as parameters into a fitting 

operation. 

Table 3-3 Basic circuit elements used in EEC models [387] 

Equivalent element 

Resistor (R) 

Capacitor (C) 

Inductor (L) 

Infinite Warburg (W) 

Finite/porous bounded Warburg 

Bounded Warburg (T) 

Q(CPE) 

Admittance 

VR 

jcoC 

1/jcoL 

Yo<Qco) 

Yo<(j(o)coth(BA(jco)) 

Yo^(jm)tanh(B-i(j(o)) 

Yo(jco)n 

Impedance 

R 

VjcoC 

jcoL 

XIYo^Qm) 

tanh(B^(j(o))/YoA(j(a) 

coth(BA(jm))/YoA(jw) 

\IYo(jco)n 

In order to minimize errors in EEC fitting in this study, various initial values were 

applied to each fitting and run several times until a stable result was obtained with an 

acceptable error (less than 10%) [37, 387, 388]. 
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4. Results and Discussions 

This section presents the results obtained in this research along with discussion based on 

the observation. Furthure analyses are conducted on electrochemical corrosion. 

4.1 Coating Characteristics and Properties 

4.1.1 Coating Thickness 

Nickel Plating 

Cross sectional images of Ni plated samples are shown in Figure 4-1 From these images, 

the thicknesses of the coatings were measured with the assistance of Clemex Vision PE 

4.0 Image Analysis software, and the results are summarized in Table 4-1. 

Figure 4-1 to be continued 
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Figure 4-1 Cross sectional images of Ni and Ni-CNT plating samples under various 
deposition conditions. 

Table 4-1 Summary of thicknesses (um) of Ni and Ni-CNT plated samples deposited 
using various pulse frequencies 

Pulse Frequency 
Ni plating 
Ni-CNT plating 

0Hz 
19.87 
5.43 

5Hz 
12.76 
5.17 

100Hz 
3.12 
4.83 

1kHz 
3.64 
1.6 

The general trend in thickness change with plating parameters is shown in Figure 4-2. 

An increase in the pulse frequency and the incorporation of CNTs, both result in a 

decrease in the thickness (or deposition rate) of the plating. In pure Ni plating (without 

CNTs), the deposition thickness is more sensitive to the pulse frequency than it is when 

CNTs are added. The plating thicknesses were reduced about 80% as the pulse frequency 

changed from 0 (Ni-0) to 1000 Hz (Ni-1000). With the CNT embedded nickel plated 

samples (Ni-CNT), the plating thickness was significantly reduced at all pulse 
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frequencies, indicating that the growth of the coating is affected more by the presence of 

the CNTs than by changes in the pulse frequency. This phenomenon is associated with 

the disturbance of the deposit nucleation [95, 293, 294]. 

0 5 100 1000 

Pulse frequency, Hz 

Figure 4-2 Thickness of Ni and Ni-CNT plated samples as a function of pulse frequency. 

PVD Coating Systems 

The measurements of PVD coating thicknesses were conducted using an abrasive ball 

crater, and the results are summarized in Table 4-2 

Table 4-2 Summary of thicknesses of PVD coating systems 

Coating system 

EB TiN/SS 

CA TiN/MS 

CA TiN/SS 

CrN 

CrSiCN(l) 

CrSiCN(2) 

CrSiCN(3) 

Thickness of coating (um) 

1.5 

2.8 

2.8 

20.2 

18.9 

21.1 

19.6 
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4.1.2 Scanning Electron Microscope (SEM) Analysis 

The coating surface morphologies were examined using scanning electron microscopy 

(SEM); and their chemical compositions were measured using energy dispersive X-ray 

spectroscopy (EDS). 

Nickel Plating 

The conventional Ni plated samples exhibited surface morphologies that are dependant 

on the pulse frequency. As shown in Figure 4-3, the ones obtained with pulsed current 

had much finer surface features, and the surface smoothness increased with pulse 

frequency, which is in agreement with previous studies [389]. 

(a) Ni-0 
Figure 4-3 to be continued 
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Figure 4-3 to be continued 
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Figure 4-4 SEM images of Ni-CNT plated samples with CNTs dispersed. 

The surface morphologies of the Ni-CNT plated samples at various pulse frequencies are 

shown in Figure 4-4. The incorporation of CNTs contributes to a grain refining of the 

deposition and a change in surface morphology as is evident by comparing the images in 

Figure 4-3 with the corresponding images in Figure 4-4. The surface with CNTs is 

composed of fine spherical grains, while pure Ni plating assumes a rough surface. With 

pulsed current, even finer surface morphology results. A noticeable difference from the 

conventional Ni plating is the clusters of CNTs on the surface, which stemmed from the 

not completely dispered CNTs in the electrolyte. 
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TiN Coating Systems 

SEM images for the morphologies of the TiN coatings deposited with EB and CA 

techniques and their PMMA-treated counterparts are shown in Figure 4-5 to Figure 4-8. 

The surfaces of the TiN coatings were smooth with occasional particulate defects (Figure 

4-5 a, b)(Figure 4-6 a, b). The CA TiN (Figure 4-6) coating had a much higher defect 

density than its EB counterpart, as summarized in Table 4-4. The coating defects 

including nodules and nodule-detached craters are associated with the effect of ion 

bombardment in the cathodic arc process which typically generates a rougher surface 

than sputtering or EB techniques [32, 234]. 

A typical defect is an embedded nodule (Figure 4-5 b and Figure 4-6 c) with a 

cauliflower-like feature, showing apparent separations or gaps between the nodules and 

the coating (Figure 4-5 b and Figure 4-6 b). These nodules, having the same 

composition as the bulk coating, are growth defects formed mainly on the metal-rich 

droplets (appearing white under backscatter electron mode, Figure 4-6 c) ejected from 

the cathode arc spot during coating deposition. The droplets land on the substrate and act 

as preferred nucleation sites for the coating, thus causing the droplet region of the coating 

to grow at a faster rate than the bulk and produce a shadowing effect on the adjacent 

areas [31, 32]. As the deposition continues to grow, gaps or weak bonds form between 

the nodules and the surrounding coating [32]. Due to either high internal stresses [390] or 

external forces, some of the nodular particles detach from the coating, leaving craters on 

the coating surface. The crater surfaces, as shown in Figure 4-5 (e) and Figure 4-6 (d), 

are covered by a thin layer of the TiN coating and are rough and porous. As shown in 
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Figure 4-5 (d), nodules may also develop on a foreign particle (in this case, an AI2O3 

particle, which appeared dark in back-scattered electron (BSE) mode). 

Depending on when the nodules formed and detached during the coating process, the 

crater bottoms could either have a rough and porous coating appearance, which is typical 

(Figure 4-5 e and f), or exposed substrate surface in some instances. The nodules and 

craters left by the detached nodules can act as potential sites for localized corrosion as 

they provide channels for corrosive media to penetrate to the substrate surface. 
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(a) Coating surface at low magnification 

Figure 4-5 to be continued 
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Figure 4-5 to be continued 
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Figure 4-5 to be continued 
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Figure 4-5 SEM images of the as-deposited EB TiN coating. 

,*-: 

A high substrate bias voltage benefits atom mobility and increases surface diffusion, 

therefore leading to a better coverage of surface imperfections [349, 391]. In this study, 

the CA TiN coatings were deposited under a high value of substrate bias voltage -200 V, 

and a high substrate temperature of 400°C. As a result, the growth defects appeared well 

bonded to the coating with smaller gaps between them (Figure 4-6 b, d) compared to 

their EB counterparts (Figure 4-5 b, e). 
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Figure 4-6 to be continued 
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Figure 4-6 SEM images of the as-deposited CA TiN coating. 
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In the PMMA-treated TiN coatings, SEM did not detect the presence of PMMA on the 

coating surface, except in the areas adjacent to nodules (Figure 4-7 a and Figure 4-8 a) 

and in the crater (Figure 4-7 b). The gap between the nodules and the surrounding 

coating appeared dark in BSE mode (Figure 4-7 a and Figure 4-8 a), and where strong 

combined carbon and oxygen peaks were observed in the EDS spectrum (Figure 4-7 c 

and Figure 4-8 b) (the main constituents of PMMA), indicating that PMMA filled the 

defect gap, and covered the crater (Figure 4-7 b). The EDS analyses of areas away from 

the defects detected no PMMA constituents. Only Ti, N and W peaks were found (Ti and 

N are the contents of the as-deposited coatings, and W could be an impurity in the target 

materials). These results suggest that the PMMA treatment successfully covered defect 

areas (nodule-detached crater surface and surrounding areas of nodules) without covering 

the rest of the coating surface. 

(a) Gap areas surrounding the nodules 

Figure 4-7 to be continued 
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Figure 4-7 SEM images of PMMA-treated EB TiN coating. 
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CrN Based Coating Systems 

The surface morphologies of the four CrN based coating systems are shown in the SEM 

images of Figure 4-9. All coating samples displayed cellular structures in addition to the 

presence of surface defects (embedded nodules with various sizes ranging from 2 to 15 

um) on the coating surfaces as shown in Figure 4-10. The defects on CrN (Figure 4-10 

a), CrSiCN(l) (Figure 4-10 b), and CrSiCN(2) (Figure 4-10 c) appeared larger than 

those on the CrSiCN(3) (Figure 4-10 d). Other defects observed include voids or notches 

along grain boundaries formed during the coating growth. Due to the coarse grain 

structures in the coatings CrSiCN(2) and CrSiCN(3), more voids/notches were expected. 

(a) CrN coating 

Figure 4-9 to be continued 
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Figure 4-9 SEM images demonstrating morphologies. 
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Figure 4-10 SEM images revealing defects on the coatings. 

Chemical compositions of the four CrN based coatings were examined at 4-5 different 

locations on each sample using EDS (using spot and area scanning), and the results are 

summarized in Table 4-3. As the solid solution limits are exceeded for Si and C in the 

metal nitride lattice, the formation of a second phase can occur [243 246]. The N level 

was approximately constant for all four coating compositions. Note that the content of Si 

in CrSiCN(3) was selected to be above the solid solution limit of Si in Cr-Si-N system 

(7.3 at.% Si of the total Si+Cr) in an attempt to form the silicon nitride (SisN4) phase 

[206]. 
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Table 4-3 Chemical composition (at.%) for the CrN based coatings 

Coating 

CrN 

CrSiCN(l) 

CrSiCN(2) 

CrSiCN(3) 

Cr 

68.2 

54.5 

45.5 

43.0 

Si 

-

1.3 

2.6 

3.4 (7.33% for Si:(Cr+Si)) 

C 

-

14.0 

22.4 

24.9 

N 

31.8 

30.2 

29.5 

28.7 

A summary of the defect density along with defect sizes in various coating systems are 

summarized in Table 4-4. 

Table 4-4 Summary of defect densities of PVD coating systmes 

Coating system 

EBTiN 

CA TiN/SS 

CA TiN/MS 

CrN 

CrSiCN(l) 

CrSiCN(2) 

CrSiCNQ) 

Defect density 
(count/mm ) 

28-35 

2200-2700 

2200-2700 

185-225 

1115-1210 

75-95 

185-225 

Defect size (um) 

1-10 

1-10 

1-10 

2-15 

2-15 

2-15 

2-15 

4.1.3 X-Ray Diffraction (XRD) Analysis 

The XRD patterns of the Ni plated and Ni-CNT plated samples at various pulse 

frequencies are illustrated in Figure 4-11 and Figure 4-12. Distinct Ni (111) and Ni 

(200) peaks appear at 29 = 44.5° and 51.8°, respectively. 
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Figure 4-11 to be continued 
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Figure 4-11 XRD spectra of the Ni plated samples. 
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Figure 4-12 XRD spectra of Ni-CNT plated samples. 
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Using FWHM method or Scherrer equation [392], the grain sizes for the plated samples 

were obtained, and are summarized in Table 4-5. 

Table 4-5 Average grain size of the Ni and Ni-CNT plated samples 

Plating conditions 

Ni plated samples 

Ni-CNT plated samples 

Ni-0 
Ni-5 
Ni-100 
Ni-1000 
Ni-CNT-0 
Ni-CNT-5 
Ni-CNT-100 
Ni-CNT-1000 

Average grain size D (nm) 

51.3 
34.7 
18.5 
9.4 
10 
48 
19 

15.1 

It is apparent that the pulse frequency affects the grain size of Ni plating. The grain size 

decreased from 51 (Ni-0) to 9 nm (Ni-1000) as the pulse frequency increased from 0 to 

1000 Hz. These results are in agreement with other works [367, 389], and are consistent 

with the observation in Section 4.1.2. Without pulsed current, the addition of CNTs 

decreased the grain size from 51 nm (Ni-0) to 10 nm (Ni-CNT-0), but no obvious trend 

can be observed on the effect of pulse frequency on grain size in the case of added CNTs. 

In equiaxed poly crystalline nickel, the intensity ratio between peaks (111) and (200) is 

100:48 (Powder diffraction file PDF#04-0850, PDF-2 database sets 1-43, International 

Centre of Diffraction Data). Figure 4-11(a) reveals that the grain growth of Ni plating is 

along a preferred direction [200] (perpendicular to the (200) plane) during the deposition 

of the sample Ni-0. With the introduction of a pulsed current, the tendency for a preferred 

growth direction [200] is gradually reduced, but with a pulse frequency of 1000 Hz 
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(sample Ni-1000), this preferred orientation still remained as evident in the (111) and 

(200) peak intensities (Figure 4-11 d). The change in crystal orientation with a pulsed 

current is attributed to a disruption in the grain growth as the current is switched. The 

introduction of CNTs in the electrolyte may offer a similar effect to the pulsed current, 

and be able to disrupt the grain growth along the [200] direction as shown in Figure 4-12 

(a), where a lower Ni (200) peak can be observed in sample Ni-CNT-0 as compared to 

that in Figure 4-11 (a). Also note that in the XRD spectra (Figure 4-11 and Figure 4-

12), additional peaks are observed near the Ni (111) peak for sample Ni-1000 and Ni-

CNT-1000, which was identified as an X-ray diffraction from the mild steel substrate 

(body centered cubic - BCC). 

XRD spectra for EB and CA TiN coating systems are illustrated in Figure 4-13. Strong 

TiN peaks from (111), (002), (220), and (222) planes exist in the EB TiN coating 

spectrum. In contrast, only two strong (111) and (222) TiN peaks can be found in the CA 

TiN coating spectrum. This difference stems from the different deposition conditions for 

EB and CA TiN coatings. To minimize the total energy under strain-energy-dominated 

growth, the (111) plane that has the lowest strain energy (due to anisotropy in modulus of 

elasticity) tends to align perpendicularly to the growing direction [393, 225]. In the CA 

deposition process, high bias voltage results in high atom mobility and increased surface 

diffusion, which could facilitate alignment of the growth along the [111] direction. The 

EB TiN coating also showed several more peaks reflecting from the substrate due to the 

limited thickness of the EB TiN coating (1.5 urn). 
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The XRD spectra for the four CrN based coating systems are given in Figure 4-14. The 

diffraction pattern of CrN coating shows a weak and broad peak at 29=43.8° with a 

preferred orientation of (200). This broad and low intensity peak indicates the presence of 

a fine crystalline face-centered cubic (FCC) Bl-NaCl crystal structure. The CrSiCN(l) 

coating with low contents of Si and C exhibits a Bl-NaCl crystal structure with a (200) 

orientation at 26=44.4°. The CrSiCN(2) coating, with further increase in Si and C, shows 

a Bl-NaCl crystal structure with a (200) orientation at 2/9=44.1°. The CrSiCN(3) coatings, 

with higher contents of Si and C, shows all the distinct diffraction peaks of B1 NaCl 

crystal structures indicating no preferred orientations; and the narrow and distinct (111) 

and (200) peaks revealed larger grain sizes compared to other coatings. Furthermore, in 

the enlarged region near the (111) peak for CrSiCN(3) coating, diffraction peaks from 

crystalline Si3N4 were found as demonstrated by the insert in Figure 4-14. Published 

research indicated that the addition of Si to CrN coating was observed to induce the 

formation of amorphous Si3N4 near the grain boundary [247, 340, 394]. However, 

crystalline SiaN4 was observed in this study. The reason for the formation of the 

crystalline SisN4 phase in this high-carbon content coating (24.9 at.%)(Table 4-3) or if 

the formation of the crystalline Si3N4 phase is associated with the high-carbon content is 

not clear at present. Also, further investigations could be needed to reveal if amorphous 

Si3N4 phase exists. 

Using FWHM method or Scherrer equation [392], the average grain size for each coating 

was calculated, and is shown in Figure 4-15. The grain size decreased from 7.6 nm for 

CrN coating to 5 nm for CrSiCN(l) with slight addition of Si (1.3 at.%). With further 
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increase in Si, the grain size then increased to 20.4 nm for CrSiCN(2) and 44.5nm for 

CrSiCN(3). This trend in grain size change is consistent with the surface morphology 

observation where CrSiCN(2) coating showed a coarse grain structure (Figure 4-9 c), 

and CrSiCN(3) coating exhibites a coarse facet structure (Figure 4-9 d). 
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Figure 4-14 XRD spectra of CrN based PVD coating systems. 

Table 4-6 Average grain size of CrN based coating systems 

Coating 

CrN 

CrSiCN(l) 

CrSiCN(2) 

CrSiCN(3) 

Grain size (nm) 

7.6 (CrN (200)) 

5 (CrN (200)) 

14.27 (CrN(lll)) 

43.67 (CrN (111)) 

44.53 (CrN (200)) 

192 

-

-

: 

• 

• 

• 

-
• 

-
. 
• 

- — 

_ _ _ ^ 

__A___ 

^ ^ ^ 
» T -

CQ 

o o 
CM 

*"' 

1 
1 1 

[ 1 

S\. 

3 

>• 
C 

JZ 

3 

O 
•N 
O* ^•** 

m 

CrSiCN(3) 

3 
o> 

3 35 

^ 
CO 

„ 

m 

• ! • • • • 

CrN 

CrSiCN(1) 

CrSiCN(2) 

/ 2 

—r^ V "* 
^ — 

37 39 41 
26,° 

CM JT-
CM ° 
<M 2 
l i "* 

5 CrSiCN(3) 5 
A 
' • • 



50 

40 

. 30 
N 
"w 

| 20 
O 

10 

CrSiCN(3) 

CrN CrSiCN(2) 

_J I I L_ 

CrSiCN(1) 
_ l I l I I L_ 

0.5 1.5 2 

Si, at. % 

2.5 3.5 

Figure 4-15 Average grain size vs. Si content in CrN based coating systems. 

4.2 Mechanical Properties 

Hardness values of the Ni plating and Ni-CNT plating are presented in Figure 4-16. The 

hardness of conventional Ni plating is sensitive to the pulse frequency, with hardness 

values increasing with the pulse frequency, from 3.72 (Ni-0) to 9.15 GPa (Ni-1000). This 

trend is consistent with the observed grain size reduction with increasing pulse frequency 

(Section 4.1.3). Fine grains result in a larger grain boundary area, which can impede 

dislocation motion, and therefore increase the strength (and hardness). 

The hardness is also significantly improved by the incorporation of CNTs for the samples 

Ni-0 and Ni-CNT-0; the average hardnesses were 3.72 and 8.2 GPa, respectively and the 
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direct current, but the changes in Young's modulus (E) for the samples deposited at 

various conditions are much less significant than the changes in hardness. 

350 

300 -

(O 
n 
o 
tt 
3 
3 

X> 
o F 
tn 
U) 
c 3 
O 
>-

2b0 

200 

1h() 

100 

50 

iw1 

ml 

M ' [i 

& I'Lill 

fciJlllI 

5 100 

Pulse frequency, Hz 

• Ni 

B NI-CNT 

1000 

Figure 4-17 Young's modulus of Ni plated and Ni-CNT plated samples at various pulse 
frequencies. 

The H /E ratios, which have been used as an indicator for evaluation of the resistance to 

plastic deformation [193], are displayed in Figure 4-18 for the Ni plated samples. It can 

be seen that the trend is consistent with that of the hardness values. For the pure Ni plated 

samples, the H /E ratios were found to increase with pulse frequency; but for the Ni-

CNT plated samples, no clear trend was observed with frequency. 

195 



2E-02 

1 E-02 

1 E-02 

(0 1 E-02 

O 
N - 8 E-03 
LLJ 

<o 
1 6 E-03 

4 E-03 

2 E-03 

OE+00 

• Ni 

HNi-CNT 

WK? 

stess 
'www? 
5ww! 

m 
i s is r i 

'I III I 

www: www* www: 
WWWt. 
www www 
i f t f t f t www* 
WWW* 

MMWC 

www. www*, 

ft III 

WWWb 
www* 

Kg! 
i t Si 
SIR 
* » www* 
SSSE 
SSSE 

••.:C :%.MJ 

S i r * -* J 

«S 

WWW; 

££©& 

a jp» J« Jr a 

0 5 100 1000 

Pulse frequency, Hz 

Figure 4-18 H3/E2 ratios for Ni plated and Ni-CNT plated samples. 

The experimentally obtained hardness, modulus of elasticity, which were averaged from 

12 measruements (3.5.4), and the caculated H /E ratios for the Ni plated and Ni-CNT 

plated samples are summarized in Table 4-7. 

Table 4-7 Summary of Vickers hardness and elastic modulus of Ni plated samples 

Coating system 

AISI 1040 (MS) 

Ni-0 

Ni-5 

Ni-100 

Ni-1000 

Ni-CNT-0 

Ni-CNT-5 

Ni-CNT-100 

Ni-CNT-1000 

Hardness H (GPa) 

2.6 

3.7 

6.6 

8.1 

9.2 

8.2 

7.7 

8.4 

7.3 

Elastic modules E (GPa) 

200.59 

286.34 

221.34 

244.15 

225.07 

254.44 

245.26 

238.43 

210.45 

H3/E2 (GPa) 

4.2 x 10"4 

6.3 x 10"4 

5.9 x 10"3 

9.0 x 10"3 

1.5 x 10"2 

8.5 x 10'3 

7.7 x 10-3 

1.1 x 10"2 

8.9 x 10-3 
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The measured harnesses (H) and Young's modulus (E) for the PVD coating samples, 

which were averaged from 12 measurements (3.5.4), are summarized in Table 4-8. The 

hardness values of the TiN and CrN based coating systems were obviously higher than 

the 17-4PH steel substrate (4.42 GPa). The TiN coatings demonstrated higher hardnesses 

and Young's moduli compared with the CrN based coating systems. Of the two TiN 

coating systems, due to the effect of ion bombardment in the deposition process [323, 

324], the CA sample showed a higher hardness and Young's modulus than the EB 

sample. The addition of Si and C influenced the Young's modulus (E) of CrN based 

coating systems. 

The TiN coating systems showed higher H3/E2 ratios than the CrN based coating systems, 

indicating their higher resistances to plastic deformation [395, 396], and are therefore 

expected to offer better resistances to wear and erosion. 

Table 4-8 Summary of Vickers hardness and elastic modulus of PVD coating systems 

Coating system 

17-4PH 

EBTiN 

CA TiN/SS 

CrN 

CrSiCN(l) 

CrSiCN(2) 

CrSiCN(3) 

Hardness H (GPa) 

4.42 

31.94 

33.98 

19.97 

21.59 

14.04 

13.86 

Elastic modules E (GPa) 

220.88 

368.10 

456.73 

309.87 

313.12 

233.41 

218.33 

H3/E2 (GPa) 

0.002 

0.24 

0.20 

0.08 

0.10 

0.05 

0.06 

In the CrN based coatings, as shown in Figure 4-19, hardness and Young's modulus (E) 

slightly increased with a small addition of Si (1.3 at.%), i.e., CrSiCN(l). With further 
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increases in Si content (from 1.3 to 3.6 at.%), i.e., CrSiCN(2) and CrSiCN(3), the 

hardness and Young's modulus significantly decreased. 

The increases in hardness and Young's modulus from coating CrN to CrSiCN(l), with a 

slight addition of Si (1.3 at.%), were associated with the alloying effect of Si and grain 

refinement (from 7.6 to 5 nm)(Table 4-6)(Figure 4-15) [397, 398]. With further increase 

in Si, the hardness and Young's modulus reductions can be explained by the phase 

transformation to a more ductile fee structure, an increase in grain size, and the formation 

of S13N4, which resulted in Si depletion from solid solution [249, 399]. 
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Figure 4-19 Hardness and Young's modulus vs. Si content in CrN based coating 
systems. 
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4.3 Coating System Tribological Behaviours 

4.3.1 Wear 

In this study, four CrN based coating systems were tested using the pin-on-disc method to 

evaluate their dry sliding wear resistance (Section 3.6.1). For comparison, the CA TiN 

coating was also evaluated in this test. The tested coatings and the test conditions are 

summarized in Table 4-9. The loads applied to all the samples were 2 N; and the sliding 

distances for the four CrN based coatings were 2,000 meters. To avoid wearing through 

the relatively thin CA TiN coating, its sliding distance was set to 200 meters. 

Table 4-9 Wear test coatings and test conditions 

Coating system 

CATiN 

CrN 

CrSiCN(l) 

CrSiCN(2) 

CrSiCN(3) 

Testing conditions 

Load(N) 

2 

2 

2 

2 

2 

Sliding distance (m) 

200 

2,000 

2,000 

2,000 

2,000 

Coefficients of friction vs. sliding distance for the tested samples are plotted in Figure 4-

20. It can be seen that all test coating samples exhibited three sliding regimes. At the 

initial running-in stage, sliding went smoothly with low coefficients of friction. During 

the second stage, friction suddenly increased accompanied by fluctuations. In the last 

stage, which covered about the latter half of the sliding distance, the fluctuations 
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moderated, indicating the sliding process entered a steady state. In order to evaluate the 

sliding behaviours in steady state, average coefficients of friction were calculated over 

the latter half of the sliding distance and are summarized in Table 4-10 and Figure 4-21. 

The TiN and CrN coatings have similar coefficient of friction values (around 0.81). 
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Figure 4-20 Coating oefficient of friction vs. sliding distance. 
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In the CrN based coating systems, the addition of Si and C caused the coefficient of 

friction to decrease initially for the coating CrSiCN(l). However, at a Si concentration of 

2.6 at.%, the COF for the coating CrSiCN(2) rose significantly to 0.91. With a further 

increase in the Si concentration to 3.7 at.% (CrSiCN(3)), the COF dropped to 0.67. The 

decrease in the coefficient of friction with the increase in Si content could be associated 

with the presence of a silicon nitride (SislNU) phase [206, 400]. Further studies are needed 

for the role of crystalline S13N4 in the reduction of COF in the CrSiCN coating system. 

The fluctuation in COF with Si content also indicates that the composition alone can not 

be used to predict the coating system properties; microstructure changes associated with 

different compositions must be taken into consideration. 

As can be seen from Figure 4-21, both the minimum H /E ratio and the maximum COF 

occurred at a Si concentration of 2.6 at.% (i.e., CrSiCN(2)). This suggests that the high 

COF could be a result of plastic deformation on the interacting surface, which offsets the 

effect of the silicon nitride phase (S13N4) in reducing COF. The CrN and TiN coating 

systems had higher H3/E2 ratios than the CrSiCN(2) and CrSiCN(3) coating systems, but 

the lack of the effect of silicon nitride led to their higher COF (than CrSiCN(3) coating). 
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Typical cross-sectional profiles of wear tracks on the test coating samples are shown in 

Figure 4-22. All wear track cross-sectional profiles exhibit typical Hertzian contact 

[332]. Hertzian contact occurs between an elastic sphere (wear pin) and a plane (hard 

coating surface), the normal pressure semi-elipsoidally distributes in a circular contact 

area, and therefore the maximum wear depth takes place at the center of the contact zone 

[84]. Among the four CrN based coating samples, CrN, which had the second highest 

coefficient of friction, exhibited the largest depth of wear track; whereas CrSiCN(2), 

which had the highest coefficient of friction, demonstrated the greatest width and 

significant depth in its wear track. 
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For each test coating sample, 3 wear tracks obtained at different locations, and for each 

wear track 3 measurements were taken to obtain the average values of wear cross 

sectional area, and with which the average specific wear rates were calculated using Eq. 

(3-7). The results are summarized in Table 4-10 and plotted in Figure 4-23. From Eq. (3-

9), the wear coefficient (JCA) was obtained, and the results are provided in Table 4-10. For 

the four CrN based coating systems, the specific wear rate, wear coefficient RA, and COF 

demonstrated a consistent trend, indicating a correlation between COF and wear rates. 

Table 4-10 Summaries of wear testing data for the tested coating systems 

Coating 

CATiN 

CrN 

CrSiCN(l) 

CrSiCN(2) 

CrSiCN(3) 

COF 

0.81 

0.81 

0.71 

0.91 

0.67 

Specific wear rate 
(mm3/Nm) 

8.76x10"7 

1.29xl0"6 

1.12xl0"6 

2.12xl0"6 

LlOxlO"6 

Wear coefficients 
kA 

2.98x10"5 

2.57x10"5 

2.42 xlO"5 

2.98xl0"5 

1.53xl0"5 

W in wear debris 
(at.%) 

-

8.79 

5.61 

13.66 

10.69 

A similarly inverse relationship between specific wear rate and the H3/E2 ratio for the 

TiN anc CrN based coating systems can be observed in Table 4-10. The CA TiN coating 

exhibited several times higher H3/E2 ratio and a significant lower specific wear rate as 

compared with CrN based coating systems. In the CrN based coating systems, specific 

wear rate showed an inverse relationship with H /E ratio and a similar trend to the COF 

with respect to the content of Si (Figure 4-23). The lowest H /E ratio corresponds to the 

highest specific wear rate (i.e., CrSiCN(2)), indicating an increased wear damage due to 

plastic deformation [395, 396]. 

204 



2.5E-06 

2.0E-06 

E 
E 
of 
*•> re 
>_ w 
re 
<o 
5 
u 

>«-
o 
0) 
o. 
(/J 

1.5E-06 

1.0E-06 

5.0E-07 

0.0E+00 

CrSiCN(1) 

-Specific wear rate 

H3/E2 

CrSiCN(2) CrSiCN(3); 

0.12 

0.1 

0.08 

0.06 

0.04 

0.02 

0.5 1 

T3/1-.2. 

1.5 2 

Si, at. % 
2.5 3 3.5 

(a) Specific wear rate and H /E vs. Si content 

2.5E-06 

2.0E-06 

o 
a 5.0E-07 
CO 

0.0E+00 

CrSiCN(3) 

• Specific wear rate 
Coefficient of friction 

0.5 1 1.5 2 

Si, at. % 

1.00 

0.90 

0.80 

0.70 

0.60 

0.50 

0.40 

0.30 

0.20 

0.10 

0.00 

2.5 3 3.5 

(b) Specific wear rate and coefficient of friction vs. Si content 

Figure 4-23 Wear behaviours vs. Si content in CrN based coating systems. 
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However the CA TiN coating exhibited different trends in specific wear rate and Archard 

wear coefficients (RA) compared with the CrN based coating systems (Table 4-10). The 

specific wear rate of the CA TiN coating was significantly lower than the CrN based 

coating systems, while its Archard wear coefficient (RA), was higher than those for the 

CrN based coatings. Archard wear coefficient (RA) (Eq. 3-9) involves certain wear test 

conditions (i.e., load and sliding distance), properties of interacting materials (i.e., 

hardness), and final wear result (i.e., worn volume). Thus the wear rate evaluated using 

these two criteria could differ. 

The physical interpretation of the Archard wear coefficient (RA) is the probability of 

generating debris in a rubbing pair with asperity contacts. Among the factors governing 

the Archard wear coefficient (RA), hardness is more important for ductile materials, 

whereas fracture toughness is dominant for brittle materials [401]. However, in a sliding 

process, due to plastic deformation near the surface, the dominant role of hardness is 

diminished because of fatigue; and this is a limit to the application of Archard wear 

coefficient (kA). By contrast, specific wear rate is more commonly valid in all wear 

conditions. 

After dry sliding tests, the four CrN based coating samples were examined using SEM, 

and compared in secondary electron (SE) images and back-scattered electron (BSE) 

modes (Figure 4-24). Morphologies of the wear tracks and adjacent wear debris were 

observed, and the compositions for the adjacent wear debris were analyzed using EDS, an 
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example of the EDS spectrum is shown in Figure 4-24 (a-6). The wear debris on the four 

samples were found to be rich in oxygen (O), indicating oxidation processes occurred 

during the dry sliding wear tests. In addition to the elements Cr and N, a considerable 

amount of W was found in the wear debris, indicating that the wear debris generated 

during sliding is a mixture of heavily oxidized W (i e., WO3) from the wear pin (WC-Co 

ball) in addition to the elements from the coatings The presence of Cr and W were 

consequences of wear in the rubbing pair of coatings and WC-Co balls due to material 

transfer during the sliding process [85, 402, 403] 

(a)-l (low magnification, SE mode) (a)-2 (mid magnification BSE mode) 

(a)-3 (high magnification, SE mode) (a)-4 (high magnification, BSE mode) 

Figure 4-24 to be continued 
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Figure 4-24 to be continued 
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(c)-l (low magnification, SE mode) (c)-2 (low magnification, BSE mode) 
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Figure 4-24 to be continued 
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(d)-3 (high magnification, BSE mode) (d)-4 (worn debris) 

Figure 4-24 SEM images of wear tracks and EDS spectrum on worn debris for the test 
coating systems (a) CrN, (b) CrSiCN(l) and (c) CrSiCN(2), and (d) CrSiCN(3). 

The SEM images at higher magnifications revealed patch-like transferred layers on the 

worn track surface. In the BSE mode of SEM analysis, a heavy metal (such as tungsten 

(W) in this study) demonstrates bright contrast. Therefore, the bright layers in BSE mode 

shown in Figure 4-24 ((a)-1, (a)-4, (b)-2, (b)-4, (c)-2, (c)-4, (d)-2, (d)-3)) indicate the 

presence of W transferred from the WC-Co sliding ball. During the wear process, the 

transferred materials from the sliding ball can be compacted and mechanically mixed 

with the coating material, and this mixing action may contribute to a reduction in wear 

[374]. The friction generated during the dry sliding wear test also caused localized high 

temperature and subsequent surface oxidation (oxide formation). Similar surface 

oxidation phenomenona were observed [209]. This tnbo-oxidation process also plays a 

dominant role in changing the friction in the rubbing pair, therefore affecting wear 

behaviour. 
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The amounts of W in the wear debris for the test coating samples are summarized in 

Table 4-10. The highest W content is found in the wear debris of CrSiCN(2), which had 

the highest specific wear rate. This observation indicates that material transfer was an 

important phenomenon in the high wear rate dry sliding tests. 

SEM images of the CA TiN coating show relatively smooth wear tracks, with no patch

like layers (Figure 4-25 a, b) like those found on the CrN based coatings during the dry 

sliding wear test. The SEM image in SEB mode does not show any bright contrasts, 

indicating the lack of W on the worn surfaces (Figure 4-25 b). EDS analyses reveal a 

rich oxygen (O) content in the debris (Figure 4-25 d), suggesting oxidation during the 

dry sliding. A small amount of W was observed on the EDS spectrum but the amount was 

insufficient for quantitative results, which is in agreement with the BSE image analysis 

where no significant W was found to have been transferred from the WC-Co ball. 

Therefore no significant material transfer occurred between the rubbing pair of TiN 

coating and WC-Co ball. 

(a) SE Image (b) BSE image 

Figure 4-25 to be continued 
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Figure 4-25 Wear tracks and EDS spectrum on wear debris of the CA TiN coating. 

SEM images of the worn surfaces of WC-Co balls are shown in Figure 4-26. Circular 

wear scars can be observed on the contact surfaces. Scar diameters were measured using 

high magnification SEM images, and are summarized in Table 4-11. It can be seen that 

among the four CrN based coatings, scar diameters correspond well with the wear rate of 

the balls measured by the W concentration in the wear debris. With the measured scar 

diameters, the corresponding specific wear rates of WC-Co balls were calculated using 

Eq. (3-6) and Eq. (3-7), and the results are the summarized in Table 4-11. For the CrN 

based coatings, specific wear rates of the WC-Co balls follow the same trend as the 

amounts of W detected on the coating surface (Table 4-10) and the scar diameters on the 

balls (Table 4-11). 

Table 4-11 Wear test data for WC-Co ball sliding against test coatings 

Counterpart coating 

CATiN 
CrN 
CrSiCN(l) 
CrSiCN(2) 
CrSiCN(3) 

Scar diameter on ball 
(urn) 

277 
510 
500 
560 
520 

Specific wear rate of WC-Co Ball 
(mm3/Nm) 

2.89xl0"8 

3.33xl0"7 

3.08xl0"7 

4.85xl0"7 

3.60xl0"7 
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Figure 4-26 SEM images of wear scars on WC-Co balls. 
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4.3.2 Erosion 

In this study, solid partical erosion tests were conducted on Ni plated, Ni-CNT plated 

samples and physical vapor deposition (PVD) coatings. Erodent particle velocity of 30 

m/s at impingement angle of 30° were applied to all the Ni and Ni-CNT plated samples; 

and erodent particle velocity of 60 m/s at impingement angles of 30°, 45°, 60°, 75°, and 

90° were applied to the CA TiN and CrN based PVD coating systems. 

4.3.2.1 Nickel Plated Samples 

The test results for both Ni plated (solid lines) and Ni-CNT plated samples (dished lines) 

are shown in Figure 4-27. The sample Ni-5 exhibited the lowest erosion rate in terms of 

weight loss. The other three samples, Ni-0, Ni-100, and Ni-1000, demonstrate similar but 

slightly greater erosion rates. As detailed Section 4.2, the sample Ni-5 has substantially 

higher hardness as compared with Ni-0. The reduced erosion rate for the sample Ni-5 is 

most likely due to this high hardness value. Since both samples Ni-100 and Ni-1000 have 

higher hardness values than Ni-5, it is speculated that the increased erosion rates for Ni-

100 and Ni-1000 were associated with their small thicknesses. Examination by SEM 

(Figure 4-28) showed that the depth of penetration of the solid particles is a few 

micrometers. As the thicknesses for both Ni-100 and Ni-1000 samples were 3.3 urn 

(Table 4-1), which were much thinner than those for Ni-0 (20 urn) and Ni-5 (13 um), it is 

likely that the solid particles also caused deformation to the mild steel substrates. Since 

the hardness for the mild steel (2.56 GPa) is lower than the lowest hardness for the Ni 

plating samples (3.73 GPa), the erosion resistance of the thin plating can be influenced by 

the underlying substrate which has much lower resistance to plastic deformation. 
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The erosion behaviours of the Ni plating and Ni-CNTs plating, with the same pulse 

conditions are shown in Figure 4-27. The differences in erosion rates of the samples Ni-0 

and Ni-CNT-0, and the samples Ni-5 and Ni-CNT-5 are not significant. Despite the 

higher values of hardness for both Ni-CNT-0 and Ni-CNT-5, the erosion rates did not 

change. It is not clear at present what role CNTs played in erosion process, particularly 

when the dispersion of CNTs is limited and the bond strength between Ni and CNTs are 

not known. 

With a pulse frequency of 100 Hz, an obvious reduction in erosion rate for the sample Ni-

CNT-100, compared to Ni-100, occurred (Figure 4-27). Sample Ni-CNT-100 

demonstrated the lowest erosion rate of all samples. The increase in pulse frequency from 

5 to 100 Hz resulted in increased hardness for Ni-CNT-100 and somewhat reduced 

thickness (from 5.2 um (Ni-CNT-5) to 4.8 jam (Ni-CNT-100). The increased hardness 

definitely contributed to the lower erosion rate for sample Ni-CNT-100 and the coating 

thickness may have been sufficient to not have its erosion rate affected by the mild steel 

substrate. Further increasing the pulse frequency to 1000 Hz resulted in reduced thickness 

for Ni-CNT-1000 to 1.6 urn. With the thinnest plating thickness among all the tested 

samples, Ni-CNT-1000 exhibited the highest erosion rate due to the affect of the softer 

mild steel substrate. 

215 



- e - Ni-o 
- e - Ni-5 
- ^ - N i - 1 0 0 
-O-Ni-1000 

"3) 
E 
o 
(0 
1 _ 
c 
o 
w o 
HI 

10 15 20 

Mass of erodent, g 

25 30 

Figure 4-27 Erosion rates (at impingement angle 30°) for Ni plated and Ni-CNT plated 
samples. 
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Figure 4-28 SEM image of erosion tested (at impingement angle 30°) Ni plated sample 
(Ni-100) 
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4.3.2.2 Physical Vapor Deposition (PVD) Coatings 

The erosion rates for hard coatings are commonly expressed in the term of weight loss 

per unit of erodent as shown in Figure 4-29. It can be seen that the overall erosion rates 

for the CA TiN coating are significantly lower, at various impingement angles, than those 

for the CrN based coatings. This is mainly due to its mechanical properties, specifically 

higher hardness and Young's modulus (Section 4.2). 

The erosion rate for the CA TiN coating also increased with impingement angle and 

approached the highest value at 90°, as shown in Figure 4-29. This erosion behaviour is 

indicative of a brittle material (Section 4.2). The formation and intersection of cracks 

under impact sites determines the erosion process and the final rates [106, 404]. 

In the CrN based coating systems, erosion rates versus impingement angle covered a 

wide range of values. At low impingement angles, the erosion rates for CrN and 

CrSiCN(l) are lower then those for CrSiCN(2) and CrSiCN(3), which is attributed to 

their higher hardness, especially for CrSiCN(l). Near the impingement angle of 60°, their 

erosion rates begin exceeding those for CrSiCN(2) and CrSiCN(3) and reach peak values 

at impingement angles of 75° for CrN (semi-brittle) and 90° for CrSiCN(l) (brittle). 

These observed erosion behaviours of CrN and CrSiCN(l) resemble a brittle erosion 

mode, where more material is removed in the form of cracking under erodent impacts at 

higher impingement angles. 
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Figure 4-29 Erosion rates for test PVD coating systems. 

Coating samples CrSiCN(2) and CrSiCN(3), on the other hand, demonstrated a different 

trend in erosion rate with impingement angle from CrN and CrSiCN(l). At low 

impingement angles, erosion rates for CrSiCN(2) and CrSiCN(3) were higher than those 

of CrN and CrSiCN(l), then gently increased with impingement angle, and reached peaks 

near 45°. At impingement angles over 50 and 55°, the erosion rates for CrSiCN(2) and 

CrSiCN(3) began to reduce to well below those for CrN and CrSiCN(l). This type of 

impingement angle dependent erosion is characteristic of a more ductile behaviour. 

The transition of the erosion mode from ductile to brittle reflects changes in the 

mechanical properties, especially elasticity. The Young's modulus values for the PVD 
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coatings are in an increasing order of CrSiCN(3)<CrSiCN(2)<CrN<CrSiCN(l)<CA TiN 

(Table 4-8). With the increase in hardness, the brittleness increases as well. Following 

the order of the hardness values, the erosion mode changes from ductile (CrSiCN(3) and 

CrSiCN(2)) to semi-brittle (CrN) and completely brittle (CrSiCN(l) and CA TiN). 

Under low impingement angles, materials are subject to erosion by cutting or material 

displacement through plastic deformation. In designing coatings against plastic 

deformation induced erosion failure, a combination of a high hardness and a low 

elasticity is preferred [395, 396]. Coating materials with high ratios of H /E , such as CA 

TiN and CrSiCN(l), possess higher resistance to plastic deformation at low impingement 

angle and consequently lower erosion rates (Figure 4-29). With increased impingement 

angles, normal impact force increases. As it reaches a sufficient value, the erosion mode 

begins switching from cutting to crack initiation and coalescence. Under this mode, it is 

the fracture toughness that plays a dominant role in erosion resistance. A material with 

lower fracture toughness, or increased brittleness, would be subject to excessive erosion 

[207]. It is speculated that the coatings CA TiN, CrN and CrSiCN(l) may have 

insufficient fracture toughness due to their relatively high values of hardness and 

modulus of elasticity. The erosion test results demonstrated such coatings exhibited high 

erosion rates at high impingement angles (Figure 4-29). In contrast, with lower values in 

both hardness and modulus of elasticity, the coatings with reasonable ductilities, such as 

CrSiCN(2) and CrSiCN(3), exhibited much lower erosion rates at high impingement 

angles compared with CrN, CrSiCN(l) and CA TiN coating systems. 
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The surfaces of eroded CrN based coatings were examined using SEM, and the images 

are shown in Figure 4-30. At a low impingement angle (30°), most of the surface 

materials are removed by the erodent in a typical cutting action on all four samples 

(Figure 4-30 a-1, b-1, c-1, d-1). At the impingement angle of 90°, cracks are observed on 

the coating surfaces (CrN and CrSiCN(l)) (Figure 4-30 a-2, b-2), indicating aggravated 

localized material removal in the forms of cracking and crack intersection. On the softer 

coatings CrSiCN(2) and CrSiCN(3), no cracks or localized coating removal was found, 

instead only indentations were present (Figure 4-30 c-2, d-2), indicating a lower rate of 

material removal and a higher resistance to cracking. 

(b)-l CrSiCN(l)(30°) (b)-2 CrSiCN(l) (90°) 

Figure 4-30 to be continued 
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(c)-l CrSiCN(2)(30°) (c)-2 CrSiCN(2)(90°) 

(d)-l CrSiCN(3)(30°) (d)-2CrSiCN(3)(90°) 

Figure 4-30 SEM images of surface characteristics of CrN based coating systems after 
erosion tests at different impingement angles. 

4.3.3 Correlations between H3/E2 Ratio and Tribological 

Properties of PVD Coating Systems 

In PVD coatings, the H /E ratio is an important indicator in evaluating tribological 

behaviour. As shown in this chapter, the specific wear rate increased with a decrease in 

the H /E ratio. As for erosion rate in terms of weight loss/erodent used, a general trend of 

inverse relationship with the magnitude of the H /E ratio was also observed. The CA 

TiN coating, being one order of magnitude higher in the H3/E2 ratio than the CrN based 

coatings, demonstrated significantly lower erosion rates at all impingement angles. 
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However, when the H3/E2 ratios of different coatings were similar, their erosion rates 

demonstrated complex behaviour with impingement angle. The erosion rate at low 

impingement angles, showed an inverse relationship with this ratio, however this 

relationship switched to proportional as the impingement angle exceeded a critical value. 

These observations suggest that material properties other than just hardness and elasticity 

combined with test conditions could be used to derive a more accurate indicator for 

overall tribological behaviour. Examples of these additional factors are the magnitude 

and direction of the forces (or erodent) and the surface condition of the material since that 

determines the frictional force. A high H /E ratio is only beneficial in wear or erosion 

resistance when plastic deformation is the main contributing factor in wear or erosion. 

4.4 Coating System Corrosion Behaviours 

Potentiodynamic polarization measurements and EIS tests were conducted on TiN and 

CrN based coating systems for short- and long-term corrosion behaviours, respectively. 

TiN coatings, deposited using EB and CA techniques, with different microstructures, 

were used to investigate the effect of microstructures on corrosion behaviour. CA TiN 

coatings deposited on mild steel and 17-4PH stainless steel substrates were investigated 

in order to reveal the substrate influence on corrosion protection due to the presence of 

coating defects. For both the EB and CA TiN coatings, and with both mild steel and 17-

4PH steel substrates, PMMA-treated counterparts were also produced to investigate the 

outcome of defect clogging on corrosion performance. In CrN based coating systems, the 
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microstructural changes with the addition of Si and C, and the effects of these changes on 

their corrosion behaviour were explored. 

To study their physical and chemical responses to corrosion, the tested samples were 

examined using SEM and EDS to detect corrosion products if there were any, and to 

evaluate post-corrosion surface morphology. For quantitative study, EIS test data were 

fitted using equivalent electric circuit (EEC) technique. The fitted results were utilized to 

identify and interpret the corrosion mechanisms. 

4.4.1 Potentiodynamic Polarization Tests 

Substrates 

Potentiodynamic polarization curves for mild steel and 17-4PH stainless steel substrates 

are shown in Figure 4-31. The 17-4PH steel substrate sample demonstrated a lower 

corrosion current density and a wider passive region with a lower current density than did 

the mild steel substrate sample. This indicates the higher and more stable corrosion 

resistance of the 17-4PH steel. The mild steel did not establish an obvious passive region. 

The higher corrosion resistance and passivation characteristics of the 17-4PH stainless 

steel are mainly the results of the formation of a dense passive film with a high dielectric 

constant on the surface, which would protect the steel from further corrosion. Due to the 

electrochemically active characteristic of the mild steel, the corrosion takes place in the 

form of anodic dissolution [37]. Therefore passivity is generally not observed in a 

corrosion process on mild steel. 
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The corresponding electrochemical parameters determined from the potentiodynamic 

polarization curves in Figure 4-31 using Eq. (3-10) and Eq. (3-11) (Section 3.7.3) are 

displayed in Table 4-12. It can be seen that the mild steel demonstrated an obvious lower 

corrosion potential, a higher corrosion current density, and consequently a lower 

polarization resistance when compared with the 17-4PH steel. 

Table 4-12 Poltetiodynamic polarization parameters for substrate steels 

Substrate 

MS 

17-4PH 

£CWT(mVvs.SCE) 

-416 

-374 

Icorr (UA/Cm2) 

2.50 

1.70 

Rp (kQ-cm2) 

1.5 

18.9 

0.2 

0.1 

UJ 

o to 
(A 
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> 

(0 
•4-» 

c 
0) 

•4-> 

o 0 . 

-0.1 

-0.2 

-0.3 

-0.4 

-0.5 

-0.6 

— 17-4PH(SS) 
--•Mild steel (MS) 

1.00E-09 1.00E-08 1.00E-07 1.00E-06 1.00E-05 

Current Density, A/cm2 

1.00E-04 1.00E-03 

Figure 4-31 Potentiodynamic polarization curves of uncoated mild steel and 17-4PH 
stainless steel. 
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TiN Coating Systems 

Potentiodynamic polarization curves of the as-deposited and PMMA-treated EB and CA 

TiN coating systems are shown in Figure 4-32, which reveals that the three as-deposited 

TiN coatings improved the corrosion resistance when deposited on the substrates, mild 

steel and 17-4PH stainless steel, as indicated by their lower passive current densities and 

wider passive regions. Note that, the mild steel substrate did not show a passive region in 

its potentiodynamic polarization curve (Figure 4-31); however, a passive region can be 

observed in its coated counterpart (i.e., CA TiN/MS system) (Figure 4-32 c). This 

indicates that applying the TiN coating did not only improve the corrosion resistance, but 

changed the corrosion mechanism as well. It can also be observed that the three PMMA-

treated TiN coatings showed considerably lower passive current densities and 

significantly wider passive regions when compared with their as-deposited counterparts 

(Figure 4-32 a, b, c), demonstrating that the PMMA treatment further enhanced 

corrosion resistances of the TiN coating systems. 
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Figure 4-32 to be continued 
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Figure 4-32 Potentiodynamic polarisation curves of TiN coating systems. 

226 



The comparison of the potentiodynamic polarization behaviour of TiN coatings is 

presented in Figure 4-33. The CA TiN/SS coating system showed a lower passive current 

density than that of the CA TiN/MS coating system (Figure 4-33 a). This difference is 

associated with the corrosion characteristics of their substrates because of the presence of 

coating defects. The PMMA-treated samples exhibited lower current densities relative to 

their as-deposited counterparts, indicating an improvement in corrosion resistances due to 

PMMA filling the open pores in the coating and preventing the corrosive media 

penetrating to the substrate surface. 

The passive current density for the EB TiN/SS coating system was lower than that of the 

CA TiN/SS coating system (Figure 4-33 b), indicating a better anti-corrosion 

performance as a result of its lower defect density (Table 4-4), and further demonstrating 

the correlation between corrosion resistance and defect density in TiN coating systems. 
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Figure 4-33 to be continued 
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(b) TiN coatings: EB vs. CA deposition techniques 

Figure 4-33 Potentiodynamic polarization curves of TiN coating systems with various 
deposition conditions. 

From the electrochemical parameters in Table 4-13, it can be found that both EB and CA 

TiN coatings led to shifts of corrosion potential towards the noble direction when 

compared with their substrates (mild steel: Ecorr=-4\6mV, and 17-4PH steel: Ecorr=-

374mV). The CA TiN/SS (-345mV) and CA TiN/MS (-396mV) coating systems 

demonstrated lower corrosion potential than their PMMA-treated counterparts (-311mV 

and -377mV, respectively). The PMMA-treated EB TiN/SS sample (-367mV) had a 

lower corrosion potential than the as-deposited one (-327mV). A general trend can be 

observed in Table 4-13 that all TiN coatings demonstrated lower corrosion current 

densities in comparison with the bare substrates; and PMMA-treated samples showed 

lower corrosion current densities than their as-deposited counterparts. 
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Corrosion current density, in a coating/substrate system, is a measurement of the ion 

exchange rate in reactions at the electrolyte-substrate interface in a unit area of tested 

surface; the lower corrosion current densities revealed lower corrosion reactions in the 

coating/substrate systems. The PMMA-treated samples had considerably lower porosity 

than their as-deposited counterparts, because the PMMA treatment filled the open pores, 

thereby reducing the porosity and corrosion current density, and increasing the 

polarization resistance. This further revealed a clear correlation between the porosity 

(defect) in a coating system and its corrosion behaviour. A coating isolates the substrate 

from the bulk electrolyte, thus reducing the reaction rate and the ion current density. 

However, through the coating defects, some amount of electrolyte can still reach the 

substrate surface through the open pore channels in the coating. The PMMA treatment 

was shown to effectively seal the defects, reducing access of the electrolyte to the 

substrate. 

Table 4-13 Potentiodynamic polarization test data for TiN coating systems 

Coating system 

EB TiN/SS 

PMMA EB TiN/SS 

CA TiN/SS 

PMMA CA TiN/SS 

CA TiN/MS 

PMMA CA TiN/MS 

Ecorr(mVvs.SCE) 

-327 

-367 

-345 

-311 

-396 

-331 

Icorr (HA/Cm2) 

0.058 

0.037 

0.069 

0.035 

0.085 

0.055 

Rp (kQ-cm2) 

358 

570 

169 

640 

117 

170 

P (%) 

0.00036 

0.00031 

0.00088 

0.00018 

0.00001 

lxlO"8 
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CrN Based Coating Systems 

Potentiodynamic polarization curves for the CrN based coating systems are displayed in 

Figure 4-34. It can be observed that all four coating samples showed wider passive 

regions than the substrate (17-4PH steel). CrN and CrSiCN(l) demonstrated low passive 

current densities, indicating considerable improvements in polarization resistance. 

Furthermore, CrSiCN(l) exhibited a notably higher corrosion potential and lower passive 

current density, revealing a better anti-corrosion property than the CrN coating. However, 

the passive current densities of the CrSiCN(2) and CrSiCN(3) coatings were higher than 

the 17-4PH steel substrate, indicating that the presence of coatings resulted in degraded 

corrosion resistances. 
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Figure 4-34 Potentiodynamic polarization curves of CrN based coating systems. 
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When the potentiodynamic polarization test data (Table 4-14) were compared, the CrN 

coating showed a higher corrosion potential, a lower corrosion current density, and an 

increased polarization resistance than the 17-4PH steel substrate. The coating CrSiCN(l), 

as compared with the coating CrN, demonstrated a higher corrosion potential, a slightly 

lower corrosion current density, and consequently a significant increase in polarization 

resistance over that of the substrate. The coatings CrSiCN(2) and CrSiCN(3) showed 

much higher current densities than CrN, CrSiCN(l) and also the 17-4PH steel substrate 

(Table 4-12), demonstrating a degradation in anti-corrosion performance associated with 

their high porous microstructures as revealed by SEM (Figure 4-9 and Figure 4-10). 

Open pores in a nitride coating can facilitate the formation of micro galvanic cells 

between the exposed substrate (anode) and the coating (cathode). In the pores of the 

coatings, the oxygen diffusion rates are lower than those in the bulk electrolyte outside 

the coating, thus resulting in deaeration in the pores, where the acidity of the electrolyte 

increases due to hydrolysis. As a result, the concentration of chloride cation (CI") in the 

pores increases, leading to an increase in the conductivity of the electrolyte [139]. With 

the increased conductivity of the electrolyte and sufficient mass transfer through the 

porous coatings, the corrosion processes in the pores at the electrolyte-substrate interface 

accelerate, and as a result, the substrate may not be able to re-passivate. The corrosion 

process in the pores is further accelerated by the large area ratio of cathode to anode. 
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The high porosities in the CrSiCN(2) and CrSiCN(3) coatings caused high pitting 

densities, resulting in high corrosion current densities. This further confirms there is a 

close correlation between the coating porosity and its corrosion behaviour. 

Table 4-14 Poltetiodynamic polarization test data for CrN based coating systems 

Coating system 

CrN 

CrSiCN(l) 

CrSiCN(2) 

CrSiCN(3) 

ECorr(mVvs. SCE) 

-284 

-218 

-301 

-379 

Icorr (uA/cm2) 

0.550 

0.370 

13.00 

12.00 

Rp (kQ-cm2) 

64.06 

175.63 

1.15 

1.16 

4.4.2 Electrochemical Impedance Spectroscopy (EIS) 

Substrates 

EIS spectra for the mild steel and 17-4PH steel substrates are displayed in Figure 4-35. 

For the mild steel substrate, the semicircles (arcs) in the Nyquist plots (Figure 4-35 a) 

indicate a typical charge-transfer controlled general corrosion process. The rapidly 

collapsing semicircles indicate a fast degradation in corrosion resistance with immersion 

time. After 7 hours, the sample surface became so rusty that the test had to be terminated. 

The arcs broadening to straight lines in the Nyquist plots for the 17-4PH steel substrate 

(Figure 4-35 b) indicate a diffusion controlled reaction process (referred as to Warburg 

diffusion behaviour [405]) at low frequencies. The presence of a diffusion controlled 

reaction process was attributed to the formation of a dense passive oxide film on the 

surface of 17-4PH steel substrate. 
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From the Bode modulus plots (Figure 4-35 c, d), it can be observed that in the low 

frequency region the impedance values of 17-4PH steel substrate increased from -50 to 

100 kQcm2 in five days of immersion, which were up to three orders of magnitude higher 

than those of the mild steel substrate (between ~0.035 and 1.9 kflcm2 in 7 hours of 

immersion), indicating a significantly higher corrosion resistance of the 17-4PH steel 

relative to that of the mild steel substrate. From the Bode phase plots (phase vs. logj), it 

can be found that the minimum phase angles of the mild steel substrate (between -69° and 

-56°) (Figure 4-35 e) were higher than those of the 17-4PH steel (between -74° and -79°) 

(Figure 4-35 f), revealing that the surface of mild steel was more inhomogeneous than 

17-4PH steel. The increase of the minimum phase angles from -69° to -56° (Figure 4-35 

e) with immersion time show that the surface of the mild steel became inhomogeneous 

during the exposure. This could be associated with the dissolution of the mild steel [37] 

and formation of corrosion products (rust), which resulted in an increase in the quantity 

and size of pores on the surface. The electrolyte in the pores resulted in a localized 

changes in capacitance and charge transfer resistance at the pore sites, thus making the 

surface inhomogeneous [38, 406]. For the 17-4PH steel substrate, the minimum phase 

angles were stable and remained in a narrow range of -74° to -79° (Figure 4-35 f), 

indicating a stable and homogeneous surface throughout the whole immersion period 

owing to the presence of a dense passive oxide surface film. 
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Figure 4-35 EIS spectra of mild steel and 17-4PH steel substrates. 
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TiN Coating Systems 

EIS spectra of the as-deposited and PMMA-treated EB TiN/SS coating systems are 

displayed in Figure 4-36. The approximate straight lines in the Nyquist plots in the initial 

stage of the immersion (Figure 4-36 a) indicated a diffusion controlled corrosion 

characteristic of the as-deposited TiN coating. In the course of immersion, the Nyquist 

plots changed from approximate straight lines to semicircles (arcs), revealing the 

corrosion process changed from diffusion controlled to charge-transfer controlled. The 

straight lines (Figure 4-36 b) revealed a diffusion dominated corrosion process for the 

PMMA-treated counterpart. The quickly diminishing semicircles in the course of 

immersion (Figure 4-36 a) indicated a notable drop in corrosion resistance of the as-

deposited EB TiN/SS system. The impedance values of the as-deposited sample at 10 

mHz decreased from 60 kQcm (after five minutes) to the lowest value of ~ 4 kQcm (1 

day), indicating a degradation in corrosion resistance (Figure 4-36c); whereas, the 

Nyquist plots for the PMMA-treated sample kept the straight-line features even after 

twenty days of immersion, demonstrating a high and stable corrosion resistance (222 to 

250 kQcm at 10 mHz) (Figure 4-36 b, d). The Bode modulus plots show that the 

impedance of the as-deposited TiN/SS coating system (Figure 4-36 c) was less stable 

than the impedance of the 17-4PH steel substrate (Figure 4-35 d). 

The potentiodynamic polarization measurement (Figure 4-32 a) (Table 4-13) 

demonstrated an improved corrosion resistance for the 17-4PH steel substrate with the 

EB TiN coating, these EIS test results, however, exhibited a continued degradation in 

corrosion resistance with immersion time. This indicated the different short and long term 
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corrosion behaviour of the EB TiN/SS coating system, which can be attributed to defects 

in the EB TIN coating. In the short term potentiodynamic polarization measurement, 

there was insufficient time for the NaCl electrolyte to penetrate the through-coating pores 

to reach the substrate steel; therefore the coating defects did not cause an obvious 

degradation in corrosion resistance during the short-term corrosion test. However, in the 

long term EIS test, sufficient NaCl electrolyte was able to penetrate; therefore galvanic 

cells were able to establish at the electrolyte-substrate interface, resulting in increased 

corrosion of the substrate materials. 

The PMMA treatment increased impedance values by over one order of magnitude for 

the EB TiN coating, and exhibited a better and stable resistance to corrosion (Figure 4-36 

c, d). No obvious degradation in corrosion resistance was observed even after an 

immersion of twenty days, indicating PMMA-treated EB TiN coating can provide a long 

term and durable protection against corrosion. 

The increase of the minimum phase angle with immersion time (-78° to -66°) (Figure 4-

36 e) revealed that the surface of the coating EB TiN/SS became more inhomogeneous 

with the immersion period. This was attributed to the coating pores, through which 

electrolyte could reach the substrate steel, resulting in localized decreases in capacitance 

and increases in charge transfer resistance at the pore sites; and furthermore, with 

immersion time, due to the formation of galvanic cells, the pore size could be increased. 
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The minimum phase angles of the PMMA-treated EB TiN/SS sample remained 

unchanged at around -78° during the whole immersion period (Figure 4-35 f), indicating 

a stable and homogeneous surface characteristic as the result of PMMA effectively 

clogging the coating pores, and therefore protecting the coating surface from localized 

corrosion damage. The Bode plots showed that the PMMA-treated TiN/SS sample 

demonstrated a relatively stable surface homogenity (Figure 4-36 f) and impedance 

modulus (Figure 4-36 d) as compared with those for the as-deposited TiN/SS coatings 

(Figure 4-36 c and e). This indicated there is a good correlation between the coating 

surface condition (e.g., porosity, defect, roughness, etc.) and coating corrosion behaviour, 

and modifying the coating surface condition (such as a PMMA treatment) would improve 

the corrosion behaviour. 

For the CA TiN/SS coating system, both the as-deposited and PMMA-treated samples 

demonstrated a straight-line feature in the low frequency region in Nyquist plots (Figure 

4-37 a, b), indicating a diffusion dominated corrosion processes. The impendence values 

for the as-deposited sample decreased from 184 to 72 kQcm (Figure 4-37 c), indicating 

a degradation in corrosion resistance during the two days of immersion, whereas the 

impedance for the 17-4PH steel increased in five days of immersion (Figure 4-35 d). 

Like the EB TiN/SS coating, this long term degradation in corrosion resistance was also 

due to the presence of defects in the coating. The values in impedance for the PMMA-

treated sample increased from 82 kQcm , and stayed around 120 kflcm during seven 

days of immersion (Figure 4-37 d), showing a similar trend to that for the 17-4PH steel, 

and indicating an improvement in corrosion resistance unlike the as-deposited coating. 
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This again provided evidence to prove PMMA-treated coating systems had long term 

anti-corrosion stability. In the Bode phase plots, the minimum phase angles of the as-

deposited CA TiN/SS sample (-82° to -78°)(Figure 4-37 e) remained relatively stable as 

compared with those of EB TiN/SS (-78° to -66°) (Figure 4-36 e). This revealed its more 

stable surface homogeneity during the immersion period. The minimum phase angles of 

the PMMA-treated CA TiN/SS sample (-76° to -72°)(Figure 4-37 f) indicated its similar 

inhomogeneous surface characteristics relative to those of the PMMA-treated EB TiN/SS 

sample (around -78°)(Figure 4-36 f). 

In the Nyquist plot, the semicircles for the as-deposited CA TiN/MS sample indicated 

typical charge-transfer corrosion (Figure 4-38 a). The impedance arcs diminished rapidly 

with immersion time (Figure 4-38 a), which can be confirmed in the Bode modulus plots 

(Figure 4-38 c), where the impedance at 10 mHz decreased from ~ 6.5 to 2.5 kQcm 

(two orders of magnitude higher than those for the mild steel substrate (Figure 4-35 c)), 

in one day of immersion, indicating a rapid degradation in corrosion resistance. 

The PMMA-treated sample showed circular arcs which grew to straight lines and radii 

increased with longer immersion time (Figure 4-38 b). Impedance values at 10 mHz 

gradually increased from ~35 to 70 k£2cm2 in two days of immersion (Figure 4-38 d), 

indicating that PMMA treatment significantly enhanced the corrosion resistance of the 

coating/substrate system. 
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In the Bode phase plots, the lower minimum phase angles of the as-deposited CA 

TiN/MS sample (-76° to -62°) (Figure 4-38 e) revealed its more homogeneous surface 

when compared with the mild steel substrate (-69° to -56°) (Figure 4-35 e). The 

increasing minimum phase angle (from -76° to -62°) with immersion time for the as-

deposited CA TiN/MS sample indicated that its surface became more inhomogeneous 

during the immersion; this was due to the accelerated corrosion process through the 

coating pores to the mild steel substrate, which therefore resulted in localized changes in 

capacitance and charge transfer resistance at the pores. 

The minimum phase angles of the PMMA-treated CA TiN/MS sample stayed around -

76° to -80° (Figure 4-38 f), revealing a relatively stable homogeneous surface feature as 

compared with its as-deposited counterpart. This surface homogeneity is believed to be 

associated with the PMMA clogging the coating pores, and therefore experiencing less 

localized corrosion at the pore sites. 

It can be observed that, while the impedance values of the as-deposited samples 

decreased with immersion time, all the PMMA-treated samples demonstrated initial 

increases in impedance, and then reached a steady state with the elapse of immersion 

time, because the PMMA seals the through-coating defects that act as the direct access 

paths for corrosive media, therefore limited mass transfer and ion current throughout the 

coating. 

Of the deposition techniques (EB and CA) and the substrates (MS and SS), the CA 

TiN/SS coatings demonstrated the best anti-corrosion behaviour in term of diffusion 
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impedance, while the CA TiN/MS performed the worst. Clearly the coating 

microstructure and substrate properties affected the corrosion performance of the coated 

systems. On one hand, although the CA coatings possessed much higher defect densities 

than the EB coatings (Table 4-4), the high bias voltages applied in the cathodic arc 

process increased the surface diffusivity of the deposited species and hence promoted the 

formation of a coating structure with fewer through-coating voids [32, 98, 349]. On the 

other hand, the two types of substrate steels exhibited different corrosion mechanisms. 

Corrosion on a mild steel substrate usually takes a form of anodic dissolution that would 

generate porous corrosion products at the electrolyte-substrate interface. On a stainless 

steel substrate, a dense and high dielectric constant passive film isolates the bulk from the 

corrosive media. Therefore, the corrosion process on the 17-4PH steel based coating 

systems were diffusion controlled and the coating system demonstrated much higher 

resistance to corrosion as compared with coating systems deposited on the mild steel 

substrate. 

The PMMA-treated EB and CA TiN/SS coating systems demonstrated similar corrosion 

responses; whereas, the PMMA-treated CA TiN/MS coating system performed worse 

than the PMMA-treated CA TiN/SS coating system. This illustrated a combined effect of 

coating microstructure, substrate properties, and post-deposition treatments on corrosion 

behaviours. 
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CrN Based Coating Systems 

The straight-line Nyquist plots (Figure 4-39 a to d) indicate diffusion dominated 

corrosion processes for the four CrN based coatings, particularly at the electrolyte-

substrate interfaces (low frequencies response in the upper-right corner). This was 

attributed to the factors of both coating and substrate. For the CrN based coatings, the 

dense microstructure restricted the penetration of reactive species through coatings. In 

addition, in the CrN based coatings, the formation of dense chromium oxides would also 

increase the electrical impedance. As a result, the electrolyte concentration gradient is 

high crossing the coating structure [346]; therefore the mass transfers in electrolyte 

through coatings to substrates were diffusion dominated due to the presence of the Nernst 

diffusion layer that resulted from a higher electrolyte concentration gradient (which will 

be discussed in a later section). 

For the 17-4PH steel substrates, the electrochemical mass transfers take the form of 

diffusion through the electrolyte-substrate interfaces. The impedance modulus values for 

the CrN and CrSiCN(l) coatings were found to remain on the order of 100 kQcm , with 

the CrSiCN(l) coating exhibiting a better stability in impedance modulus than the CrN 

sample during the seven days of immersion (Figure 4-39 e, f); and were slightly higher 

than that for the bare 17-4PH steel substrate (increasing from ~50 to 100 kQcm in the 

five days of immersion) (Figure 4-35 d), demonstrating their stable corrosion resistances, 

a result of their (CrN and CrSiCN(l)) fine dense microstructures (with less through-

coating defects, e.g., voids at grain boundaries). With coarse microstructures, the coatings 

CrSiCN(2) and CrSiCN(3) demonstrated very low impedance modulus values (at the 
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orders of 0.7 and 0.5 kQcm , respectively) (Figure 4-39 g, h), which were more than two 

orders of magnitude lower than those of the CrN and CrSiCN(l) coatings; these values 

were even lower than that of the 17-4PH steel substrate (~50 to 100 kQcm2), indicating 

their poor corrosion resistance. 

The observations from the AC impedance results were consistent with the 

potentiodynamic polarization measurements (Figure 4-34)(Table 4-14), showing that the 

porous coating microstructures were responsible for both the short- and long-term 

inferior corrosion resistance of the CrSiCN(2) and CrSiCN(3) coatings. The Bode phase 

plots showed that the minimum phase angles of the CrN and CrSiCN(l) coating systems 

stayed at ~ -76° (Figure 4-39 i, j ) , indicating their surface homogenity was similar to the 

17-4PH steel substrate (-74° to -79°) (Figure 4-35 f); whereas minimum phase angles 

slightly fluctuated between -76° and -73° (Figure 4-39 k), and -72° and -68°, (Figure 4-

39 1), respectively for the CrSiCN(2) and CrSiCN(3) coating systems, revealing their 

relatively inhomogeneous and less stable surface features. 
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4.4.3 Scanning Electron Microscope (SEM) Analyses after 

Corrosion Tests 

TiN Coating Systems 

On the surface of the EB TiN/SS coating, corrosion products were observed around 

nodules (Figure 4-40 a, b), which were the result of the corrosion attack during thirteen 

days of immersion, and were confirmed to be mainly ferrous oxide by the presence of Fe 

and O peaks in the EDS spectrum (Figure 4-40 c). As the penetration depth of the 

electron beam is only on the order of 1 um at an acceleration voltage of 20 kV [407], the 

observed Ti, W and N EDS peaks originated from the coating under the thin corrosion 

product at the location "A" (Figure 4-40 a, b); the EDS analysis conducted at the 

adjacent corrosion product free area only showed Ti, W and N peaks. The presence of 

corrosion products around the defect vicinity clearly demonstrated that the corrosive 

media (NaCl solution) did penetrate through the coating defects, and resulted in corrosion 

of the substrate steel. 

After seventeen days of immersion for the PMMA-treated EB TiN/SS coating system, no 

corrosion product was found on the surface (Figure 4-40 d, f), and the PMMA layer was 

intact as confirmed by EDS analyses (Figure 4-40 e, g). The crater and the adjacent areas 

surrounding nodules were still covered with the PMMA layer. This observation provided 

a physical explanation for the large and stable arcs in the Nyquist plots (Figure 4-36 b), 

indicating that PMMA effectively sealed the pores in the coating, and hence clogged the 

access paths of corrosive media to the substrate steel. 
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Figure 4-40 to be continued 
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Figure 4-40 to be continued 
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Figure 4-40 to be continued 

263 

file:///cc.V


Ti 
W 

W 
W Fe pe 

TiTfTTiTTiT •iniiiiniiniiiiiriiiii 

0.80 1.60 2.40 3.20 4.00 4.80 5.60 6.40 7.20 8.00 keV 

(g) EDS spectrum measured at location C in (f) 

Figure 4-40 SEM analysis images for EB TiN/SS coating systems after immersions. 

Throughout the surface of the CA TiN/SS coating (six days of immersion), the defects 

(nodules and concaves) appeared the same as before the test, and no corrosion product 

was detected around the nodule and the nodule-detached concavities (Figure 4-41 a). 

Tiny amounts of the corrosion products CI, Fe and O can be observed near a nodule 

(Figure 4-41 b), as is illustrated in EDS spectrum (Figure 4-41 c). 

No corrosion product was found on the PMMA-treated sample (seven days of immersion) 

around nodules and nodule-detached concavities (Figure 4-41 d, f), which was in 

agreement with the large and stable arcs in the Nyquist plots (Figure 4-37 b) and further 

demonstrates the effectiveness of the PMMA treatment in sealing the through-coating 

defects. 
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Figure 4-41 to be continued 

265 



Ti 

2.00 4.00 B.00 3.00 ID.00 12.00 14.00 16.00 10.00 
keV 

(c) EDS spectrum measured in the location A in (b) 

a 

ft >•».< . J . jj . 

* - *. 
i 

«... J. .« i*- <•» -4f^<MB'"«> •**• ••* ••*--• -k 

* *> 1 

x.V Spot Magn Det WD I 1 5 |im 
).0kV3.0 IGOOOx SE 6.0 TiN (VA. PMMA treated), after EIS 

(d) PMMA-treated specimen after seven days of immersion, no detectable corrosion 
product around nodules and nodule-detached concave areas respectively, with assistance 
of EDS spectrum (e) measured in the scan area A 

Figure 4-41 to be continued 
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(f) PMMA-treated specimen after seven days of immersion, no detectable corrosion 
product in nodule-detached concave area 

Figure 4-41 SEM analysis images for CA TiN/SS coating system after immersions. 
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On the surface of the CA TiN/MS coating (after one day of immersion), serious corrosion 

pits were observed (Figure 4-42 a, b, c), and corrosion product was detected in the 

surrounding region (Figure 4-42 d) with oxygen (O) and iron (Fe) by EDS analysis 

(Figure 4-42 e). This revealed that a corroding electrolyte-substrate interface was 

established due to the corrosive media penetrating through pores in the coating. 

Furthermore, the corrosion process was accelerated due to a large area ratio of cathode to 

anode, which was responsible for the serious degradation in corrosion resistance of the 

TiN/MS coating system. 

SEM examinations of all three PMMA-treated TiN coated specimens (EB TiN/SS, CA 

TiN/SS and CA TiN/MS) did not reveal the presence of any corrosion product (Figure 4-

40 d, f, Figure 4-41 d, f and Figure 4-42 f, h) on the surface. This was confirmed with 

EDS analyses (Figure 4-40 e, g, Figure 4-41 c, e and Figure 4-42 g, i). The coating 

defects had the same appearance as before the immersion tests, and PMMA still covered 

the adjacent areas surrounding nodules and nodule-detached concavities. These results 

strongly indicate that the PMMA-treated TiN coatings maintain a high resistance to 

corrosion, and show little degradation in performance over long exposure times in NaCl 

solution. All these observations were consistent with the EIS results (Figure 4-38 a, b, 

Figure 4-37 a, b and Figure 4-38 a, b), demonstrating that PMMA effectively clogged or 

limited the permeable paths for the corrosive media to reach the substrate, and 

consequently improved the anti-corrosion performance in the coating/substrate systems. 
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Figure 4-42 to be continued 
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Figure 4-42 Optical and SEM images for CA TiN/MS coating system after immersion. 

CrN Based Coating Systems 

SEM images (Figure 4-43 a to d) reveal that the surfaces of the CrN and CrSiCN(l) 

coatings remained unchanged after ten days and three days of immersions, respectively, 

in NaCl solution. EDS analyses did not detect any corrosion products, indicating their 

superior and stable resistance to corrosion. Pits were observed by visual inspection on 

CrSiCN(2) and CrSiCN(3) coatings after only one hour of immersion, then significant 

rust, which was confirmed by EDS analyses that showed it to be rich in oxygen (O) and 

iron (Fe) (Figure 4-43 g, h), was observed surrounding the pits after a few hours of 

immersion (Figure 4-43 e, f). Cracks can be observed near the pits, which were due to 

the volume expansion of the corrosion products. The detrimental pitting corrosion was 

due to the large number of pore defects in the coatings, where highly localized corrosion 

occurred on the 17-4PH steel substrates, eventually resulting in the failure of its passive 

oxide thin film. These observations (Figure 4-43 e to h) are consistent with the 

potentiodynamic polarization and EIS tests, which revealed the serious degradations in 

corrosion resistance for the coatings CrSiCN(2) and CrSiCN(3). 
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Figure 4-43 to be continued 
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Figure 4-43 to be continued 
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Figure 4-43 SEM/EDS analysis results for CrN based coatings after immersions. 
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4.4.4 Electrical Equivalent Circuit (EEC) Analysis 

In order to quantitatively investigate the electrochemical corrosion process at interface 

levels, electrical equivalent circuit (EEC) analyses were conducted using EIS test data on 

TiN and CrN based coating systems as well as substrate steels. These analyses further 

understand and explain corrosion mechanisms in the coating systems, verify, and better 

interpret the results from the short and long term immersion tests. 

4.4.4.1 Substrates 

Mild steel, because of its inability to passivate, is an electrochemically active material. 

Corrosion on mild steel takes the form of anodic dissolution, and results in a uniform 

macro-scale removal of materials, therefore its corrosion process is usually charge-

transfer controlled. The constant phase element (CPE) circuit model (Figure 4-44) was 

employed in this study to analyze the corrosion mechanism on mild steel. The CPE 

model was developed from a Randle circuit [408], which consists of an electrolyte 

resistance (Re) in series with a parallel sub-circuit of an electrical double layer 

capacitance (C#) and an impedance of a faradic reaction charge (normally called charge 

transfer, or generally referred as to polarization resistance, Rp). 

The electrical double layer capacitance describes the surface charge at the electrolyte-

electrode (substrate) interface. In an AC electrochemical system, the net contribution of 

polarization to the dielectric constant is frequency dependent. Therefore, to account for 

the non-ideal electrical capacitive behaviour, the double layer capacitance (Cdi) is 
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replaced with a CPE. The circuit description code (CDC) for the CPE model is Re(CPE-

c,Rp), and the impedance Zin this model is described as: 

1 
Z{ri) = Re+-

where 

Re-
RP: 
Yo-Qc. 
n-Qc: 
co: 

^ + (Yo-Qc)(M 
Rp 

n-Qc 

resistance of electrolyte, 
polarization resistance, 
(modulus of) electrochemical admittance of CPE, 
empirical exponent of CPE, 
radial (angular) frequency of potential perturbation, 

(4-1) 

(Y0-Qc, n-Qc) 

RE o- R, o W E 

Figure 4-44 Schematic of CPE Model. 

Applying the CPE model to a mild steel substrate, results in fitted curves as displayed in 

Figure 4-45, and fitted data with fitting errors as summarized in Table 4-15. The fitting 

errors decreased with immersion time, from 36.5% (at five minute) to 12.85% (at one 

hour), and hence went to lower than the acceptable level of 10% (Table 4-15). Typical 

sources of errors in an EEC fitting include the use of incorrect EEC model, poor 

estimation of initial values and noise introduced [409]. In this study each EEC fitting was 

tried with various initial values to minimize poor estimations of initial values and noise 

levels. The attainment of acceptable errors (less than 10% after one hour) (Table 4-15) 
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indicated that the applied EEC model is valid. High error (36.5%) only occurred at short 

immersion time (five minute) when the test was still under a non-steady-state condition; 

and this can be evidenced by the relative low value of the empirical exponent of CPE (n-

Qs)(0.6780)(at five minute) (Table 4-15), which revealed different surface conditions in 

the initial period of immersion. These fitting results obtained by applying the CPE model 

to the mild steel confirmed a charge-transfer controlled corrosion process on the mild 

steel substrate. 
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Figure 4-45 EEC fitting curves on MS substrate (CPE model) (at 5 hi). 

Table 4-15 EEC fitted data for mild steel (MS) substrate (CPE) 

Time 

5 min 
l h r 
3hr 
5hr 
24 hr 

Re (Qcm2) 

4.89 
9.13 
8.96 
8.74 
3.51 

Yo-QsOiF/cm2) 

538.60 
555.41 
649.30 
704.33 
520.76 

n-Qs 

0.6780 
0.8101 
0.7695 
0.7420 
0.7397 

Rp (kQcm2) 

0.059 
0.377 
1.470 
1.816 
0.236 

Fitting error (%) 

36.51 
12.85 
3.98 
2.54 
6.81 
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On stainless steel, unlike on mild steel, (due to the presence of a dense, passive and high 

dielectric constant oxide film on the surface of stainless), the mass transfers in the 

electrochemical corrosion process take the form of diffusion through the diffusion layer 

(Nernst diffusion layer - NDL)[410] at the electrolyte-steel interface to reach the steel 

surface. This diffusion process would create an impedance (referred as to the Warburg 

impedance, W) [405]. Therefore, to investigate the corrosion of coating systems on a 

stainless steel substrate, this diffusion impedance must be taken into account. 

According to the boundary conditions of diffusion theory, the Warburg impedance 

corresponds to an infinite or semi-infinite length diffusion process [37, 405], which is 

similar to an unrestricted diffusion to an infinite planar electrode. The Warburg 

impedance is described by the Warburg equation [411]: 

Zw=a/yfco- jalyfco (4-2) 

from which the modulus of Warburg impedance is given as: 

\Zw\ = Jl-al4^ (4-3) 

where, 

co: radial frequency of the potential perturbation, 
a: Warburg coefficient, which is determined by diffusion coefficients of oxidant and 

reductant, surface area of the electrode, and concentration of the diffusing species, and 
is expressed as [411]: 

RT 
<T = 

Z F2Ay/2 

( 1 1 ^ 
• + • 

where, 
Do'- diffusion coefficient of oxidant; 
DR: diffusion coefficient of reductant; 
A: surface area of the electrode; 
F: Faraday's constant, F = 96,485 Coulombs; 
z: number of electrons transferred; 
C0'. bulk concentration of the diffusing oxidant; 
CR: bulk concentration of the diffusing reductant. 

(4-4) 
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Eq. (4-4) indicates that theWarburg impedance is inversely related to the diffusion 

coefficients of oxidant and reductant, and the concentrations of species in the electrolyte. 

In a Warburg plot (impedance vs. Ilea ), the Warburg coefficient (a) represents the 

slopes of real and imaginary impedances [387, 411], and is written as: 

a = l/(j2-YQ) (4-5) 

where, Yo: admittance 

therefore, Eq. (4-3) can be written as: 

Zw=l/(Y04j^) (4-6) 

Eq. (4-6) describes the correlation between Warburg impedance (Zw) and admittance 

(Yo); and indicates that Warburg impedance is dependant on the frequency of potential 

perturbation. In high frequencies (&>-> oo), the modulus of the Warburg impedance is low, 

thus the electrolyte resistance (Re) dominates; at low frequencies (co—> 0), the modulus of 

the Warburg impedance is high, and dominates. To take this impedance into account, a 

diffusion impedance element (Warburg impedance, W) is introduced into the CPE circuit, 

being in series with the charge transfer resistance (or in general polarization resistance, 

Rp), to account for the infinite or semi-infinite length diffusion of the charging species 

[412] (Figure 4-46 a). 
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This EEC is termed the OtcWar model, describing an electrochemical system, where 

polarization combines with the kinetic and diffusion processes. The CDC for the OtcWar 

model is Re(CPE-c(RpW)), and the impedance is described as: 

1 
Z = R + 

(va)(i<4 + 
1 (4-7) 

Yoy/jco 

where, 
Re: resistance of electrolyte, 
Rp: polarization resistance, 
YQ-QC- admittance of CPE for coating, 
n-Qc: empirical exponent of CPE for coating, 

However, the Warburg impedance (W) (Eq. 4-2) is only valid for an infinite or semi-

infinite length diffusion process (corresponding to an infinite or semi-infinite thickness 

diffusion layer). As for a finite length diffusion process (corresponding to a bounded 

diffusion layer), Eq. (4-2) is no longer valid, especially at low frequencies (&>—» 0); thus 

the finite length diffusion impedance is then described as [413]: 

Z0(co) = [1 /(Y0 V > ) ] • tanh[sV7^] (4-8) 

or Z0(G>) = Zw • tanh[By[j(i)] (4-8 a) 

where 
co: angular frequency of potential perturbation, 
B: characteristic diffusion parameter [413], which characterizes the diffusion time for a 
reactant to diffuse through the diffusion layer [38], and is defined as: 

B = 8l4D (4-9) 

where, 
D: diffusion coefficient (area/time); 
S: diffusion length in general [413]; with respect to a diffusion layer, it represents the 
thickness of the diffusion layer [414] (referred as to Nernst diffusion layer -
NDL)[387]; in the case as a presence of a coating, it approximates the thickness of 
the coating [38]. 

283 



From Eq. (4-3) and Eq. (4-9), the modulus of OFLD (Open Finite-Length Diffusion) 

impedance is: 

7 = 7 tanhH=77^] (4-8 b) 

The equations (Eq. 4-8, Eq. 4-8 a, and Eq. 4-8 b) describe the finite length impedance 

(referred as to Open Finite-Length Diffusion (OFLD) element, abbreviated as "0") (also 

referred as to Nernst circuit element) and indicates that OFLD impedance is a function of 

frequency, diffusion coefficient and diffusion length. At a given frequency, \Zo\ would 

decrease due to either a high diffusion coefficient (Z)) or a thin diffusion layer {§), 

conversely, \Zo\ would increase due to either a low diffusion coefficient (D) or a thick 

diffusion layer (d). 

In an extreme case as either D—>0 (no diffusion) or <5—>oo (infinite length diffusion) the 

item |tanh[(<WZ))(V/ft>)]|—>1, thus \Zo\-^\Z^\ (which is the infinite length diffusion 

impedance W; note that as D—>0, c—»oo, and IZ^—*»). Another extreme case is that as 

either diffusion coefficient D—»oo (no resistance to diffusion across a diffusion layer, 

which means the mass transfer is not in the form of diffusion) or diffusion layer thickness 

<S—>0 (no diffusion layer exists), the item |tanh[(<WZ))(V/cy)]|—>0, thus |Zo|—>(), indicating 

that the corrosion process is not diffusion-controlled. 

The EEC model which describes this OFLD diffusion is called Otc-Cot-Hyper model. A 

typical schematic for Otc-Cot-Hyper model is illustrated in Figure 4-46 (b), its CDC is 

Re(CPE-c(RpP)), and the impedance is described as: 
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Z = R + 
<J0-Qc)(M

n~Qc+-
R

P+-
1 

YoylJo)-coth[BylJ(i)] 

(4-10) 

where, 
Re: resistance of electrolyte, 
Rp: polarization resistance, 
Yo-Qc'- admittance of CPE for coating, 
n-Qc: empirical exponent of CPE for coating. 

(Y0-QC) n-Qc) 

REo • X l _ \J K 

o r t 

' \ > w 

oWE 

(a) OtcWar 

(Y0-Qc, n-Qc) 

REo • X l _ \J Ke 

\^rn. 

IVF ) \ <j 

oWE 

(b) Otc-Cot-Hyper 

Figure 4-46 Schematic of EEC models for diffusion controlled corrosions. 
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Whereas, the OFLD element (O), in addition to the angular frequency of the potential 

perturbation (co), is also sensitive to the diffusion factors such as the Nernst diffusion 

layer (NDL) thickness (<S), and the diffusion coefficient (D), which are dependent on the 

coating microstruture. Therefore, for application to corrosion in coating/substrate 

systems, the OtcWar model (with Warburg diffusion element (W)) (Eq. 4-7) (Figure 4-46 

a) was proposed to describe an infinite or semi-infinite length diffusion process that is an 

unrestricted or less restricted diffusion through the pore defects in the coating to a 

passivated substrate steel (e.g., stainless steel). This coating usually has a columnar grain 

microstructure that contains more open (through coating) pores and straight grain 

boundaries, such as TiN based coating systems [346]. The Otc-Cot-Hyper model (with 

the OFLD element (O)) (Eq. 4-10) (Figure 4-46 b) was suggested for a bounded 

diffusion that is microscopically confined within pores or grain boundaries, for example 

in CrN based coatings that have an equiaxed grain microstructure [346, 387]. 

As for the bare 17-4PH steel substrate, the corrosion process on the surface can be treated 

as unrestricted diffusion governed. Thus in this study the OtcWar model was applied to 

the 17-4PH steel substrate to investigate its corrosion mechanism, which will be used as a 

baseline for the further studies of the TiN and CrN based coating systems. The fitted 

curves for 17-4PH steel using the OtcWar model are shown in Figure 4-47, and the fitted 

data with fitting errors are displayed in Table 4-16. 
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Figure 4-47 EEC fitting curves on 17-4PH steel substrate (OctWar model) (at 5 hr). 

Table 4-16 EEC fitted data for 17-4PH steel substrate {OctWar) 

Time 

5 min 
l h r 
3hr 
5hr 
24 hr 

Re 

(Qcm2) 

24.95 
26.87 
37.10 
36.75 
25.27 

Yo-Qs 

(uF/ cm2) 

58.50 
56.03 
55.68 
55.21 
51.73 

n-Qs 

0.7818 
0.8738 
0.8789 
0.8779 
0.8589 

RP 

(kQcm2) 

27.554 
35.254 
46.441 
61.301 
127.249 

Yo-W 

(u/cm2nVs) 

96.34 
110.03 
112.69 
94.28 
35.55 

Fitting error 

(%) 

3.39 
3.02 
2.32 
3.80 
8.86 

From the fitted data (Table 4-15 and Table 4-16), it can be seen that both mild steel and 

17-4 PH steel showed stable values of electrolyte resistance (Re) throughout the 

immersion. Comparing polarization resistance (Rp) (Table 4-15 and Table 4-16), it can 

be observed that the values for 17-4PH steel (~40 kDcm )(Table 4-16) were up to three 

orders of magnitude higher than those of the mild steel (0.06 to 1.8 kDcm ); this result 

was in agreement with the potentiodynamic polarization tests (Table 4-12). 
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The admittance constant (Yo-Qs) reflects the capacitive characteristics of an electrolyte-

electrode (steel) interface; and the empirical exponent of CPE (n-Qs<l) is associated with 

surface morphology of the electrode (steel) [346]. In this study, the values in (Yo- Qs) for 

the 17-4PH steel (-55 uF/cm ) (Table 4-16) were lower (by an order of magnitude) than 

those for the mild steel (-550 uF/cm2) (Table 4-15), indicating that 17-4 PH has a less 

porous surface feature [346]. The lower values of the exponent (n-Qs) (~ 0.75)(Table 4-

15) for the mild steel indicated its less capacitive electrolyte-surface interfacial 

characteristics [346]. The higher (closer to 1) and stable values of (n-Qs) (~ 0.85) (Table 

4-16) for the 17-4PH steel revealed the stable capacitance of its electrolyte-surface 

interface and can be attributed to it passivation. 

4.4.4.2 Titanium Nitride (TiN) Coating Systems 

TiN/SS Coating Systems 

As discussed in the preceding section, due to the dense passive and high dielectric 

constant oxide film on the surface, diffusion is the controlling factor for the 

electrochemical mass transfer. TiN/SS systems such as EB and CA TiN/SS in this study, 

due to their combination of both a columnar coating structure and passive substrate, were 

expected to undergo (simi-) infinite length diffusion (Warburg diffusion) controlled 

corrosion processes. Therefore the OtcWar model (Figure 4-46 a) was applied to the EB 

and CA TiN/SS coating systems and their PMMA-treated counterparts. The fitted curves 

are shown in Figure 4-48 and Figure 4-49, and the fitted data with fitting errors are 

displayed in Table 4-17 to Table 4-18, respectively. 
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Figure 4-48 EEC fitting curves on EB TiN/SS coating systems (OtcWar model)(at 5 
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Figure 4-49 EEC fitting curves on CA TiN/SS coating systems (OtcWar model)(at 5 

290 



Table 4-17 EEC fitted data for EB TiN/SS coating systems (OctWar) 

Time Re 
(Qcm2) 

Yo-Qc 
(uF/cm2) n-Qc R P 2 

(kQcm2) 
Yo-W 

(u/cm2QVs) 
Fitting error 

(%) 
EB TiN/SS 

l h r 
3hr 
24 hr 
48 hr 
120 hr 
168 hr 
192 hr 
216 hr 
315hr 

3.93 
3.92 
4.09 
3.82 
4.21 
5.19 
3.71 
3.79 
4.04 

135.92 
146.75 
152.87 
144.71 
138.47 
323.06 
259.75 
234.01 
283.95 

0.8297 
0.8449 
0.8815 
0.8875 
0.8867 
0.7606 
0.7929 
0.8049 
0.7620 

36.770 
27.130 
3.981 
3.866 
5.506 
7.655 
5.860 
5.968 
6.003 

1377.07 
2085.35 
54101.9 
30509.6 
16101.9 
1290.45 
949.936 
947.516 
1394.9 

0.09 
0.07 
0.15 
0.15 
0.15 
0.38 
0.49 
0.45 
0.65 

PMMA EB TiN/SS 
5 min 
3hr 
5hr 
24hr 
48hr 
72 hr 
144 hr 
168 hr 
192hr 
221hr 
240hr 
336hr 
360hr 
384 hr 

57.82 
56.50 
57.87 
57.45 
55.98 
55.52 
52.29 
52.51 
54.56 
51.43 
52.86 
54.42 
53.42 
56.69 

56.36 
51.82 
48.60 
42.06 
42.15 
47.92 
46.40 
43.85 
44.64 
42.18 
42.50 
40.80 
40.62 
41.53 

0.8845 
0.8887 
0.8935 
0.8995 
0.8939 
0.8689 
0.8688 
0.8699 
0.8705 
0.8792 
0.8705 
0.8719 
0.8721 
0.8712 

4.178 
469.509 
181.178 
157.079 
186.281 
1370.61 
736.723 
1044.05 
880.77 

506.718 
1226.17 
1192.42 
1192.42 
676.042 

1.176 
1.722 
2.804 
3.519 
2.208 
0.588 
0.913 
0.570 
0.800 
2.800 
0.565 
0.584 
0.595 
0.986 

0.10 
0.10 
0.11 
0.10 
0.21 
0.16 
0.18 
0.17 
0.20 
0.10 
0.14 
0.15 
0.17 
0.16 

Table 4-18 EEC fitted data for CA TiN/SS coating systems (OtcWar) 

Time 
Re 

(Qcm2) 

Yo-Qc 

(uF/ cm2) 
n-Qc 

RP 

(kQcm2) 

Yo-W 

(u/ cm2QVs) 

Fitting error 

(%) 

CA TiN/SS 
5 min 
l h r 
3hr 
5hr 
24 hr 
48 hr 
72 hr 
142 hr 

7.10 
7.08 
7.05 
7.07 
7.07 
7.00 
7.12 
7.10 

46.48 
68.69 
65.71 
62.47 
81.81 
84.47 
81.61 
73.00 

0.9291 
0.9073 
0.9153 
0.9228 
0.8889 
0.8847 
0.8923 
0.8999 

20.206 
9.671 
5.2132 
4.4761 
154.567 
84.702 

214.462 
152.447 

5.77 
13.37 
18.12 
19.00 

100.00 
147.64 
76.41 
28.03 

0.17 
0.11 
0.07 
0.06 
0.30 
0.25 
0.19 
0.08 

PMMA CA TiN/SS 
3hr 
5hr 
24hr 
48hr 
72 hr 
95 hr 
166 hr 

233.93 
235.97 
237.31 
237.23 
236.60 
237.86 
242.49 

110.05 
104.13 
81.69 
87.16 
85.78 
83.35 
66.92 

0.8558 
0.8552 
0.8771 
0.8661 
0.8663 
0.8702 
0.9080 

283.542 
446.901 
37.272 

494.629 
446.351 
288.880 

8.973 

92.34 
264.59 

7.26 
32.76 
39.25 
23.75 
12.18 

0.27 
0.17 
0.18 
0.41 
0.25 
0.30 
0.17 
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In Table 4-17 and Table 4-18, all four TiN coating samples showed stable values in 

electrolyte resistance (Re). Comparing the two groups of TiN/SS coating systems, EB 

TiN/SS (Table 4-17) quickly decreased in polarization resistance (Rp) from 37 to 8 

kQcm2 in the initial hours, and then dropped to 4 kflcm2 in the following two days of 

immersion; it gently rose to 5 kQcm2 by the 5th day; and maintained an increasing trend 

until the 13th day. The Warburg admittance (W) slightly increased and reached the peak 

value after one day immersion, then started decreasing. Diffusion impedance showed a 

similar trend to that of polarization resistance, indicating a simultaneous change between 

polarization resistance and diffusion impedance. For the CA TiN/SS system (Table 4-

18), polarization resistance (Rp) decreased from 20 to 4 kQcm in the initial hours, and 

then fluctuated between 155 and 215 kficm2 in the following three days. This indicated a 

synergetic effect of the stainless steel substrate and better surface diffusivity in the 

cathodic arc deposition process (Section 3.3) that prevented the formation of a columnar 

coating structure, which reduced the conductance for mass transfer and ion current 

through the coating pinholes. The Warburg impedance W also showed a similar trend to 

that for polarization resistance (Rp). 

For the EB and CA TiN/SS coating systems, the PMMA-treated samples showed higher 

and stable polarization resistances (Rp) (two to three orders of magnitude higher for EB 

TiN/SS and several times higher for CA TiN/SS) (Table 4-17 and Table 4-18) as the 

result of PMMA clogging the pores in the coating, therefore limiting the mass transfer 

conductance and ion current through the coating. The high (Rp) values for PMMA-treated 
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coating systems are in agreement with those of the potentiodynamic polarization 

measurements. The more significant effect of PMMA treatment on (Rp) for EB TiN/SS 

than for CA TiN/SS implied that there were more through coating defects (pinholes or 

voids) in the as-deposited EB TiN/SS coating system which was supported by the fact 

that the as-deposited EB TiN/SS coating system in general had lower (Rp) values than the 

as-deposited CA TiN/SS coating system. 

For the EB TiN/SS coating system, the PMMA-treated sample showed two to three 

orders of magnitude lower in Warburg diffusion admittance (Yo-W) or higher in Warburg 

diffusion impedance than its as-deposited counterpart (Table 4-17), again indicating that 

PMMA clogged the coating pores, lowered the diffusion coefficients, and therefore 

increased the Warburg coefficient (a) (Eq. 4-4) and consequently the Warburg impedance 

(Eq. 4-3). The Warburg admittance of the PMMA-treated CA TiN/SS coating system was 

similar to that of its as-deposited counterpart. The small effect of PMMA on polarization 

resistance (Rp) and Warburg admittance (W) on the CA TiN/SS coating system could be 

because of fewer through-coating pores. 

In a coating system, the admittance constant (Yo-Qc) indicates the capacitive 

characteristics of the electrolyte-coating interface. In this study, the (Yo-Qc) values for the 

EB TiN/SS sample increased from 136 to 323 uT/cm with immersion time (Table 4-17), 

revealing the increases in the porosity of the exposed substrate steel due to the 

penetration of corrosive media and the increase in exposed coating area due to the 

increased number of pore walls [346]. The (Yo-Qc) values for the system CA TiN/SS, 

293 



however, were lower and stabilized in a relatively narrow range (70 to 80 uF/cm ) (Table 

4-18), which indicated less change in the porosity of the exposed substrate and is 

consistent with the evolution trends of polarization resistance (Rp) and Warburg diffusion 

impedance (Yo-W). 

The exponent of CPE (n-Qc) is associated with coating surface morphology. In this study, 

the values of (n-Qc) remained relatively constant with immersion time for both EB and 

CA as-deposited TiN/SS samples (Table 4-17 and Table 4-18), indicating constant 

capacitive characteristics of the electrolyte-coating interface. Similarly, comparing with 

the as-deposited counterparts, the smaller (Yo-Qc) for the PMMA-treated EB TiN/SS 

system correspond to less exposed coating area due to the reduced number of pores. This 

verified that PMMA did enter and fill the coating pores. As for the CA TiN/SS coating 

system, PMMA did not cause notable changes in the values of (n-Qc). 

TiN/MS Coating Systems 

Due to the anodic dissolution corrosion mechanism of mild steel, corrosion of a coating 

on a mild steel substrate usually occurs locally at defect locations of the coating where 

the electrolyte penetrates and reaches the substrate; the coating therefore demonstrates a 

leaky capacitance characteristic. Thus the effect of charge transfer must be taken into 

account. 

As is demonstrated in Figure 4-50, in a TiN/MS coating system, the parallel elements 

CPE.s (substrate capacitance) and Rs (charge-transfer resistance of the substrate) are 
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involved to describe the charge transfer effect through the coating pores. Warburg 

impedance element (W) (in series with Rs) describes the semi-infinite length diffusion 

behaviour for the TiN coating at the electrolyte-substrate interface [37]. In series with the 

parallel sub circuit (CPE-s, Rs), Rpore is the resistance to the ionic current through the 

coating pores, and CPE-c represents the coating capacitance. These two parallel elements, 

(CPE-c, Rpore) and (CPE-s, Rs), correspond to two time constants representing the two 

localized corrosion processes at the electrolyte-coating interface (at high frequencies) and 

electrolyte-substrate interface (at low frequencies), respectively [37]. This EEC model 

Re(CPE-c(Rpore(CPE-s,RsW))) is termed the localized corrosion model, and the 

impedance (Z) is presented as: 

Z = R.+-

(Y0-QC)U®)"-QC + 

(4-11) 

R , L 
pore 

n-Qs 
(Y0-Qs)(M"-^ + 

R„ + 
1 

Y0Jjo) 

where, 
Yo-Qc'- admittance for coating, 
n-Qc: empirical exponent of CPE at coating, 
Yo-Qs- admittance for substrate, 
n-Qs: empirical exponent of CPE at substrate. 
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Figure 4-50 Schematic of EEC model for localized corrosion model (for PVD 
coating/MS system). 

In this study, the typical charge-transfer corrosion feature as shown in EIS Nyquist plots 

(Figure 4-38 a) and the serious pitting corrosion observed in SEM analyses (Figure 4-42 

a to d) indicated typical localized corrosions on the CA TiN/MS coating system. 

Therefore the localized corrosion model (Figure 4-50) was applied to the CA TiN/MS 

coating. The EIS Nyquist plot for the PMMA-treated CA TiN/MS coating system 

(Figure 4-38 b) with depressed semicircles followed by straight lines, combined with the 

fact that no pitting corrosion was found in SEM analyses (Figure 4-42 e to i), implied 

that diffusion controlled corrosion rather than localized corrosion occurred on this 

sample. Therefore the OtcWar model (Figure 4-46 a) was employed to the PMMA-

treated CA TiN/MS sample. 

The fitted curves are shown in Figure 4-51, and fitted data with fitting errors are 

displayed in Table 4-19 and Table 4-20. The very low fitting errors confirm good 

matches of these two EEC models on the two coating samples. 
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Table 4-19 EEC fitted data for CA TiN/MS coating systems (localized corrosion) 

Time 

5 min 
lh r 
3hr 
5hr 
24 hr 

Re 

(Hem2) 

7.65 
7.68 
7.39 
7.43 
7.58 

Yo-Qc 

(nF/m2) 

247.01 
1446.9 
1554.0 
1536.3 
1654.1 

n-Qc 

0.8789 
0.8599 
0.8196 
0.8331 
0.8026 

J^pore 

(kQcm2) 

1.103 
0.075 
0.087 
0.048 
0.081 

Yo-Qs 

(nF/cm2) 

281.63 
357.24 

2727.26 
2746.12 
2736.94 

n-Qs 

0.8300 
0.8193 
0.8817 
0.8146 
0.7534 

Rs 

(kflcm2) 

6.955 
5.946 
4.517 
3.969 
2.592 

Yo-W 

(n/cm2nVs) 

3480.3 
9003.8 

25388.5 
13210.2 
10710.8 

Fitting 
error 
(%) 
0.54 
0.29 
0.26 
0.26 
0.26 

Table 4-20 EEC fitted data for CA PMMA TiN/MS coating systems (OtcWar) 

Time 

5 min 
3hr 
5hr 
24hr 
48 hr 
72 hr 
95 hr 

Re 

(Hem2) 

7.04 
6.85 
6.69 
6.59 
6.43 
6.84 
6.55 

Yo-Qc 

(nF/cm2) 

122.03 
109.75 
103.07 
94.01 
90.00 
95.35 
99.68 

n-Qc 

0.8602 
0.8688 
0.8728 
0.8798 
0.8855 
0.8784 
0.8723 

RP 

(kQcm2) 

32.52 
81.48 
100.17 
87.84 
61.38 
17.20 
35.29 

Yo-W 

(nWnVs) 
2816.56 
1137.45 
206.24 
93.43 
62.47 
94.34 
81.92 

Fitting error 
(%) 

0.17 
0.07 
0.07 
0.19 
0.24 
0.72 
0.42 

For the as-deposited CA TiN/MS coating, the continuous decreases in Rpore and Rs (Table 

4-19) with immersion time as well as the continuous increases in Warburg admittance 

(Yo-W), diffusion admittance constants (Yo-Qc) and (Yo-Qs) indicated a continual 

degradation in corrosion resistance in the CA TiN/MS coating system. 

The OtcWar model was applied to the PMMA-treated CA TiN/MS coating, and 

confirmed that the corrosion process was diffusion controlled as shown in Figure 4-38 

(b). This can be confirmed by the fitted data obtained using OtcWar model (Table 4-20), 

where the values of Rp were higher (by two orders of magnitude) than those of Rs (Table 

4-19) for the as-deposited samples. Clearly the PMMA treatment caused a significant 

increase in polarization resistance. Furthermore, these improvements were maintained for 

a long immersion time (95 hours). The values in (Yo-W) (Table 4-20) for the PMMA-
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treated CA TiN/MS sample were substantially lower than those for the as-deposited 

counterpart (Table 4-19), indicating a significant improvement in diffusion impedance 

due to the PMMA treatment. More importantly, the values of (Y0-W) (Table 4-20) are of 

the same order of magnitude as those for the PMMA-treated CA TiN/SS sample (Table 

4-18). This further indicated that the corrosion mechanism changed from a charge-

transfer controlled process (for the as-deposited sample) to a diffusion controlled process. 

The results above clearly demonstrated that the PMMA post-deposition treatment to the 

CA TiN/MS coating system not only increased corrosion resistance, but more importantly 

changed the corrosion mechanism as well. 

The CA TiN/MS coating system exhibited much lower polarization resistance (i?5)(Table 

4-19) than the CA TiN/SS system (Table 4-18). This was due to anodic dissolutive 

corrosion of the mild steel substrate. The passive oxide film on the 17-4PH steel substrate 

acted as a barrier to the electrolyte-substrate corrosion through the coating pores, so it 

therefore demonstrated higher values of polarization resistance. This is in agreement with 

the potentiodynamic polarization test results (Table 4-13). 

Of the three TiN coating systems, the CA TiN/SS sample (Table 4-18) has a polarization 

resistance that is notably higher than the EB TiN/SS sample (Table 4-17), and is one 

order of magnitude higher than the CA TiN/MS sample (Table 4-19). The PMMA 

treatment resulted in significant increases in polarization resistance for all the three TiN 

coating systems, and changed the corrosion mechanism for the CA TiN/MS coating 

system to diffusion dominated. 
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4.4.4.3 Chromium Nitride Based Coating Systems 

The Otc-Cot-Hyper model (Figure 4-46 b) was applied to the four CrN based coating 

systems with equiaxed microstructures and with 17-4PH steel substrates, which have 

diffusion controlled corrosion features. Fitted curves are shown in Figure 4-52, and the 

fitted data with fitting errors are displayed in Table 4-21 to Table 4-24. 

Applying the Otc-Oct-Hyper model to the four CrN based coating systems (Figure 4-52) 

showed good agreement with measured data. In the fitted data (Table 4-21 to Table 4-

24), all four coatings showed stable electrolyte resistance (Re). In three days of 

immersion, the polarization resistance of the CrN coating increased from 380 to 430 

kQcm2 (Table 4-21), and CrSiCN(l) rose from 530 to 1,400 kOcm2 (Table 4-22). The 

increases in polarization resistance (Rp) for these two coatings were attributed to 

passivation during the immersion period. The formation of chromium oxide on the 

coating surfaces limited mass transfer and ion current. The coating CrSiCN(l) 

demonstrated a considerable improvement in corrosion resistance, as evidenced by its 

polarization resistance (Rp), when compared with the CrN coating. This was due to the 

denser microstructure of the CrN coating. These results are in agreement with the results 

in potentiodynamic polarization tests (Table 4-13). 
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Table 4-21 EEC fitted data for CrN coating system {Otc-Cot-Hyper) 

Time 

5 min 
lh r 
3hr 
5hr 
24hr 
48 hr 
72 hr 
144 hr 
192 hr 
240 hr 

Re 

(Qcm2) 

9.22 
9.28 
9.07 
8.93 
9.00 
9.11 
9.22 
6.51 
9.64 
9.66 

Yo-Qc 

(|iF/ cm2) 

55.36 
58.46 
63.33 
65.30 
67.33 
69.67 
70.13 
73.67 
82.36 
85.73 

n-Qc 

0.8568 
0.8615 
0.8528 
0.8517 
0.8562 
0.8513 
0.8500 
0.8332 
0.8296 
0.8256 

(kQcm2) 

382.845 
181.963 
386.613 
400.743 
369.814 
431.593 
429.395 
217.602 
326.403 
328.837 

Yo-0 

( H W Q V S ) 

192.73 
354.14 
198.73 
200.13 
204.33 
221.53 
222.17 
542.93 
662.42 
601.66 

B 
(Vs) 

0.6147 
0.4760 
0.9767 
1.125 

0.9620 
1.016 

0.9699 
1.289 
1.139 
1.163 

Fitting 
error (%) 

0.29 
1.85 
0.50 
0.68 
0.58 
0.62 
0.59 
5.13 
0.65 
0.62 

Table 4-22 EEC fitted data for CrSiCN(l) coating system {Otc-Cot-Hyper) 

Time 

5 min 
lh r 
3hr 
5hr 
24 hr 
48 hr 
72 hr 

Re 

(Qcm2) 

7.07 
7.06 
7.17 
6.99 
6.87 
7.99 
6.81 

Yo-Qc 

(HF/ cm2) 

97.21 
98.27 
99.77 
100.33 
101.19 
101.38 
100.48 

n-Qc 

0.8388 
0.8334 
0.8311 
0.8303 
0.8273 
0.8262 
0.8271 

Rp 

(kQcm2) 

531.210 
667.015 
932.580 
929.440 
1431.055 
1423.990 
1428.700 

Yo-0 

(n/cm2nVs) 

955.41 
353.63 
1092.10 
1369.43 
1968.15 
1912.10 
1750.32 

B 
(Vs) 

0.1101 
0.1351 
0.0947 
0.0836 
0.1343 
0.1318 
0.1248 

Fitting 
error (%) 

0.31 
0.32 
0.33 
0.34 
0.16 
0.10 
0.12 

Table 4-23 EEC fitted data for CrSiCN(2) coating system {Otc-Cot-Hyper) 

Time 

5 min 
l h r 
3hr 
5hr 
8hr 
24 hr 

Re 

(Qcm2) 

7.62 
7.52 
7.45 
7.41 
7.28 
3.00 

Yo-Qc 

(HF/ cm2) 

8191.08 
8253.50 
8143.95 
7512.10 
8589.81 
2472.61 

n-Qc 

0.7691 
0.7615 
0.7436 
0.7002 
0.6379 
0.4613 

RP 

(kQcm2) 

0.01499 
0.01270 
0.01177 
0.01227 
0.01511 
0.01079 

Yo-0 

(n/cm2^Vs) 

325477 
301019 
245477 
220891 
196433 
618089 

B 

(Vs) 

0.0211 
0.0284 
0.0420 
0.0544 
0.0640 
0.0306 

Fitting 
error 

(%) 
0.23 
0.25 
0.29 
0.35 
0.43 
2.54 

Table 4-24 EEC fitted data for CrSiCN(3) coating system {Otc-Cot-Hyper) 

Time 

5 min 
l h r 
3hr 
24 hr 

Re 

(Qcm2) 

17.98 
16.54 
17.11 
19.52 

Yo-Qc 

(HF/ cm2) 

7937.58 
3141.40 
3597.45 
5633.12 

n-Qc 

0.6667 
0.4240 
0.4500 
0.6096 

RP 

(kQcm2) 

0.00285 
0.00433 
0.00403 
0.00358 

Yo-0 

(n/cm2nVs) 

222165 
880127 
973630 
870700 

B 

(Vs) 

0.0568 
0.0238 
0.0219 
0.0211 

Fitting 
error 
(%) 
0.52 
0.58 
0.55 
0.42 
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For the CrSiCN(2) and CrSiCN(3) coatings, the polarization resistance (Rp) remained as 

low as 0.010 and 0.004 kQcm (Table 4-23 and Table 4-24) respectively, irrespective of 

immersion time. These low polarization resistance values indicated failure in corrosion 

protection for these two coating systems, which experienced the serious pitting corrosion 

that were observed by SEM (Figure 4-43 e, f). The corrosion performance of these two 

coating systems strongly reflects their coating microstructures: coarser grains (Table 4-6) 

and dual-phase structure (Figure 4-14) together with presence of pores and nodules 

(Figure 4-9 and Figure 4-10), which were responsible for the rapid degradation in 

corrosion resistance. 

The CrN coating had low values of (Yo-O) (~200u/cm2£Ws) and high values of B (about 

Ws) (Table 4-21) (Otc-Oct-Hyper model fitted data) indicating a high diffusion 

impedance level. Where the low values in diffusion admittance indicate high diffusion 

impedance; and high values in B (B = 81 yjD ) (Eq. 4-9) corresponded to relatively 

thicker diffusion layers (<5) or relatively low diffusion coefficients (D), both of which 

lower the diffusion rate. The values of (Yo-O) for the coating CrSiCN(l) increased from 

950 to l,750u/cm2QVs in three days of immersion, and those of B remained as low as 

O.Ws (Table 4-22)(Otc-Oct-Hyper model fitted data) indicating a trend in decreasing 

diffusion impedance with immersion time. The increases in diffusion admittances (Yo-O) 

for the sample of CrSiCN(l) compared with the CrN coating were due primarily to its 

denser microstructure and therefore higher polarization resistance (Rp), which resulted in 

a lower mass flow rate through the diffusion layer. Diffusion layer and diffusion 

coefficient are two important factors governing diffusion admittance in an AC 

electrochemical process, and will be discussed in the following section. 
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As for the CrSiCN(2) and CrSiCN(3) coatings, the relatively high values of (Y0-O) (> 

200,000uDcm2Vs) and lower values of B (<0.07A/S) (Table 4-23 and Table 4-24) 

revealed relatively low diffusion impedances compared with the CrN and CrSiCN(l) 

coatings (Y0-O <700 and <2000 uDcm2Vs, respectively)(B >0.4 and >0.08 Vs, 

respectively) (Table 4-21 and Table 4-22). The high values in admittance (for 

CrSiCN(2) and CrSiCN(3) systems) were associated with the porous coating structure. 

The admittance constant (Yo-Qc) for the coatings CrN (~65uF/cm2) (Table 4-21) and 

CrSiCN(l) (~100uF/cm ) (Table 4-22) remained quite low after three days of immersion; 

whereas the the values for the CrSiCN(2) and CrSiCN(3) coatings were much higher 

(both over 2,500 uF/cm ) (Table 4-23 and Table 4-24) after one day of immersion. The 

low values of (Yo-Qc) for the CrN and CrSiCN(l) coatings were attributed to their 

relatively small effective surface areas because of their dense microstructures. In contrast, 

the high values in (Yo-Qc) of the CrSiCN(2) and CrSiCN(3) coatings were due to their 

relatively large exposed surface area as a result of their high porosity. 

The stable and similar values of empirical exponent (n-Qc) for the CrN and CrSiCN(l) 

coatings (Table 4-21 and Table 4-22) demonstrated their stable and similar electrolyte-

coating capacitive interfaces. The lower values of (n-Qc) for the CrSiCN(2) and 

CrSiCN(3) coating systems (Table 4-23 and Table 4-24) indicated their leaky 

capacitance electrolyte-coating interfacial characteristics [346], a result associated with 

their relatively porous microstructure. 
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4.4.4.4 Diffusion and Coating System Corrosion Resistance 

In an electrochemical cell, the process of mass transfer to an electrode surface can take 

the forms of diffusion, migration, and convection. Since an electrical force is the driving 

force for charge migration, the migration can be negligible in a situation where an 

electrical field is absent or weak. Also, at a location near the electrode surface, 

convection is not applicable to the boundary layer at the electrolyte-electrode interface 

(where a stagnant layer exists). Therefore, diffusion is the dominant factor governing the 

mass transport reaching the electrode surface, and determines the rate of an 

electrochemical corrosion process. In a PVD coating/substrate system, especially one 

with an inert ceramic coating deposited on a stainless steel substrate, electrochemical 

diffusion impedance is a critical factor that determines the corrosion resistance. 

According to Fick's First Law, a diffusion process is described by equation: 

J = _DdC(x2t1 ( 4 1 2 ) 

dx 

where, 

J: flux of diffusing specie, i.e., moles passing a unit plane at a point in a unit time t, 
D: diffusion coefficient, 
C: ion concentration as a function of x (the distance from the electrode surface), 
t: time since power is applied, 
x: distance from electrode surface. 

Fick's First Law (Eq. 4-12) states that the flux of the diffusing species J is proportional to 

the concentration gradient dC/dx with a certain diffusion coefficient (D). The diffusion 
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coefficient (D) is proportional to the velocities of the diffusing species, which, according 

to the Stokes-Einstein principle, depends on the temperature, viscosity of the fluid, and 

the size of the species. In a coating system, the diffusion of the reactant(s) occurs in the 

pores in the coating. Therefore, the coating microstructure is another important factor 

governing the diffusion process. To describe a diffusion process through a porous 

structure, the effective diffusion coefficient (transporting through pores) was introduced, 

which is written as [415]: 

D . - ^ - (4-13) 
T 

where 
D: diffusion coefficient (area/time) in the fluid that fills the pores; 
st: the porosity available for the transport; 
c: the constrictivity; 
r. the tortuosity. 

In the effective diffusion coefficient (De) (Eq. 4-13), the porosity available (et) is the 

measure of the available pore spaces for the diffusing species. A high available porosity 

indicates a large capacity in the pore spaces of the porous media, which provide paths for 

the diffusing species. The constrictivity c describes transport processes in porous media. 

Its value depends on the fluid viscosity, the pore diameter and the size of the diffusing 

particles. The tortuosity r is treated as the ratio of the curve length through the pore to the 

straight distance between the ends of the through-pore channel. A high tortuosity 

indicates that the diffusing particles need longer and more complex paths to transit a pore 

with a given straight length; thus the resistance is high to the diffusing particle. 
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Eq. (4-13) reveals a proportional relationship between porosity in a given coating system 

and the corresponding effective diffusion coefficient (De) through the coating to the 

substrate under a given electrochemical cell condition. This effective diffusion coefficient 

(De) describes the actual rate of diffusion to the substrate through the coating, where the 

diffusion condition is different from that in the bulk electrolyte outside the coating; hence 

the diffusion coefficients in Eq. (4-4), Eq. (4-8 b), Eq. (4-9), and Eq. (4-12) should be 

treated as the effective diffusion coefficient (Eq. 4-13). Thus, a coating with a high 

porosity corresponds to a high effective diffusion coefficient (De) (Eq. 4-13), and is 

responsible for a low Warburg diffusion coefficient (cr) (Eq. 4-4), and consequently low 

Warburg impedance W (Eq. 4-2 and Eq. 4-3), also a low OFLD impedance (O) (Eq. 4-8 

b); and vice versa. 

With regard to the factor of diffusion length or diffusion layer thickness, for a coating 

system with a given porosity (or density), (due to that the mass transfer via through-

coating pores to the substrate is only in the form of diffusion), actual diffusion layer 

thickness to the substrate is related to the coating thickness [38]. A thick coating is 

responsible for a thick diffusion layer to the substrate, and therefore a long diffusion 

length; this consequently results in an increase in the finite length diffusion impedance (O) 

(Eq. 4-8 b). In addition to the issue of diffusion layer thickness, a thick coating has a 

relative lower probability of forming through-coating defects compared with a thinner 

coating, and this would also lower the effective diffusion coefficient (De) (Eq. 4-13). This 

is another major factor (being associated with coating thickness) that further lowers the 

diffusion impedance through the coating. It was reported that the critical passivation 
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current densities of TiN/SS systems were significantly affected by coating thickness, and 

the corrosion resistance were remarkably improved when the coating was made thicker 

[35, 134]. 

The above discussions suggest that for a coating system, either a thick coating or a dense 

(less-porous) coating is preferred for anti-corrosion applications. In this study, the four 

CrN based coatings were significantly thicker (-20 urn) than the EB (1.5 um) and CA 

(2.8 urn) TiN coatings (Table 4-2). The thicker CrN (Table 4-21) and CrSiCN(l) (Table 

4-22) coatings have better corrosion resistances than the (as-deposited) TiN coatings 

(Table 4-17, Table 4-18, and Table 4-19). However, with similar coating thicknesses 

(Table 4-2), the coatings CrSiCN(2)(21.1 um) and CrSiCN(3) (19.6 urn) demonstrated 

four to five orders of magnitude lower polarization resistance (Rp), and three orders of 

magnitude higher diffusion admittance (Yo-O) (indicating lower diffusion impedance, Zo), 

than the coatings CrN (20.2 um) and CrSiCN(l)(18.9 um)(Table 4-21 to Table 4-24). 

The lower impedances of CrSiCN(2) and CrSiCN(3) coating systems were attributed to 

their higher porosities (st) which resulted in high effective diffusion coefficients (De) (Eq. 

4-13). The high porosities of these two coating systems were due to their microstructures 

became less dense as the contents of Si exceed the optimal amount (around 1.3 at.%) 

where the densest microstructure was observed, i.e., CrSiCN(l)). 

For the TiN coating systems, CA TiN coating system demonstrated the same order of 

magnitude in polarization resistance (Rp) as EB TiN coating system, and two to three 

orders of magnitude lower diffusion impedance, ZQ than EB TiN coating system (Table 
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4-17 and Table 4-18). This is associated with the thicker thickness of CA TiN coating 

(2.8 um) than EB TiN coating (1.5 urn) (Table 4-2) and its coating structure with fewer 

through-coating voids due to the cathodic arc process with high bias voltages that 

improved the surface diffusivity of the deposited species [32, 98, 349]. 

The PMMA-treated TiN coating samples demonstrated increased polarization resistance 

(Rp) (Table 4-13) and decreased diffusion admittance (Y0-W) (Table 4-17 to Table 4-20) 

(indicating increased diffusion impedance, Zw) as the result of the PMMA clogging the 

pores in coatings, consequently lowering porosity available (st) for the transport through 

the coating and the effective diffusion coefficients (De) (Eq. 4-13). This lower effective 

diffusion coefficients would cause lower diffusion coefficient of oxidant (Do) and 

diffusion coefficient of reductant (DR), thus resulted in higher Warburg coefficients (o) 

(Eq. 4-4), therefore increased Warburg diffusion impedance \Zn\ (Eq. 4-3). 
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4.5 Summary 

In this research work, two categories of transition metal nitride PVD coating systems, 

namely TiN and CrN based coating systems (CrSiCN), have been studied with respect to 

microstructure, mechanical properties, tribological and corrosion behaviours. Two 

deposition techniques, i.e., EB and CA, were used to apply TiN coating systems in order 

to study the effects of deposition process on microstructure and mechanical properties as 

well as tribological and corrosion behaviours. Both mild steel and 17-4 PH stainless steel 

substrates were used for the CA TiN coating systems. Post-deposition treatment with 

PMMA was applied to the TiN coating systems in order to further study the effect of 

defects on the corrosion behaviour of the coating systems and to find an effective 

approach to the improvement of corrosion resistance of the coating systems. In the CrN 

based coating systems, various contents of Si and C were incorporated into the coatings 

in order to study the effect of composition on microstructure, mechanical properties, 

tribological and corrosion behaviours. 

The results revealed that the CA TiN coating has a higher defect density than EB TiN 

coating. This was due to the cathodic arc deposition technique which usually generates 

large amounts of droplets during the deposition process. In the CrN based coating 

systems, the coating was dense with the initial addition of Si (1.3 at.%), and then became 

coarser and more porous with further increase in Si, indicating that the changes in 

composition resulted in microstructure changes, which eventually led to changes in 

mechanical properties of the coating systems. 
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Mechanical and tribological properties of the PVD coating systems tested in this research 

are summarized in Table 4-25, and illustrated in Figure 4-54 to Figure 4-55. 

Table 4-25 Summary of mechanical and wear properties of PVD coating systems 

Coating 
system 

CATiN 

CrN 

CrSiCN(l) 

CrSiCN(2) 

CrSiCN(3) 

Hardness H 
(GPa) 

33.98 

19.97 

21.59 

14.04 

13.86 

Elastic modules E 
(GPa) 

456.73 

309.87 

313.12 

233.41 

218.33 

H3/E2 

(GPa) 

0.20 

0.08 

0.10 

0.05 

0.06 

COF 

0.81 

0.81 

0.71 

0.91 

0.67 

Specific wear rate 
(mm3/Nm) 

8.76x10"7 

1.29xl0"6 

1.12xl0"6 

2.12xl0-6 

LlOxlO"6 

In the CrN based coating systems, relationships between the composition, grain size, 

hardness and elastic modulus have been observed. With the initial addition of Si (1.3 

at.%) and C, grain size decreased while hardness and elastic modulus increased. 

However, with further increases in Si and C contents, grain size increased but the 

hardness and elastic modulus decreased (Figure 4-53 a, b). These results demonstrated 

that compositions determine the microstructures which in turn influence the mechanical 

properties of the coating systems. It was also found that, with the change in Si content, 

specific wear rates showed an inverse proportional relationship with the H /E ratios, and 

a similar trend to coefficient of friction (Figure 4-54 a, b). These results indicated that 

wear behaviours of the coating systems depend on their hardness, modulus of elasticity 

(i.e., resistance to plastic deformation) and coefficient of friction. 
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Figure 4-53 Mechanical properties vs. Si content in CrN based coating systems. 
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Figure 4-54 Wear behaviour vs. Si content in CrN based coating systems. 
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Due to higher hardness and H /E ratio, the CA TiN coating system showed a lower 

specific wear rate (Table 4-25) and erosion rates (Figure 4-55 a) comparing with the 

CrN based coating systems. Also due to its high hardness, the CA TiN coating system 

demonstrated a brittle erosion characteristic, with increasing erosion rates at high 

impingement angles (Figure 4-55 a). 

The erosion behaviours of the CrN based coating systems also showed strong correlations 

with the composition and mechanical properties. The CrN and CrSiCN(l) (with higher 

hardness) coatings showed the maximum erosion rates at high impingement angles; 

whereas CrSiCN(2) and CrSiCN(3) (with lower hardness) showed peak erosion rates at 

low impingement angles (Figure 4-55 b). At low impingement angles, CrN and 

CrSiCN(l) had lower erosion rates than CrSiCN(2) and CrSiCN(3); whereas, at high 

impingement angles, they exhibited higher erosion rates than CrSiCN(2) and CrSiCN(3) 

(Figure 4-55 b). The differences in erosion behaviour are attributed to both coating 

properties and erosion mechanisms with respect to impingement angle. At low 

impingement angles, cutting dominates erosion damages (Figure 4-55 b), where the 

harder coating systems such as CrN and CrSiCN(l) possess higher resistance to cutting, 

resulting in lower erosion rates. At high impingement angles, cracking and crack 

propagation dominate erosion damages for brittle materials. The coating samples tested at 

higher impingement angles were examined, and cracks were consistently found on harder 

coatings such as CrN and CrSiCN(l); whereas no cracks were found on the coatings 

CrSiCN(2) and CrSiCN(3)) (Figure 4-55 b) These results indicated a combination of 

high hardness and good toughness is required in order to design a coating system with 
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enhanced erosion resistance at all impingement angles; and such a system can be 

obtained by modifying both the coating process and the composition of the coating 

system. 
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Figure 4-55 Erosion behaviours of test coating systems. 
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To study the corrosion behaviours, the two coating systems were subjected to short- and 

long- term corrosion tests using potentiodynamic polarization and EIS measurements, 

respectively. 

Short term corrosion studies with potentiodynamic polarization method (Figure 4-56) 

demonstrated that in the TiN coating systems, the EB TiN/SS coating shows a lower 

corrosion current density than CA TiN/SS, indicating that EB TiN/SS coating has a 

higher corrosion resistance than CA TiN/SS coating when same substrate material is 

used; and this was due to its lower defect density as compared with CA TiN/SS coating. 

In the CA TiN coating systems with different substrates, CA TiN/SS coating system 

showed a lower current density than CA TiN/MS, indicating a higher corrosion resistance 

of the CA TiN/SS coating system than CA TiN/MS, as mild steel lacks of the ability to 

form passive oxide film. All the PMMA-treated coating samples showed significantly 

lower current densities than the as-deposited counterparts as PMMA effectively clogged 

the through-coating defects and improved the corrosion resistance of the treated coating 

systems. These results also suggest that the presence of defects is a leading cause in 

compromising corrosion resistance of any given coating system. 

In CrN based coating systems, CrSiCN(l) showed the lowest corrosion current density, 

as it had the densest microstructure. Whereas CrSiCN(2) and CrSiCN(3) showed higher 

corrosion current densities due to their porous microstructures. 

317 



O 
CO 

to 
> 

.2 
c 
o 
o 

Q. 

0.6 

04 

0.2 

-0.2 

-0 4 

-
D 

O 

o 

A 

A 

~~ ~ 

A 

EB TiN/SS 

PMMA EB TiN/SS 

CA TiN/SS 

PMMA CA TiN/SS 

CA TiN/MS 

PMMA TiN/MS 

-17-4PH(SS) substrate 

- Mild steel (MS) substrate 

-0.6 

1.00E-09 1.00E-08 1.00E-07 1.00E-06 1 00E-05 1.00E-04 

Current Density, A/cm 

(a) TiN coating systems and PMMA-treated counterparts 

0.6 
D CrN 
O CrSiCN(1) 
A CrSiCN(2) 
o CrSiCN(3) 

— 17-4PH(SS) substrate 

0.4 

LU 

o 
(0 0.2 
(A 
> 

£ 
® -0.2 
O 
Q. 

-0.4 

-0.6 
1.0E-09 1.0E-08 1.0E-07 1.0E-06 1.0E-05 

Current Density, A/cm2 

(b) CrN based coating systems 

Figure 4-56 Polarization behaviours of test PVD coating systems. 

1.0E-04 1.0E-03 

318 



Mathematical analyses were conducted, and EIS tests were applied with respect to 

electrochemical diffusion impedance in coating systems. Post testing data processing and 

modeling studies revealed that the two factors diffusion coefficient and diffusion length 

played controlling effects on corrosion behaviour of a coating system. It was found that 

in a coating system effective diffusion coefficient was proportional to coating porosity, 

and diffusion layer thickness increased with coating thickness (when the coating is 

thicker than the Nernst Diffusion Layer (NDL) on a given substrate); thus a lower coating 

porosity or a greater coating thickness would result in an increase in diffusion impedance. 

The summaries of typical EIS plots (twenty four hours of immersion) are given in Figure 

4-57. In the Nyquist plots as shown in Figure 4-57 (a), the small semicircle (arc) for the 

CA TiN/MS indicates a typical charge transfer controlled corrosion behaviour and low 

diffusion impedance; whereas the straight line shown for CA TiN/SS system indicates a 

diffusion dominated corrosion behaviour and high diffusion impedance. The 

distinguishable corrosion characteristics stemmed from the different corrosion 

mechanisms of the substrates. The corrosion on stainless steel is diffusion controlled due 

to the formation of passive oxide film; while the corrosion on mild steel is a charge 

transfer controlled mode because of anode dissolution. For the EB TiN/SS coating 

system, semicircle (arc) in the Nyquist plots revealed a charge transfer featured corrosion 

behaviour after twenty four hours of immersion; its diffusion impedance was found 

between those of CA TiN/MS and CA TiN/SS coating systems. Its higher diffusion 

impedance comparing to CA TiN/MS was attributed to the stainless steel substrate that 
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provided a protection with a passive oxide film; whereas its lower diffusion impedance 

comparing to CA TiN/SS was due to its thinner coating thickness (1.5 urn). High bias 

voltages applied in the CA process resulted in a higher surface diffusivity of the 

deposited coating, thus led to fewer through-coating voids, and eventually a lower 

effective diffusion coefficient of the CA TiN coating systems. 

All the PMMA-treated TiN coating samples show increased diffusion impedances 

(Figure 4-57 a), revealed that PMMA indeed clogged through-coating defects, thus 

resulted in lower effective diffusion coefficients. Also note that for the coating systems 

EB TiN/SS (after twenty four hours of immersion) and CA TiN/MS, after PMMA 

treatment, the EIS Nyquist plots changed from semicircles (arc) to the combination of a 

semicircle and straight line. This suggests a shift in corrosion process from typical charge 

transfer controlled mode to a combination of charge transfer and diffusion controlled 

modes; and indicates that post-deposition treatment with PMMA not only increased the 

diffusion impedance but also modified the corrosion mechanism in the coating systems. 

In CrN based coating systems, CrN and CrSiCN(l) showed significant higher 

impedances than CrSiCN(2) and CrSiCN(3) (Figure 4-57 b). The high diffusion 

impedances of the CrN and CrSiCN(l) coating were attributed to their denser 

microstructures that therefore lower effective diffusion coefficients. In contrast, the very 

low diffusion impedances of the CrSiCN(2) and CrSiCN(3) coating systems were due to 

their larger grain sizes and porous microstructures that resulted in the higher effective 

diffusion coefficients. 
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Based on the EIS analyses, Warburg diffusion and Open Finite-Length Diffusion (OFLD) 

EEC models were applied to TiN and CrN based coating systems for infinite length 

diffusion and finite length diffusion, respectively. The results, in form of simplified 

magnitude level, are summarized in Table 4-26. CA TiN/SS was observed to have almost 

twice the thickness of the EB TiN/SS coating system and about two orders of magnitude 

higher diffusion impedance than the EB TiN/SS coating system (Table 4-26). This was 

mainly attributed to the increased electrochemical diffusion length (i.e., thicker coating 

thickness of CA TiN/SS coating system). This result proved the modeling studies which 

revealed that the coating thickness has a direct influence on diffusion impedance; and a 

sufficient coating thickness is therefore needed to increase the electrochemical diffusion 

impedance for the coating system. 

Table 4-26 Summaries of coating thickness, porosities, polarization resistance (Rp) and 
diffusion impedance (Z) for the test PVD coating systems 

Coating system 

EB TiN/SS 

PMMA EB TiN/SS 

Thickness 
(Mm) 
1.5 

1.5 

RP 2 

(kQcm2) 
3.87-3.68x10 

4.18-1.21x0+3 

Z 
(cm2QVs)* 

1.85x10-1.06xl0+3 

2.84xl0+5-1.77xl0+6 

CA TiN/SS 

PMMA CA TiN/SS 

2.8 

2.8 

4.48-2.15xl0+2 

8.97-4.95xl0+2 

6.77xl0+3-1.73xl0+5 

3.78xl0+3-1.38xl0+5 

CA TiN/MS 

PMMA CA TiN/MS 

2.8 

2.8 

2.59-6.96 

1.72x10-1.0xl0+2 

7.57x10-2.87xl0+2 

3.56xl0+2-1.6xl0+4 

CrN 

CrSiCN(l) 

CrSiCN(2) 

CrSiCN(3) 

20.2 

18.9 

21.1 

19.6 

1.82xl0+2-4.32xl0+2 

5.31xl0+2-1.43x 10+3 

l.lxl0-2-1.5x 10+2 

2.85xl0"3-4.33x 10+2 

1.51xl0+3-5.19xl0+3 

5.08xl0+2-2.83xl0+3 

1.62-5.09 

1.03- 4.50 

* The data for diffusion impedance is reciprocal of that for obtained diffusion admittance 
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PMMA-treated TiN coating samples demonstrate significantly increased electrochemical 

diffusion impedances and polarization resistances (Table 4-26) as PMMA clogged 

through-coating defects and lowered the effective diffusion coefficients. The results 

demonstrated the role of coating defect in governing electrochemical diffusion 

impedance, and suggested that coatings must be designed with lower porosity or defect 

population in order to increase their corrosion resistance. 

In the CrN based coating systems, CrSiCN(2) and CrSiCN(3) show one to two orders of 

magnitude lower electrochemical diffusion impedance and polarization resistance than 

CrN and CrSiCN(l) (Table 4-26). These results were due to their larger grain sizes and 

porous microstructures that led to higher effective diffusion coefficients through the 

coatings. It also concluded that coating composition could result in changes in coating 

microstructure, and consequently corrosion behaviours. 

The outcomes from this research provided major findings in terms of effects of coating 

porosity and thickness in governing the corrosion resistance. They also indicated that 

lowering coating defect density is an essential approach to corrosion prevention in 

coating systems. 
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5. Conclusions and Future Work 

A series of coatings were deposited using techniques including Ni electroplating, EB and 

CA TiN coatings, and PEMS CrN based coatings. The coating samples were examined 

for the effects of coating compositions and deposition process on coating microstructure 

and mechanical properties. Further, they were evaluated for wear, erosion and corrosion 

behaviours using a series of systematical approaches. The correlation between the 

composition, deposition method and condition, microstructure and the behaviours of 

coating systems were analyzed. 

5.1. Summary of the Findings 

Effects of Composition and Deposition Condition on Coating 

Microstructure Properties 

The grain size of the Ni electroplated coatings was found to decrease when the deposition 

current was pulsed, and decrease with pulse frequency; the grain size was also observed 

to decrease when nano-scaled particulates (i.e, CNTs in this study) were added into the 

electrolyte. Surface morphology was observed to be finer with an increase in pulse 

frequency, which is associated with the reduction in grain size with pulse frequency. The 

plating thickness was also found to decrease due to pulsed deposition current and 

addition of CNTs (for a given deposition time). However with CNTs present, the 

thickness reduction effect of pulse frequency was found to lessen. The attenuated effect 
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of the increase in pulse frequency with the presence of CNTs indicated that a high rate of 

nucleation plays a dominant role in the reduction of grain size for Ni electroplated 

coatings. 

The TiN coatings deposited using EB and CA techniques demonstrated different 

morphologies. The CA deposited TiN coating systems had a coarser surface morphology, 

higher defect density, and larger defects than the EB TiN coating systems, phenomena 

which are known to be associated with the effect of the cathodic arc on the growth of the 

deposition. 

The study of the CrN based coating systems with varying concentrations of Cr, Si, C, and 

N deposited using plasma enhanced magnetron sputtering (PEMS) showed that coating 

composition also affects coating microstructure in terms of surface morphology, grain 

size and porosity. Particularly, an optimal Si content (1.3 at.% in this study) was found to 

exist where the grain size was finest. 

These results indicate that deposition process and composition are the two major factors 

governing the microstructure of a coating system. 

In addition to deposition process, post-deposition treatment is an approach to modifying 

the microstructure of a coating system. In this study, post-deposition treatment with 

PMMA clogged the exposure pores and gaps surrounding nodules in the TiN coating 

systems, thus reducing the permeability of the TiN coating system for corrosive media. 
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Effects of Composition and Deposition Condition on Coating 

Mechanical Properties 

For Ni plated samples, the hardness (H), Young's modulus (E) and the H3/E2 ratio were 

found to increase with the application of pulsed deposition current or the addition of 

CNTs. These changes are associated with grain size reduction due to pulse frequency or 

the addition of CNTs. 

The TiN coating systems deposited using EB and CA techniques also demonstrated 

different mechanical properties. The effect of ion bombardment in the CA process 

resulted in higher hardness and Young's modulus in the CA TiN coating than was 

obtained with EB deposition. 

The examinations of the CrN based coating systems with varying concentrations of Cr, Si, 

C, and N deposited using plasma enhanced magnetron sputtering (PEMS) showed that 

coating composition also affects mechanical properties. And an optimal Si content (1.3 

at.% in this study) was found to exist where the hardness (H), Young's modulus (E) and 

the H /E ratio were the highest. 

These results indicate that as a consequence of the influence on microstructure, 

composition and deposition technique affect the mechanical properties of coating 

systems, which will determine the performances of the coating systems in particular 

applications, for example wear, erosion and corrosion behaviour. 
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Tribological Properties and Their Relationship with Mechanical 

Properties of Coating Systems 

For both TiN and CrN based coating systems, the specific wear rate obtained from dry-

sliding wear tests showed an inverse proportional relationship with the H /E ratio. This 

trend confirms that the resistance to plastic deformation (that is indicated by a combined 

effect of hardness (H) and Young's modulus (E), the H3/E2 ratio) is an essential factor 

governing wear behaviour. 

The erosion tests show that high hardness (H), Young's modulus (E) and H /E ratio (e.g. 

as in the CA TiN coating) result in a high resistance to erosion at all impingement angles. 

This suggests that a high resistance to plastic deformation ensures a high resistance to 

erosion. The erosion characteristics shifted from ductile to brittle with an increase in 

hardness (H) and H3/E2 ratio (e.g., CrN and CrSiCN coatings); and the erosion rates for 

different coating systems with varying hardness (H), Young's modulus(E) and H /E ratio 

are a function of the impingement angles due to the erosion mechanism change. 

Because the values of hardness (H) and Young's modulus (E) of a coating system can be 

modified through composition and process changes, it follows that the tribological 

properties behaviours can be governed by composition and deposition process. 
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Electrochemical Corrosion Properties of Coating Systems 

Corrosion Mechanism and Coating Microstructure 

Electrochemical corrosion studies show that the corrosion behaviour of a coating system 

is determined by both the coating microstructure and the substrate properties. The 

substrate composition, microstructure and surface morphology are the essential properties 

determining the corrosion mechanism. The coating microstructure affects the mode of 

mass transfer of corrosive media through the coating to the substrate, and is the key factor 

governing the extent of the corrosion process and the corrosion mechanism. 

In this study, some of the coating systems with a mild steel substrate (for example CA 

TiN/MS coating system) show charge-transfer featured corrosion. This is due to the mild 

steel substrate on which the corrosion is in the form of metal dissolution, and is charge-

transfer controlled. The coating systems with stainless steel substrate show typical 

diffusion dominated corrosion processes. This is due to the passive and dielectric oxide 

film on the stainless surface, thus corrosion is diffusion controlled. Furthermore, through 

EEC analysis applying the Warburg diffusion and Open Finite-Length Diffusion (OFLD) 

EEC models, it was found that the corrosion processes in the TiN and CrN based coating 

systems were controlled by infinite length diffusion and finite length diffusion, 

respectively. This difference in corrosion mechanism is due to their distinctive coating 

microstructures (i.e., columnar structure for TiN and equiaxed structure for CrN; where 

the equiaxed microstructure is more beneficial in providing high diffusion impedance). 
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Polarization Resistance audits Relationship with Coating Microstructure 

Potentiodynamic polarization tests show that EB TiN coating systems have a lower 

corrosion current density and higher polarization resistance than CA TiN coating systems; 

these results are due to the higher defect density of the CA TiN coating system. In CrN 

based coating systems, it was observed that corrosion current density decreased 

(consequently polarization resistance increased) with a decrease in average grain size of 

the coatings. 

These observations indicate that coating microstructure, particularly the presence of 

coating defects affects the polarization resistance in a coating system; and suggest that a 

small grain size and low defect density offers better corrosion resistance. 

EIS Measurement and Properties of Coating Systems 

EIS measurements also showed that CA TiN coating systems demonstrated higher 

diffusion impedance than the EB TiN coating systems. This is because the CA TiN 

coating is thicker than the EB TiN coating, and the high bias voltages applied in the CA 

process resulted in greater surface diffusivity of the deposited species and hence allowed 

fewer through-coating voids in the CA TiN coating systems. 

In CrN based coating systems, EIS measurements also found that the coating systems 

with small average grain sizes and dense microstructures (e.g., CrSiCN(l) and CrN) 

demonstrated high diffusion impedances. In general, any coating system with a small 
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average grain size, dense microstructure, and few through-coating defects has high 

electrochemical diffusion impedance. 

Electrochemical Diffusion Impedance and Properties of Coating Systems 

In this study, theoretical analyses and experimental studies were conducted to examine the 

relationship between coating microstructure, diffusion factors and the diffusion 

impedance of the coating system. The effects of diffusion coefficient and diffusion layer 

thickness on the diffusion impedance of an electrochemical diffusion process were 

studied. The correlations between the coating microstructure in a coating system and the 

two electrochemical diffusion factors (diffusion coefficient and diffusion layer thickness) 

were analyzed. It was found that in a coating/substrate system the effective diffusion 

coefficient is proportional to the coating porosity, and the diffusion layer thickness on a 

given substrate would be increased with a sufficient coating thickness (when the coating 

thickness is thicker than the Nernst Diffusion Layer (NDL) thickness on the substrate). In 

an electrochemical corrosion process, for high electrochemical impedance, a low effective 

diffusion coefficient or a thick diffusion layer is required. Accordingly, for a 

coating/substrate system, a thick and dense coating system would be able to provide a 

high resistance to corrosion because of its high electrochemical diffusion impedance. This 

observation was made clear in this study where the relatively thick (18.9 urn) and dense 

coating system (CrSiCN(l)) exhibited the highest electrochemical impedance among all 

the as-deposited coating systems. 
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Effect of PMMA Treatment on Corrosion Behaviour of Coating Systems 

A major finding is that post-deposition treatment with PMMA on the CA and EB TiN 

coating systems resulted in significant increases in polarization resistance and 

electrochemical diffusion impedance by clogging the through-coating defects. 

Furthermore the PMMA treatment on the CA TiN/MS coating system also changed the 

corrosion mechanism from charge-transfer controlled to diffusion governed, which was 

confirmed with the EEC model fitted results. It also demonstrates that the coating defect 

density is the essential factor determining corrosion behaviour of coating systems. Thus 

modifying the defect density in a coating system would change not only the resistance to 

corrosion, but also the corrosion mechanism to some extent. 

The results of the PMMA treatment suggest that this treatment is a worthwhile approach 

to improving the anti-corrosion performance of a coating system, especially in mild 

temperature and non-wear/erosion applications. 

5.2.Major Contributions 

Tribological and Corrosion Studies on TiN and CrN Based Coating Systems 

Through this thesis work, correlations between microstructure and tribological and 

corrosion behaviours in CA and EB TiN coating systems as well as PEMS CrN based 

coating systems were revealed. It was confirmed that it is essential to increase resistance 

to plastic deformation (indicated by a high H /E ratio) for superior anti-wear and anti-

erosion behaviour, and to lower porosity (defect density) for superior anti-corrosion 
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behaviour. Defect density and the H3/E2 ratio are determined by the coating composition 

and the coating process (deposition method and deposition parameters). 

The properties of CrN based coating systems can be modified by adjusting the 

composition (i.e., Cr, Si, C, and N); as a critical element in composition, an optimal Si 

content (around 1.3 at.%) is suggested for the optimized properties for anti-wear/erosion 

and anti-corrosion applications. For the same coating composition this research suggests 

that CA deposition provides a better TiN coating than EB deposition in anti-wear/erosion 

and anti-corrosion applications. 

Correlation between Diffusion Factors and Diffusion Impedance in Coating Systems 

The analyses of the correlation between the diffusion factors (effective diffusion 

coefficient and diffusion layer thickness) and the overall diffusion impedance for a 

coating system reveals the relationship between coating microstructure, thickness and its 

resistance to corrosion; it provides a fundamental interpretation, at a diffusion layer level, 

of the roles of thickness and porosity in governing the electrochemical impedance of the 

coating system. The result suggests that the characteristic diffusion parameter in the 

diffusion impedance (Eq. 4-8 a) should be taken into account in the coating system design; 

and also that the coating thickness and porosity should be included in determining the 

characteristic diffusion parameter in the diffusion impedance. 
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Application of PMMA Treatment 

The post-deposition treatment with PMMA showed a significant effect in providing anti-

corrosion properties to a coating system by clogging pores in the coating. Combining the 

method of PMMA treatment with electrochemical tests and EEC analyses, an effective 

methodology for the study of a coating system with respect to the influence of defects on 

the coating corrosion behaviours has been developed. 

Systematic Thinking in Coating Systems 

This study illustrates that a coating is a system, where the composition and the deposition 

method determine the microstructure and therefore determine the mechanical properties. 

Tribological and corrosion behaviours of a coating system are influenced by both the 

microstructure and the properties of the coating and substrate. To study or design a 

coating system for a specific application, all of these factors and relationships must be 

considered. For wear resistance applications, the coating system is basically required to 

have high resistance to plastic deformation, which is indicated by the H /E ratio. In 

addition, a high hardness and low coefficient of friction is preferred. Also an oxidation 

resistant composition is beneficial to reduce chemical reactions due to the elevated 

temperature of the wear process. For erosion resistance applications, the coating systems 

are also required to have high resistances to plastic deformation. Additionally, in some 

particular erosion conditions, brittleness and ductility should be taken into account with 

consideration of the effect of impingement angle. For corrosion resistance applications of 

a coating system, in addition to anti-corrosion compositions, dense microstructure and 

sufficient thickness are required. 
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5.3. Future Work 

This study successfully accomplished the goal in exploring the factors governing the 

tribological and corrosion behaviours and their correlations to the microstructure and 

properties of coating systems. However, some issues need further study. 

In this study, because the Ni electroplating processing time was kept constant (120 

minutes), the plating thickness was not constant for different deposition current 

frequencies. Some of the thinner plates were not able to effectively protect the substrate 

steel from erosion. Further experiments would be needed to generate plated samples with 

uniform and sufficient thickness in order to avoid the influence from the substrate. 

Further work could include a measurement of the coating fracture toughness. A 

correlation between fracture toughness and erosion resistance of a hard coating system 

should be established, particularly for erosion at high impingement angles. 

Multiple layered coating systems should also be explored. Future work on multiple 

layered coating systems, including superlattice structures, are expected to show enhanced 

overall resistance to wear and corrosion. The expected high resistance to wear is attributed 

to a high overall hardness and resistance to plastic deformation. The resistance to 

corrosion is expected to be higher than that of a single layered coating system for the 

same coating thickness and porosity, based on the expected lower overall effective 

diffusion coefficients through the multiple layered coating systems. 
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