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LAY ABSTRACT 

Coating properties such as hardness, residual stress, adhesive behaviour, 

elastic modulus, and roughness significantly affect tool performance and wear 

patterns, besides machining parameters and conditions. This research focuses on 

CrN coatings deposited by PVD cathodic arc deposition, adjusting the N2 gas 

pressure while keeping bias voltage constant. The research investigates and 

illustrates that CrN coatings can be specifically tailored (by adjusting the N2 gas 

pressure) to possess unique mechanical, and tribological properties that 

ameliorate machining performance in scenarios involving BUE formation. Three 

CrN coatings were deposited using the PVD technique by varying the N2 gas 

pressure. A thorough coating characterization was conducted for each of three in-

house deposited coatings and one commercially available coating. The wear 

behaviour of different CrN-coated WC tools was evaluated during dry finish turning 

of SS 304 to identify the best-performing coating. Lastly, high-temperature coating 

characterization was performed up to 450 ˚C for one in-house deposited coating 

(nitrogen gas pressure of 4 Pa, bias voltage of -50 V) and one commercial coating. 

The results showed that a coating that has low H/E ratio (without compromising 

elastic modulus), high plasticity index, high toughness, moderate residual stress 

and low roughness effectively minimizes issues related to sticking and BUE 

formation and retains coating properties at high temperatures. 
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ABSTRACT  

Various nitrides, such as chromium nitride and titanium nitride, find 

extensive use in cutting tools, micromechanical devices, and medical implants due 

to their exceptional physical, mechanical, and chemical properties. These coatings 

exhibit superior hardness compared to high-speed steel and cemented carbide 

along with notable protective capabilities against corrosion and wear. These 

coatings have been successfully used to enhance the properties of cemented 

carbide and steel tools while safeguarding their surfaces. By adjusting deposition 

parameters like N2 gas pressure, the properties of PVD coatings can be tailored to 

effectively withstand specific dominant wear modes during machining. The study 

investigates and demonstrates that CrN coatings can be specifically engineered to 

have distinct mechanical and tribological properties by adjusting the N2 gas 

pressure, which enhances machining performance in cases where BUE formation 

occurs. A comprehensive coating characterization was conducted for each CrN 

coating studied. Wear performance assessments of the various CrN-coated WC 

tools were carried out during dry finish turning of SS 304. Additionally, high-

temperature coating characterization was performed for the best-performing in-

house deposited coating (nitrogen gas pressure of 4 Pa, bias voltage of -50 V) and 

a commercial coating, up to 450°C. The results highlighted the influence of N2 gas 

pressure on the structural, mechanical, and tribological properties of CrN coatings. 

The findings indicate that coatings with a comparatively low H/E ratio (while 

maintaining higher elastic modulus values), low roughness, moderate residual 
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stress, high plasticity index, and high toughness exhibited superior performance 

when machining sticky materials and in high-temperature applications prone to 

adhesive wear and built-up edge (BUE) formation. Furthermore, high-temperature 

studies confirmed that the in-house coating retained a low H/E ratio, high plasticity 

index, high toughness, and low roughness, without compromising the hardness or 

elastic modulus values. In contrast, the commercial coating failed to retain its 

properties at higher temperatures. These high-temperature studies provide 

valuable insights for selecting CrN coatings tailored for machining materials that 

tend to adhere to the cutting tool and for high-temperature applications. 
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Chapter 1 – INTRODUCTION 

 1.1 Research Background and Motivation 

Self-adaptive PVD coatings are used nowadays in many machining 

applications where adhesion-related problems predominate. For machining 

applications that involve titanium machining, stainless steel machining, or the 

stamping operation, one of the main drawbacks is the tendency for the work 

material to stick to the tool body. Such intensive adhesion results in built-up-edge 

(BUE) formation, and, as BUE is an unsteady structure, it can take a big chunk of 

tool material with it when it breaks. Because BUE formation is unavoidable in 

machining, reducing BUE formation is necessary for better tool performance and a 

smoother surface finish. To limit BUE generation, the properties of a coating need 

to be modified since it is primarily the properties that dictate the performance of a 

PVD coating. CrN coatings have been found to outperform other coatings in 

machining applications where BUE generation is dominant. Their chemical 

stability, excellent oxidation, and corrosion resistance, low coefficient of friction and 

enhanced toughness, play a significant role in machining sticky materials, as they 

help to reduce material adhesion. To attain these properties and reduce BUE, a 

certain combination of hardness, elastic modulus, H/E ratio, and plasticity index is 

required in a coating [1], [2].  

Stainless steel is one of the most widely used metals not only in the 

manufacturing industry but also in most chemical and food processing 
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industries [3]. Out of all the stainless steel, SS 304 is used the most in building 

materials, medical equipment, aerospace, ship parts, and vehicle accessories. 

Several studies have been conducted for machining SS using cemented WC 

tools, high-speed steel (HSS) tools, diamond tools and ceramic tools. For 

machining stainless steels, cemented carbide tools are considered the most 

suitable commercially available tool material due to their ideal combination of 

high elastic modulus, resistance to thermal shock, abrasion resistance, 

resistance to corrosion, and mechanical impact strength [4], [5]. When working 

with SS 304, due to its machining restrictions in terms of adhesion wear, poor 

tensile strength, chemical affinity, and built-up edge, some irregular wear is 

observable on the tool surface. 

In the manufacturing industry, vapour deposition techniques such as 

physical vapour deposition (PVD) and chemical vapour deposition (CVD) are 

frequently used to enhance productivity, safeguard tools, and improve tool life and 

performance. Hard transition metal nitride coatings produced by PVD cathodic arc 

plasma deposition have been employed successfully in many industrial 

applications, compared to CVD [6]–[8]. Due to its capability for fast deposition 

speeds and superior adherence of the coating to the surface, the cathodic arc 

process has been gaining popularity [9]. In the machining process, tool wear is 

unavoidable and due to this wear overall productivity, product quality, and 

dimensional accuracy are affected. Therefore, it is very important to reduce 

tool wear and to improve productivity and reduce tool wear rates. Tool coatings 
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are widely used in almost all machining applications. To design coatings with 

advantageous properties, various studies have attempted to comprehend the 

deposition process for CrN coatings as CrN forms a Cr2O3 tribo-film with thermal 

barrier characteristics [10].  

Alongside other parameters like reactive gas pressure, bias voltage, 

deposition temperature, and table rotation speed, nitrogen gas pressure plays a 

vital role in depositing CrN thin films because it directly affects the formation of the 

main structure of the material [11]. Modifying the aforementioned parameters 

influences ion bombardment energy, considered as most crucial deposition 

variables that define coating features including residual stress, structure, and 

texture [12]. Previous research has shown that a relatively high nitrogen pressure 

results in less compressive residual stress than is seen at lower pressures. As 

interfacial stresses are high in higher compressive residual stress, the adhesion 

between the coating/substrate reduces, sometimes resulting in coating failure and 

spallation [13]. Another study found that nitrogen pressure can alter properties 

including structure, phase orientation, grain size, and defects; those properties can 

directly influence elastic modulus, coating’s adhesion behavior, and hardness [6]. 

Besides these, nitrogen gas pressure can influence coating’s chemical 

composition, which affects other characteristics like hot hardness and oxidation 

resistance [14], [15]. Therefore, a coating’s properties, such as its microstructure, 

hardness, elastic modulus, residual stress, and adhesion, can be modified to 

achieve desired properties by changing those deposition parameters [16]–[19] for 
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a machining application where machining performance is dominated by a specific 

wear mode [6]. Previous researchers showed that, when the main aim is to reduce 

BUE formation, it is necessary for a CrN coating to have an optimum combination 

of micro-mechanical properties—a combination of a low H/E ratio, high toughness, 

low roughness, and high plasticity index—which is attainable by changing the 

deposition parameters [1], [2]. 

To the author’s knowledge, no prior study has been conducted investigating 

the effect of N2 gas pressure on CrN coatings, relating those properties to suitability 

for a particular application, and studying high-temperature effects on coating 

properties. Therefore, an in-depth characterization has been done to analyze the 

structural, mechanical and tribological properties of in-house deposited chromium 

nitride coatings and to compare them with a commercially available coating, 

providing valuable insights into finding the best deposition conditions to reduce 

built-up edge formation. Dry high-speed finish turning of SS 304 was conducted to 

identify the best coating that helps to minimize build-up edge and high-temperature 

studies were conducted for two coatings to figure out the effects of the structural, 

mechanical, and tribological properties of the coatings. 

1.2 Research Objective 

The primary objective of this study is to determine the essential properties 

of a CrN coating that contribute to enhanced tool performance against BUE 

formation and to identify how to achieve and/or manipulate these properties 

depending on the end application. The research goals of this study are as follows: 
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1. Investigate the influence of N2 gas pressure on coating properties: 

Examine how variations in the N2 gas pressure impact the properties of 

the coating. 

2. Analyze structural, mechanical, and tribological Properties: Identify the 

structural, mechanical, and tribological properties of a coating tailored 

for a specific application by adjusting the N2 gas pressure. Compare 

these properties with those of an existing commercial CrN coating. 

3. Compare the tool performance of coated and uncoated CrN tools: 

Compare the performance of coated and uncoated CrN tools to 

determine the most suitable coating for machining adhesive materials. 

4. Conduct high-temperature studies up to 450°C: Perform high-

temperature investigations on two coatings—the top-performing in-

house deposited coating and the commercial coating. Explore the impact 

of elevated temperatures (up to 450°C) on coating’s structural, 

mechanical, and tribological properties. 

By addressing these research objectives, this study aims to enhance our 

understanding of coatings' behaviour and performance under various conditions, 

contributing to the advancement of machining technologies and material 

processing. 
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1.3 Thesis Outline 

This thesis is structured into five chapters. The outline is summarized below: 

CHAPTER 1: INTRODUCTION – An overview of the research background 

along with the motivation and research objectives of this work are outlined in this 

chapter. 

CHAPTER 2: LITERATURE REVIEW – To provide a thorough 

understanding of the research area pursued in this thesis, this chapter imparts a 

comprehensive synopsis of machining, tool wear and mechanisms, tool coatings, 

self-adaptive PVD coatings, the effect of deposition parameters, properties of, and 

challenges of machining stainless steel. 

CHAPTER 3: EXPERIMENTAL PROCEDURE – Detailed information about 

the stratagem, experimental setups, workpiece and cutting tool materials, and 

experimental test parameters are presented in this chapter. The chapter is divided 

into three sections: Coating deposition; Experimental setup – Coating testing and 

characterization; and Experimental setup – Machining. 

CHAPTER 4: RESULTS AND DISCUSSION – Detailed presentations of the 

study's findings are made in this chapter in three sections: Study A – Structural, 

mechanical and tribological properties of CrN coatings, Study B – Machining 

studies and Study C – Higher temperature studies. 

CHAPTER 5: CONCLUSION and FUTURE WORK – This section provides 

a concise summary of the research, highlighting the important findings. Ideal 

deposition parameters for machining sticky materials are drawn from the study’s 
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outcomes. In addition, based on the findings of this study, recommendations are 

provided for future research. 
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Chapter 2 - LITERATURE REVIEW 

2.1 Machining 

To achieve a desired geometry, numerous metal removal processes are 

done on a block of material, and the material is removed in the form of chips in 

machining or metal cutting. The most common and widely used machining 

operations are turning, milling and drilling. A cross-sectional view of the machining 

process is shown in Figure 2.1. 

 

Figure 2.1 Machining process (cross-sectional view) 

 2.2 Tool Wear Modes and Tool Wear Mechanisms 

During cutting, the shape of the tool can change from its original shape due 

to deformation or gradual loss of material. This phenomenon is called tool wear 

[20]. In machining, tool wear is unavoidable and affects overall productivity, 

product quality, and dimensional accuracy. Therefore, in any machining process, 

it is very important to reduce tool wear.  
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Tool wear occurs as a result of high temperature, load, and friction 

between the cutting tool and the workpiece. As a result of tool wear, the outer 

surface of the tool initially deforms or becomes displaced, finally breaking the 

tool or removing a big chunk of material from the tool. Figure 2.2 illustrates 

different types of tool wear seen on tools during machining. There can be both 

gradual and drastic breakdowns in tool wear [21]. 

 

Figure 2. 1 Types of tool wear [22] 

Gradual wear on tools appears as flank wear on the flank face, crater 

wear on the rake face, or notch wear usually on the flank face. It can develop 

by one or more combinations of the following wear mechanisms: diffusion, 

adhesion, abrasion, or plastic deformation. Sudden and unexpected loss or 
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breakage of material is a form of drastic breakdown which can appear through 

chipping, fracture, or thermal fatigue due to fluctuations in the temperature [23]. 

There are different types of tool wear such as BUE formation, flank wear, 

notch wear, crater wear, thermal and mechanical fatigue, fracture, plastic 

deformation, and chipping according to the ISO standard 3685:1993 [24]. 

Among these wears, the most common types of wear are flank wear and crater 

wear. Tool wear can be caused due to cutting speeds, depths of cut, and feed 

rates. For example, at high cutting speeds notch wear and diffusion wear were 

seen during machining [25].  

2.3 Cutting Tool Coatings 

The majority of the tools used in the machining sector nowadays are coated 

tools. A coating's primary goal is to improve the cutting tool's resistance to wear. 

In any machining operation, the highest temperature can be seen in the tool-chip 

interface due to friction. Coatings have been applied to minimize high cutting 

temperatures on the cutting tools. In order to understand the behaviour of a coating 

and how its use affects cutting temperature, detailed studies are required. Coatings 

should be designed to reduce friction, serve as a thermal barrier, supply wear 

resistance, and most importantly withstand severe machining conditions. Even at 

high temperatures and under heavy loads, it is necessary for a coating to maintain 

great adherence to the substrate of the cutting tool. The most commonly used 

coating techniques are PVD and CVD. Vapour deposition techniques (PVD and 

CVD) are frequently used in manufacturing the industry to enhance productivity, 
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safeguard tools, and improve tool life and performance. Hard transition metal 

nitride coatings produced by PVD cathodic arc plasma deposition have been 

employed successfully in many industrial applications, compared to CVD [6]–[8]. 

Due to the capability to achieve high deposition speed and superior adherence to 

the surface, the cathodic arc process has gained popularity [9]. 

2.3.1 PVD Coating  

PVD is a vacuum coating process. Evaporation or sputtering is used in this 

procedure to physically remove the substance to be deposited from the target. The 

vapour particles inside the chamber get concentrated onto a substrate surface. On 

appropriately positioned parts, vapour particles are condensed, and thus create a 

film. In Figure 2.3, a schematic illustration of the PVD process is presented. 

 

Figure 2.3 Schematic illustration of PVD process [26] 

The average thickness range of coatings deposited using the PVD 

technique is a few nanometers to several microns. By employing a comparable 

source material or reactive gases like nitrogen, oxygen, or hydrocarbons carrying 
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desired reactants, chemical compounds can be deposited onto the desired surface 

by causing those sources to react with the metal inside the chamber [27]. PVD 

coating method produces sharp-coated edges. The resultant high intrinsic 

hardness and advantageous compressive stress of coatings applied via PVD 

prevent crack initiation. The ability to de-coat PVD-coated tools makes re-

sharpening them considerably simpler and lowers production costs. Various PVD 

and CVD coatings have been utilized to improve the wear resistance of tools during 

stainless steel machining. It has been found that PVD-coated WC cutting tools 

exhibit longer tool life than CVD-coated WC cutting tools during the machining of 

super-duplex stainless steels [28].  

Self-adaptive PVD coatings react to cutting conditions selectively. By 

interacting with their surroundings, self-adaptive coatings create advantageous 

tribo-films. As the coating system reacts with its environment (mostly oxygen), thin 

films called tribo-films form on the tool's worn surface or tool-workpiece interface. 

In comparison to the workpiece bulk material, these dynamic structures have 

diverse chemical compositions, tribological behaviours, and forms [29], [30]. 

According to the literature, self-adaptive PVD coatings can generate tribo-

films at the tool-workpiece interface through interactions with the environment. 

These lubricious coatings could be applied to cutting tools to improve their wear 

performance during the machining of stainless steel. 

2.3.2 CrN Coating 

Various nitride coatings such as chromium nitride (CrN), titanium nitride 
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(TiN), zirconium nitride (ZrN) and so on are continuing to attract the attention of 

many researchers due to their mechanical, physical, chemical, and electrical 

properties. These coatings have superior hardness to that of high-speed steel and 

cemented carbide as well as demonstrated protective capabilities against 

corrosion and wear [8], [31]. These coatings have been used successfully to 

protect materials and improve certain properties of tools made of cemented 

carbides or steel. The CrN coating is one of the best among this group of coatings. 

CrN coatings have been developed for high-temperature wear applications, such 

as cutting tools or die-casting molds due to their distinct mechanical characteristics 

and oxidation resistance. Currently, CrN is one of the most widely employed hard 

coatings. Studies have shown that CrN coatings exhibit low thermal conductivity, 

excellent corrosion and wear resistance, and high microhardness [32]. CrN thin 

films also offer an ideal preference in corrosion and high-temperature applications, 

outperforming TiN thin films due to their lower temperature resistance [33]. In 

addition, a certain combination of properties of CrN coatings, such as a low H/E 

ratio (without compromising elastic modulus), low roughness, high plasticity index 

and high toughness performed better in reducing adhesion wear where BUE 

formation is predominant [1]. 

2.4 Deposition Parameter Effects on Coatings 

The coating architecture, deposition technique, and process variables, such 

as the reactive gas pressure, bias voltage, deposition temperature, and table 

rotation speed, affect the mechanical properties and performance of PVD coatings 
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[6], [31], [34], [35]. Ion bombardment energy, one of the most important deposition 

variables that determines coating properties including structure, residual stress, 

and texture, is affected by modifying the aforesaid parameters [12]. Previous 

studies have demonstrated that increases in nitrogen gas pressure 

correspondingly reduce the amount of compressive residual stress.  Higher 

compressive residual stress is associated with higher interfacial stresses, which 

reduces the adhesion between the coating/substrate system. In some cases, this 

can result in coating failure and spallation [13]. Another study stated that nitrogen 

pressure can change coating properties including structure, grain size, preferential 

orientation, and coating defects. These properties can have a direct impact on 

coating adhesion, elastic modulus, and hardness [6]. In addition to these, nitrogen 

pressure can modify a coating’s composition, which affects other properties such 

as oxidation resistance and hot hardness [14], [15]. Therefore, by adjusting the 

deposition parameters, a coating’s properties such as hardness, elastic modulus, 

microstructure, adhesion, and residual stress, can be modified to obtain desired 

attributes [16]–[19] for a machining application where a particular wear mode 

dominates machining performance [6]. Previous researchers have shown that an 

optimal combination of micromechanical properties such as a lower H/E ratio, 

higher toughness, lower roughness and higher plasticity index of CrN coatings, is 

necessary where BUE formation is predominant and which can be attainable by 

changing the deposition parameters [1], [2]. 



 

15 
 

M.A.Sc. Thesis - Shahana Akter McMaster-Mechanical Engineering 

2.5 Stainless Steel 

Stainless steels are mostly selected for their advantageous characteristics, 

such as their resistance to corrosion, excellent strength, high-temperature 

oxidation resistance, or cryogenic capabilities. About 18% chromium (Cr) is present 

in SS 304. As Cr enhances grain refinement, it helps to increase the hardness of 

steel without transforming the ductility. Furthermore, at high temperatures, SS 

304's strength is also increased because of Cr content. At least 8% nickel (Ni) is 

present in SS 304 which contributes to improved toughness, especially at low 

temperatures, and diminishes scratches. Ni also helps SS 304 resist heat, which 

contributes to the material's low thermal conductivity [36], [37]. Due to the inability 

of the heat generated at the tool/chip/workpiece interfaces to be transmitted away 

from the edge of the tool, the temperature rises significantly, making SS304 difficult 

to machine. The temperature of the cutting tool might reach 1000 °C during 

machining because 80% of the heat produced is transmitted to the tool. This high-

temperature results in the acceleration of tool wear through diffusion and oxidation 

[38]. Another challenge of machining SS 304 is its high strain hardening rate. As a 

result, more workpiece material adheres to the cutting tool causing BUE formation 

and producing unstable chips [39]. 

2.5.1 Machining Challenges of SS 304 

2.5.1.1 Built-Up Edge 

Due to high friction and pressure at the tool-workpiece interface material 

sticks to the rake face of the tool. As the material gets deposited and reaches a 
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critical amount, it starts to contribute to the cutting process. This welded material 

(BUE) causes dimensional inaccuracy and poor surface finish as the geometry of 

the tool changes. Eventually, a part of that welded material will detach during 

machining which may result in crater wear, as during the detachment a small 

portion of the tool may be carried away. During the turning of SS 304 using a WC 

P10 cemented carbide tool, it has been seen that with the increase in feed rate 

BUE builds up, but it diminishes with the increase in cutting speed [40]. 

2.5.1.2 Plastic Deformation 

The machining of soft (Ductile) materials sometimes results in tool chipping 

and wear as the materials get plastically deformed past the yield point. As high 

temperatures result at the interface between tool and workpiece, the continuous 

chips stick to the tool. When the chips eventually split away, , they carry a small 

portion of the tool with them [41]. Sometimes these long continuous chips create 

a bird’s nest which damages both the workpiece and the tool. 

2.5.1.3 Thermal Conductivity 

During machining, the highest temperature occurs at the tool-chip interface. 

The materials near the shear plane undergo plastic deformation and form chips 

that flow over the tool rake face. Near the secondary shear zone, however, the 

chips further experience plastic deformation which results in an increase in 

temperature at the tool-chip interface. Only a small portion of heat travels toward 

the workpiece due to the lower thermal conductivity of stainless steel. The 

temperature of the tool can rise to 1000˚C as almost 80% of the generated heat 
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gets passed to the tool. High temperatures cause oxidation and diffusion wear, 

resulting in rapid tool wear and shortening tool life [42]. 

2.5.1.4 Work Hardening 

Work hardening of any material is undesirable. Heat generates between 

the cutting tool and workpiece and work hardening occurs when heat transfers 

to the workpiece material and leads to plastic deformation. Work hardening can 

cause both abrasive and notch wear. However, notch wear can also occur due 

to corrosion or other chemical processes [43]. 

2.5.2 Various Cutting Tool Materials  

High-speed steel (HSS) has been widely used for machining various alloys. 

However, its use is limited by the tool’s catastrophic failure, as chips become 

excessively hot above 45 m/min cutting speed. Researchers have found that high-

speed steel tools fail due to fatigue failure and have a shorter tool life than 

cemented carbide tools [44]. 

Diamond tools such as cubic boron nitride (CBN), polycrystalline diamond 

(PCD), and natural diamond (ND) are used to machine various non-ferrous alloys 

due to their high hardness and dimensional stability. However, diamond tools are 

not suitable for machining stainless steel because of their strong carbon affinity. In 

addition, they are the most expensive cutting tools [45].  

Ceramic tools are highly regarded for machining non-ferrous metal due to 

their chemical stability and low affinity. Moreover, they offer outstanding resistance 

to abrasion and crater wear as well as high-temperature compressive strength and 
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hardness. However, their application in machining steel alloys is limited due to their 

low fracture toughness, tensile strength, and thermal shock resistance [46], [47].  

Cemented carbide tools are widely used for machining metal materials. 

Many researchers have used cemented carbide-coated tools during the machining 

of stainless steel. Ahmed et al. [48], studied the effect of BUE on the stable region 

of the tool life curve during the machining of SS 304 with an uncoated WC tool. 

The results revealed that as BUE formation increased, the tensile residual stress 

in the tool decreased. Xavior et al. [49], investigated the influence of different 

cutting fluids on tool wear and surface roughness during the turning process of SS 

304 with a WC tool. Chandramohan [25] used the Taguchi method to find out the 

appropriate process parameters that helped to reduce surface roughness during 

dry machining of SS 304. However, obtaining low surface roughness during dry 

machining conditions remains a persistent challenge.  

2.5.3 Dry High-Speed Machining  

Within the manufacturing industry, there has recently been an increasing 

interest in green or dry manufacturing. This approach aims to reduce negative 

environmental effects while addressing occupational health and safety-related 

concerns. The primary benefits of dry machining include reduced air and water 

pollution, elimination of liquid residue on the workpiece that requires cleaning and 

elimination of additional costs associated with liquid disposal and cleaning agents. 

The intake of liquid lubricants and coolants may cause skin irritations and 

respiratory damage. Overall, dry machining reduces machining expenses by 16 – 
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20% [50], [51]. However, the disadvantages of dry machining include increased 

adhesion and friction between the tool-chip interface [52].  Tekiner and Yeşilyurt 

[40] conducted research to determine the optimal cutting conditions for machining 

SS 304 using acoustic emissions. Various combinations of cutting speed, depth-

of-cut and feed rate were varied in the study using a WC tool. The data 

demonstrated that increasing cutting speed and feed rate result in a significant 

reduction in BUE formation. 

To enhance the machinability of SS 304, numerous studies have been 

conducted using various cutting tools, coatings deposited by different deposition 

methods, and cutting conditions. In machining, achieving an acceptable surface 

quality is very challenging. A substantial amount of research has been conducted 

to improve the surface roughness by fine-tuning both the machining parameters 

and the machining conditions. Xavior et al. [49] investigated the tool wear and 

surface roughness of AISI 304 using different cutting fluids. Selvaraj and 

Chandramohan [53] used the Taguchi method to identify the optimal parameters 

for machining AISI 304 to reduce surface roughness. Despite these efforts, 

achieving minimal surface roughness during dry machining is still challenging.  

2.5.4 Wear Performance - Coated Tools Used in Machining SS 

In machining, flank wear is considered one of the most critical types of wear 

[54], drawing the attention of many researchers investigating its occurrence during 

stainless steel machining. According to current research, the use of PVD coatings 

on cutting tools reduces flank wear [55]. The enhanced performance of PVD 
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coatings is due to the formation of tribo-films that serve as a protective thermal 

barrier.  

Adhesion is another wear mechanism commonly found while machining 

stainless steel. This leads to the formation of BUE, contributing to undesirable 

friction conditions at the tool-workpiece interface. Ciftci [56] investigated BUE 

generation using CVD coated carbide tools during the machining of AISI 316 and 

AISI 304 at cutting speeds of 120 m/min and 180 m/min. the results showed that 

at low speeds, the coated tool exhibited rapid tool wear along with occasional 

chipping, whereas at high speeds, the tool’s cutting edge demonstrated less wear. 

The variance in performance can be ascribed to reduced adhesion between the 

cutting tool and BUE at higher cutting speeds.  

2.6 Machining Parameters Selection  

Figure 2.3 illustrates a summary of the literature about machining 

parameters. A machining condition for dry high-speed machining has been 

carefully chosen for the current study through a detailed analysis of the machining 

parameters available in the literature.  
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Figure 2. 2 Selection of machining parameters based on the literature 

For machining SS 304, a speed of 120 m/min, feed rate of 0.15 mm/rev and 

depth of cut of 0.25 mm were chosen. No coolant was used during machining.  
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Chapter 3 – EXPERIMENTAL WORK 

In this chapter, the experimental methodology is presented. The 

experimental setup was designed to investigate the effect of N2 gas pressure on 

coating properties. The objective was to figure out the most effective combination 

of properties for mitigating the adhesive-related problem. Through a dry high-speed 

machining test, an investigation was conducted to determine if a certain 

combination of properties could reduce BUE formation and to identify the optimal 

deposition parameters. Lastly, high-temperature studies were performed using the 

best-performing in-house coating and the commercial coating. The goal was to 

investigate the effect of high temperatures on the coating properties.     

In the first section, the deposition technique and procedure for the coating 

deposition are discussed. 

Instruments and parameters used to analyze the microstructural, 

mechanical, and tribological properties of the coatings are discussed in the second 

section. The characterization data was collected to help figure out the optimal 

combination of properties for minimizing BUE formation. In this section, 

instruments and parameters used for high-temperature studies are also presented. 

In the last section, machine information and cutting parameters are 

described for machining SS 304. Presented in this section is the procedure used 

for analyzing tool life performance, cutting force data, and tribological studies of 

the chips.  
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3.1 Coating Deposition 

CrN coatings were deposited onto Kennametal CNGG432 and RNG45 

tungsten carbide cutting inserts by arc evaporation using an AIP-S20 PVD coater 

(Kobelco, Japan) with a 100 mm-diameter Cr target (99.9% purity) at the McMaster 

Manufacturing Research Institute’s PVD coating facility. The mirror-polished WC 

substrates were cleaned in acetone with an ultrasonic cleaner. The substrates were 

cleaned in-situ using argon ion etching with a substrate bias voltage of 400 V at a 

pressure of 1.33 Pa for 7.5 minutes after the pumping-down technique, which 

reached a pressure of 10 x 10-3 Pa. The Cr target was powered in arc mode. The 

temperature of the chamber was 500 °C during the deposition process. N2 was 

used as the processing gas. The pressure of the N2 gas varied while maintaining 

a bias voltage of -50V. Table 3.1 shows the nomenclature for the coatings and the 

variation in deposition parameters. 

Table 3. 1 Variation of deposition parameters 

Nitrogen gas 

pressure (Pa) 

Bias 

voltage 

(V) 

Temperature 

(˚C) 

Arc 

Currents 

(A) 

Rotation 

Speed 

(RPM) 

1.33 (Coating A) 

4 (Coating B) 

5.5 (Coating C) 

-50 500 150 5 

 

3.2 Coating Testing and Characterization 

The coatings were deposited on Kennametal CNGG432 and RNG45 

tungsten carbide cutting inserts. The inserts were polished using an automatic 
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polisher before deposition. The flat, polished RNG45 inserts were used for the 

coating characterizations. Using the Calotest method, coating thickness was 

measured with a 25 mm steel ball. With a Helios 5 UC Dual Beam scanning 

electron microscope (SEM), optical examinations of the crystalline structures of the 

coatings' fracture sections were performed. An FEI Magellan 400 with SEM that 

was equipped with two Oxford Instrument X-Maxn 80 mm2 EDS detectors was 

used to perform and analyze composition measurements. Image J software was 

used to measure the area fraction of porosity and area fraction of macroparticle 

density. 

An Anton Paar-NHT3 Nanoindentation Tester (Buchs, Switzerland) (Figure 

3.1) was used to measure the coating’s hardness and elastic modulus. For each 

insert, at room temperature with a Berkovich diamond indenter at a load of 40 mN 

10 nanoindentations were done to measure the hardness and elastic modulus of 

the coating. During indentation, to avoid any substrate effect as well as to lower 

the impact of surface roughness, the penetration depth was kept at less than 10% 

of the total coating thickness.  
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Figure 3.1 Experimental setup for the nano-indentation test 

To study the failure behaviour of the coating, an Anton Paar-RST3 

Revetest® Scratch Tester (Buchs, Switzerland) (Figure 3.2) was used under 

progressive loading. The tests were performed with a 100 μm end radii Rockwell 

diamond indenter, with loads increasing progressively from 0.5 N to 40 N for a 

scratch length of 3.5 mm. For high-temperature studies a 200 μm end radii 

Rockwell diamond indenter under a progressive load of 0.5 N to 150 N was used. 

At a 0.5 N load, pre- and post-topography scans were conducted. The scratching 

speed and loading rate were kept constant at 4.43 mm/min and 50 N/min, 

respectively. For each coating, the tests were iterated three times. 

Berkovich Indenter 
Sample 

Microscope 
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Figure 3.2 Experimental setup for the scratch test 

An Anton Paar- TRB3 Pin-on-Disk tribometer (Figure 3.3) was used to 

measure the coefficient of friction of the coatings. All the tests were done with a 6 

mm alumina ball where the normal load was 20 N, the total distance was 250 m, 

the amplitude was 4 mm, and the frequency was 8 Hz. With the help of an Alicona 

Infinite Focus G5 3D, provided by Alicona Manufacturing Inc. (Bartlett, IL, USA), 

the wear track profile was measured using a surface measurement module. The 

length of the wear track was measured using a Keyence optical microscope, model 

VHX-5000 Series, KEYENCE America (Elmwood Park, NJ, USA). 

Rockwell diamond 
indenter 

Sample 

Microscope 
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Figure 3.3 Experimental setup for measuring the coefficient of friction 

A Durascan 50 5G (Figure 3.4) was used to measure the toughness of the 

coatings. The applied load was HV5 and the toughness values were calculated by 

the load and the total crack lengths (measured from the crack tip to the corner of 

each indent). The roughness measurements were performed on an Alicona Infinite 

Focus G5 3D surface measurement system (Alicona Manufacturing Inc., Bartlett, 

IL, USA). The scan area for measuring the roughness was approximately 1.6 mm 

x 1.6 mm and the magnification was 10 x. The measurements were taken three 

times and an average value was considered. Optical images of the coating 

surfaces were taken on a VHX‐5000 Keyence optical microscope (KEYENCE 

Corporation of America, Itasca, IL, USA). 

Sample 
Pin (Alumina ball) 

Loads 
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Figure 3.4 Experimental setup for measuring toughness 

A Bruker D8-Discover equipped with a 2D detector VAATEC-500 was used 

to investigate the phase composition and crystal structure of the coatings. The 

radiation was Cu-Kα (1.540 Å) and the operating conditions were 40 kV and 40 

mA. The software used for residual stress calculation was LEPTOS 7.8 and for 

phase identification, DIFFRAC.EVA V6.0. The grazing incidence diffraction method 

was used for phase identification and residual stress measurement. To identify the 

diffraction planes, a comprehensive scan was performed where the angular range 

was 10˚ to 90˚, using an incidence angle of 2˚. 

The surface topography and morphology of CrN coatings were estimated 

with the help of an Anton Paar ToscaTM 400 atomic force microscope (AFM) (Graz, 

Sample 

Microscope 

Vicker’s indenter 
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Australia) (Figure 3.5). For the scanning process, the tapping mode was used with 

a commercial silicon probe of 285 kHz resonant frequency and 42 N/m constant 

force. The scan area was 2 μm x 2 μm and the ToscaTM (version-7.4.8341) analysis 

software was employed for data analysis and image processing. 

 

Figure 3.5 Experimental setup for measuring surface morphology and roughness 

High-temperature studies were performed using a Nabertherm furnace. The 

samples were heated up to 450 ˚C using increments of 150 ˚C. For each 

temperature, a separate set of samples was used. The samples were held inside 

the furnace for one hour before being taken out to cool in the air. Once the samples 

were fully cooled down, tests were performed on them see how high temperatures 

affected the coating properties. 

Sample 
Cantilever 
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3.3 Machining 

The coated tool wear characteristics were investigated using cutting tests. 

Dry high-speed turning tests were performed on a NAKAMURA SC450 turning 

machining centre (Nakamura company, Hakusan Ishikawa, Japan) using an 

MCLN-5° Kennametal KenlocTM tool holder. Figure 3.6 demonstrates the 

experimental setup for dry high-speed turning operation. CNGG432 carbide grade 

(WC, 6% Co) K313 inserts from Kennametal were used for dry finish-turning 

studies. A round bar (105 mm diameter by 250 mm length). of AISI 304 was 

investigated during machining.  

 

Figure 3.6 Emperical setup for dry high-speed turning 

Table 3.2 illustrates the mechanical properties and chemical composition of 

SS 304 [14], and Table 3.3 summarizes the cutting parameters for the experiments. 

The cutting conditions were selected on the basis of the literature review and 

industrial recommendations. 
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Table 3. 2 Chemical composition and mechanical properties of stainless steel 304 

Chemical Composition (%) 

C Si Mn S P Cr Fe 

0.08 1.0 max 2.0 max 0.03 max 0.045 max 18-20 Balance 

Mechanical Properties 

Yield 

strength 

Tensile 

strength 

Modulus of 

elasticity 

Shear 

Modulus 

Elongation Poission’s 

ratio 

Hardness 

215 MPa 505 MPa 193-200 

Gpa 

86 GPa 70% 0.29 123 HB 

Table 3.3 Cutting parameters 

Cutting data 

Machining 

Operation 

Cutting tool 

substrates 

Workpiece 

material 

Speed, 

m/min 

Feed, 

mm/rev 

Depth of 

cut, mm 

Coolant 

condition 

Turing 
Kennametal 

CNGG432 
AISI 304 120 0.15 0.25 - 

 

Progressive tool wear studies were conducted on Kennametal CNGG432 

carbide grade (WC, 6% Co) K313 inserts under dry high-speed machining. The 

tool life was assessed by measuring the tool flank wear after each cutting pass. All 

the flank wear measurements were taken on a VHX‐5000 Keyence optical 

microscope (KEYENCE Corporation of America, Itasca, IL, USA). According to the 

standard set out in ISO 3685:1993, the cutting tests were carried out until each tool 

achieved a maximum flank wear of 300 μm [24]. In addition to flank wear analysis, 

chip morphology analyses were performed on chips collected after roughly 10 m 

of cutting, using standard practices [57]. 

Volumetric wear measurements were performed on the worn tools at 

intervals of around 200 meters of cutting length. An Alicona Infinite Focus G5 3D 

surface measurement system (Alicona Manufacturing Inc., Bartlett, IL, USA) was 
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used for detailed inspections of the cutting inserts. The Alicona 3D optical system 

with focus-variation technology generated 3D topographical images of the inserts 

with color transition information and precisely measured the volumetric difference 

between each tool when new and worn using the Measure Suite module. A 3D 

volumetric dataset showing the cutting edge of each tool in its unused state was 

acquired as a reference before any cutting experiments were carried out. After 

approximately every 200 meters of cutting length, a 3D volumetric dataset of the 

same cutting edge on the used tool was acquired. By computing the volumetric 

difference between the worn tool and the reference dataset, the Measure Suite 

module aligned the two datasets and assessed the degree of crater wear and built-

up volume on the cutting tools. Chip undersurface surface roughness 

measurements were taken with the Alicona Infinite Focus profile roughness 

module. Each evaluation was carried out three times, and an average reading was 

taken. 

A Kistler Type 9129AA, a 3-component piezoelectric dynamometer, was 

used during machining to measure the resulting cutting forces. The sampling rate 

for data collection was 10 kHz. The LabAMP System developed by National 

Instruments (NI) was used for data processing. Subsequently, chip analysis was 

performed in accordance with M. Shaw [57]. The chips were collected after a 

cutting length of approximately 10 m. The scan area was approximately 3 mm x 3 

mm for all the chips. The magnification was 10 x. The thicknesses were measured 

multiple times, and the average value was considered. The undersurface of the 
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chips was analyzed using an Alicona Infinite Focus G5 equipped with a profile 

roughness module. 
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Chapter 4 – RESULTS AND DISCUSSIONS 

In this chapter, the experimental data and results are discussed. This 

chapter consists of three sections. In the first section, the structural, mechanical, 

and tribological analysis of the coating is presented. A detailed investigation was 

conducted, which is interpreted in this section, to identify the combination of 

properties that performs best in circumstances with adhesion-related problems. 

The second section demonstrates the machining results.  By comparing the tool 

life performance, cutting force data, and chip analyses, a decision was made 

regarding the best-performing coating. Finally, the last section describes high-

temperature study results for the best-performing coating (as derived from the 

machining results) and a commercial coating. This section pinpoints the effects of 

high temperatures on coating properties.  

4.1 Coating Characterization 

4.1.1 Microstructural Analysis 

The in-house coatings were deposited at 1.33 Pa (Coating A), 4 Pa (Coating 

B) and 5.5 Pa (Coating C) nitrogen gas pressure.  A minimum (1.33 Pa), average 

(4 Pa), and maximum (5.5 Pa) N2 gas pressure were chosen: at lower nitrogen gas 

pressures, many particles failed to react adequately with the N ions prior to the 

deposition. As a result, the concentration of Cr ions became greater than the N 

ions in the coating [13]. If the nitrogen gas pressure is high, target poisoning might 
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occur where the target surface is coated with a nitride compound having a higher 

melting point compared to its original metallic form [3].  

In order to evaluate coating’s elemental compositions EDS was used. The 

elemental weight percentage (wt.%) for the coatings on the tungsten carbide 

inserts is represented in Table 4.1. The results indicate a comparable elemental 

composition for all the CrN coatings.  

Table 4.1 Elemental compositions (wt.%) of all WC-coated inserts 

 N Cr 

Coating A 17.9 82.09 

Coating B 18.01 81.99 

Coating C 17.8 82.19 

Commercial 18.35 81.65 

The X-ray diffraction patterns, presented in Figure 4.1 for all the CrN 

coatings, revealed that the coatings have Body Center Cubic (BCC) structures and 

display distinctive peaks at the (111), (200), (220), and (311) crystallographic 

planes.  
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Figure 4.1 XRD patterns of the CrN coatings: (a) Coating A, (b) Coating B, (c) 
Coating C, and (d) Coating D 

Every one of the CrN coatings exhibited a predominant crystallographic 

orientation along the (200) plane [58]. The in-house deposited and commercial 

coatings showed columnar structures as depicted in the coating FIB cross-section 

in Figure 4.2.  
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Figure 4.2 FIB cross-sections (SEM) of CrN coating showing coating structure 
and thickness as well as macroparticles in the commercial coating: 
(a,c,e,g) at 5000 x magnification; (b,d,f,h) at 20000 x magnification 

It can be seen from Figure 4.2 that with an increase in N2 pressure, the 

coatings exhibited columnar crystal growth. In Figure 4.2 (e,f), the columnar 

structure is more prominent [16]. During the nucleation process in PVD, the 



 

38 
 

M.A.Sc. Thesis - Shahana Akter McMaster-Mechanical Engineering 

presence of energetically strong crystallographic texture within a material occurs 

when grains with a favourable orientation expand outward and upward, resulting in 

columnar growth structures [59]. Although all the CrN coatings had similar 

compositions, the dissimilarity in the micro-mechanical properties, as depicted in 

Table 4.2, can be ascribed to variances in the coatings’ structures, as shown in 

Figure 4.2. It has been seen in the literature that variations in column size as well 

as inter-column spacing and distribution can greatly influence the properties and 

performance of coatings, regardless of them having comparable compositions 

[60]–[62]. For example, when column boundaries are dense, the compressive 

stress and hardness of the material tend to increase [63].  

Table 4.2 Micro-mechanical characteristics and residual stress values of CrN 
coatings 

Nomenclature 
CrN Coating 

Coating A Coating B Coating C Commercial 

Thickness, µm 1.32±0.1 1.84±0.1 1.93±0.1 2.01±0.1 

Hardness, 

GPa 
21.7±2.4 19.1±0.44 17.4±1.7 18.7±3.6 

Elastic 

Modulus, GPa 
373.24±17.9 400.92±23.96 343.66±29.8 346.86±85.3 

H/E Ratio 0.058±0.009 0.048±0.003 0.051±0.005 0.054±0.021 

H3/E2 Ratio 0.073±0.03 0.043±0.005 0.044±0.01 0.055±0.073 

Plasticity Index 0.53±0.03 0.61±0.02 0.58±0.04 0.53±1.35 

Mean 

Coefficients of 

Friction, μ 

0.34±0.02 0.15±0.04 0.25±0.04 0.43±0.03 

Modified 

Palmqvist 

Toughness, 

0.8±0.06 1.23±0.05 0.72±0.01 0.86±0.03 



 

39 
 

M.A.Sc. Thesis - Shahana Akter McMaster-Mechanical Engineering 

N/μm 

Roughness 

Sa, µm 
0.16±0.19 0.12±0.15 0.14±0.17 0.24±0.38 

Residual 

Stress, MPa 
-1942.9±168.1 -761.5±153.7 -559.8±108.8 -538.9±117.0 

With this in mind, the higher compressive stress and hardness levels 

observed in Coating A compared to the others (as stated in Table 4.2) can be 

attributed to its densely packed column boundaries. Many researchers have 

highlighted that the presence of macroparticle density [14] as well as porosity [64], 

[65] adversely affect a coating’s micro-mechanical properties, topography, and 

performance, and as a result, it is generally preferred to minimize their presence. 

In Figure 4.3, the surface morphology of the different CrN coatings, obtained from 

SEM, is displayed. It can be clearly seen that a large quantity of both porosity and 

macroparticles was visible in the surface of the commercial coating than was 

observable in the other in-house deposited coatings. 
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Figure 4.3 SEM images of the surface morphology of different CrN coatings: 
(a,c,e,g) at lower magnification; (b,d,f,h) at higher magnification 

Figure 4.4 was obtained from the surface morphology of the coatings and it 

can be seen that with increased N2 gas pressure, the area fraction of macroparticle 

density decreased, whereas no significant changes could be observed in the area 

fraction of porosity. However, both the area fraction of macroparticle density and 

the area fraction of porosity were higher for the commercial coating than for the in-
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house deposited coatings. The optical representation of SEM images (Figure 4.2 

(g,h)) also supports the data. The presence of macroparticle density is not only 

visible in the surface but also in the coating structure (Figure 4.2 (g)).  

 

Figure 4.4 Area fraction of porosity and macroparticle density of different CrN 
coatings 

The atomic force microscope (AFM) images of all the CrN coatings are 

shown in Figure 4.5. A scanning area of 2 µm x 2 µm was used for measuring 

surface roughness (Sa). Coating B demonstrated lower surface roughness than 

the other CrN coatings, whereas the commercially available coating showed the 

highest level of surface roughness. The surface roughness value (Sa) also 

supports the statement (Table 4.2). A scan size of approximately 1.6 mm x 1.6 mm 

was used for all the CrN coatings. It has been seen in the literature that surface 

roughness can greatly affect a coating’s frictional properties [66], and friction plays 

an important role during machining applications as it influences energy 
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consumption, productivity, and material flow at high temperatures [67]. The 

frictional data in Table 4.2 corroborates this statement. Of all the coatings, Coating 

B demonstrated the lowest surface roughness and coefficient of friction, as 

indicated by the data in Table 4.2. The commercial coating exhibited the highest 

surface roughness and coefficient of friction.  

 

Figure 4.5 3D surface morphology of different CrN coatings with Sa values 

Residual stress is an unavoidable consequence of the structural and 

thermal disparities between thin films and substrates. It significantly influences the 

properties and performance of PVD coatings, making it a crucial factor to consider. 
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A decrease in compressive residual stress was observed when N2 gas pressure 

was higher (Table 4.2). A similar trend was reported previously by other 

researchers [6], [17]. This change in compressive residual stress can be attributed 

to a decrease in ion bombardment energy. When N2 gas pressure is high, the 

likelihood of particle collision is higher, leading to less ion bombardment energy 

and, consequently, reducing residual stress. Although high bombardment energy 

can enhance atom implantation and potentially improve adhesion, excessive 

compressive stress can have detrimental effects on coating adherence, including 

coating delamination [6], [68]. From Table 4.2, it can be seen that Coating A 

exhibited the most compressive residual stress, and the commercial coating had 

the least. Neither case is viable for a coating as both can adversely affect coating 

adhesion and result in brittle failure. Thus, it is crucial to find balance in the 

coating’s compressive residual stress to promote strong adhesion while ensuring 

desirable mechanical properties. This assertion is supported by the scratch data 

which is discussed in section 4.1.2.  

4.1.2 Mechanical Analysis 

Table 4.2 presents an overview of the micro-mechanical properties and 

residual stress measurements of the CrN coatings. The data in Table 4.2 clearly 

indicates a decreasing pattern in hardness values from Coating A to Coating C. 

This is due to the increase in N2 gas pressure [6], [69]. With low N2 gas pressure, 

the particles’ high kinetic energy led to re-sputtering and bombardment, facilitating 

the formation of a compact structure, and increasing hardness [16]. All the CrN 
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coatings demonstrated similar hardness values with no significant differences. As 

illustrated in Figure 4.6, the highest elastic modulus value was observed for 

Coating B (Figure 4.6 (b)). Previous research has shown that coatings possessing 

slightly lower hardness values which also exhibit a higher elastic modulus tend to 

perform better [70]. 

 

(a) 

 

(b) 

 

(c) 

 

(d) 
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(e) 

 

(f) 

Figure 4.6 Micro-mechanical properties of various CrN coating: (a) Hardness, (b) 
Elastic Modulus, (c) H/E ratio, (d) H3/E2 ratio, (e) Plasticity index and (f) 

Toughness  

Moreover, studies have indicated that the wear resistance of such coatings 

improves with the increase in elastic modulus [71], [72]. A relatively high elastic 

modulus is advantageous as it hinders the advancement of pre-existing cracks 

within the material [73]. A high elastic modulus also infers that the coating is stiffer 

and stays elastic (retains its original shape) for a longer period of time when 

subjected to external forces. Although hardness is an indicator of wear resistance, 

H/E and H3/E2 ratios are also used for predicting the wear behaviour of a coating. 

Coatings with lower H/E and H3/E2 ratios have been found to perform better in 

adhesion dominant situations. A longer tool life has also seen for lower ratios of 

H/E and H3/E2 [1], [2]. Both H/E and H3/E2 ratios were lower for Coating B and 

higher for Coating A (Figure 4.6 (c) and Figure 4.6 (d)). These lower H/E and H3/E2 

ratios indicate that Coating B was less brittle than the other coatings, which is 

further corroborated by its higher plasticity index value (Figure 4.6 (e)). 



 

46 
 

M.A.Sc. Thesis - Shahana Akter McMaster-Mechanical Engineering 

The plasticity index (PI) is another important parameter that refers to 

coatings ability to disperse energy. In applications where adhesion wear results in 

BUE formation, it is crucial for the coating to possess an enhanced ability to 

disperse the heat energy generated at the tool-workpiece interface. As energy is 

dispersed, less energy is integrated into the tool, resulting in less tool deformation 

and damage. The plasticity index can be exploited to evaluate a coating’s energy 

dispersal capability by comparing the ratio of plastic work done to total work done 

during indentation. During the turning process, a higher PI improves cutting 

behaviour, particularly when adhesive wear predominates due to that property 

imparting the coating with a greater ability to disperse energy [70]. Thus, the higher 

PI value of Coating B indicates that the coating dispersed absorbed energy by 

means of plastic deformation instead of experiencing brittle fracture. Previous 

research has shown that a high PI index (as exhibited for Coating B) indicates 

greater toughness and durability [1]. Moreover, tougher coatings have exhibited 

enhanced wear-resistant properties [69] The modified Palmqvist toughness test 

results further confirm that Coating B exhibited greater toughness than the other 

CrN coatings. The variances in toughness values observed in Figure 4.6 (f) can be 

attributed to the applied coatings, as the substrate material was the same for all 

coatings. The properties presented in Table 4.2 indicate that Coating B had the 

lowest tendency to fracture of all the coatings, suggesting a strong resistance to 

brittleness. As BUE is unstable and periodically breaks off during machining, a 

coating with a comparatively high elastic modulus, low H/E ratio, high plasticity 
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index, and high toughness demonstrates superior wear performance and tool life 

[1]. A coating that exhibits brittle failure is more susceptible to delamination during 

BUE removal. Coating B’s properties are therefore crucial for improving wear 

performance. 

Figure 4.7 and Table 4.3 demonstrate the scratch behaviour of all the CrN 

coatings, displaying the critical loads: Lc1, which signifies cohesive failure or the 

start of initial failure, and Lc2, which indicates substrate exposure due to adhesive 

failure. The initial jump seen in the acoustic emission data in Figure 4.7 could be 

linked to hitting a porous structure during the scratch test. The scratch test results 

demonstrate somewhat similar trends for all the tested coatings. However, in the 

case of Coating B, while cohesive failure commenced slightly earlier than in the 

commercial coating, a more localized final failure suggests plastic failure as 

opposed to sudden brittle failure. This early cohesive failure might contribute to an 

overall structure that releases energy gradually. When combined with the micro-

mechanical properties, these findings indicate the superior performance of Coating 

B. In machining processes that generate BUE, drastic failures, like the one the 

commercial coating had, signify a propensity for brittle failure and material removal 

in large quantities when the BUE breaks. From a machining perspective, this micro-

mechanical property could offer distinctive advantages, specifically a resistance to 

chipping. Furthermore, because of this, Coating B has a lower likelihood of 

substrate exposure if the coating fails, indicating that this coating layer offers better 

surface protection than the others. 
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(d) 

Figure 4.7 Optical representation of the scratch track with scratch test data 
(Green- Penetration depth, Red- Coefficient of friction and Blue- Acoustic 
emission) for CrN coatings: (a) Coating A, (b) Coating B, (c) Coating C, 

and (d) Commercial 

Table 4.3 Critical load for Lc1 (adhesive failure) and Lc2 (cohesive failure) obtained 
from scratch test data for CrN coatings 

Coating Lc1, mm Lc2, mm 

Coating A 1.54 1.97 

Coating B 1.56 1.97 

Coating C 1.56 2.02 

Commercial coating 1.67 1.97 

 

4.1.3 Tribological Analysis 

The tribological characteristics of the coatings were evaluated at an ambient 

temperature using a pin-on-disk tribometer in dry sliding conditions. Figure 4.8 

represents the coefficient of friction data and Figure 4.9 depicts the wear track 

morphologies along with the width of the wear track for each CrN coating. The data 

clearly demonstrates that Coating B had the lowest friction coefficient value, 

approximately 0.15, whereas the commercial coating had the highest friction 

coefficient value, approximately 0.43 (Table 4.2). The high coefficient of friction 

value observed in the commercial coating can be attributed to the occupancy of 
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more macroparticle density and porosity (Figure 4.4). Its surface roughness value 

also corroborates this statement (Table 4.2). Conversely, Coating B exhibited 

enhanced frictional characteristics which can be ascribed to its smoother surface. 

The optical representation of the CrN coatings’ wear track data, shown in Figure 

4.9, further supports this finding. Of all the coatings, Coating B exhibited the least 

amount of wear on the track and a narrower wear track, indicating excellent 

frictional properties. The low coefficient of friction and the smaller wear scar area 

of Coating B could be related to the coating’s high elastic modulus value (Table 

4.2), as a coating's ability to resist wear increases as the elastic modulus increases 

[71], [72]. It needs to be noted that the tests were done at room temperature. The 

seizure effect was not considered in this study. Only sliding zone was considered. 

At very high temperature or high load condition seizure can happen that can affect 

real value of coefficient of friction. 

 

Figure 4.8 Coefficient of friction data for all the CrN coatings 
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Figure 4.9 Profile Form Measurement of different CrN coatings: (a) Coating A (b) 
Coating B (c) Coating C, and (d) Commercial 
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4.2 Machining Studies 

4.2.1 Tool Life Analysis 

A previous demonstration revealed that coatings with a high PI coupled with 

a low H/E ratio exhibit enhanced tool wear performance and extended tool life 

during machining when adhesive-related issues are dominant [1], [2]. In the 

characterization studies for this thesis, a high elastic modulus, a low H/E ratio and 

a high PI were seen for Coating B, so Coating B was expected to exhibit less tool 

wear and better tool life performance than the others. To evaluate coating’s 

performance, cutting tests and tool life studies were carried out during the dry finish 

turning of SS 304. A performance assessment of the tool was done by analyzing 

the graphical presentation of flank wear and 3D images of tool failure, as shown in 

Figures 4.10 and 4.11. Among all the coatings, the best-performing CrN-coated tool 

was Coating B, which also means that Coating B exhibited the lowest wear rate in 

comparison to the other CrN-coated tools. Coating A showed the most intense flank 

wear followed, in order from most to least, by the uncoated tool, Coating C, the 

commercial coating, and Coating B. Coating B had an approximately 19% 

improvement in tool life compared to the uncoated tool and approximately 8% 

compared to the commercial coating.    
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Figure 4.10 Cutting test results: Tool flank wear progression vs. cutting length 

 

Figure 4.11 3D tool wear images of tools at a cutting length of approximately 600 
m during the dry finish turning of AISI 304 

A succession of progressive wear tests were carried out to examine the 

superior performance of Coating B and to learn more about the mechanism of tool 

wear. After every 200 meters of cutting length, the tool's wear patterns were 

examined along with 3D optical imaging to add more visual information. As can be 

seen from Figure 4.12, two wear mechanisms were responsible for the majority of 

tool wear which mainly happened near the cutting edge. The first mechanism 

involved the adhesion of the work piece material, which formed a built-up edge at 

the cutting edge of the tool, whereas the second mechanism, crater wear, was 
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caused due to elevated cutting temperatures. The progression of BUE formation 

(any peaks above the original tool’s reference surface) and crater wear (any peaks 

below the original tool’s reference surface) for all the cutting inserts are 

demonstrated in Figures 4.13 and 4.14. It has already been mentioned that having 

a property combination like Coating B’s is crucial in environments where adhesion 

wear results in BUE formation. Figures 4.13 and 4.14 reinforce that statement. The 

least overall BUE formation was also observed for Coating B. At 400 m of cutting 

length, however, Coating B showed a slight up-tick in BUE (Figure 4.13) and a 

sharp drop in crater wear (Figure 4.14) because the crater wear was filled in by 

BUE material. Past 400 m of cutting length, Coating B maintained the least BUE 

formation among all the cutting tools. Coating B displayed little tendency towards 

BUE generation and a low gradual build-up during cutting, results which indicate a 

lower tendency of edge chipping. Therefore, lower BUE generation, coupled with 

delayed and reduced progressive crater wear, provided a more consistent and 

stable pattern of tool wear for Coating B (Figure 4.13-4.14). A 3D representation of 

tool wear on all the coated and un-coated tools at approximately 600 m of cutting 

length also showed comparatively less BUE formation on Coating B than on the 

others (Figure 4.11). However, the crater volume was the lowest for uncoated tools 

compared to other coatings because of the intensive BUE concealing the crater 

wear on the tool’s rake surface (Figure 4.12-4.14). Figure 4.15 represents the force 

component measurements for all the CrN coated and uncoated tools. From the 

force data, it can be seen that Coating B generated lower forces than the other 
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coatings. It is important to note that the BUE formation aligns with the force 

measurements. The similarity in the cutting-edge radius of each coated tool, as 

shown in Table 4.2, demonstrates that the differences in the force data were 

caused solely by variations in the coatings and not by any changes in the tool’s 

micro-geometry. 

 

Figure 4.12 Development of tool wear (BUE and crater wear) after every 200 m 
length for all the CrN coated and uncoated tools: (a) 200 m, (b) 400 m, and 

(c) 600 m 
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Figure 4.13 Volumetric progression of BUE for CrN coated and uncoated tools 
with respect to cutting length 

 

Figure 4.14 Volumetric progression of Crater wear for CrN coated and uncoated 
tools with respect to cutting length 
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Figure 4.15 Cutting force data for all the coated and uncoated tools  

4.2.2 Evaluation of Tribological Performance  

From Figure 4.12, it is apparent that Coating B performed the best in 

reducing BUE formation compared to the other coated and uncoated tools. This is 

due to its micro-mechanical properties such as its high elastic modulus, low H/E 

ratio, and high plasticity index (Table 4.2). Aside from micro-mechanical properties, 

the tribological properties of a coating is also influential in reducing BUE formation 

and improving tool life. To acquire insights into the influence of the entire 

substrate/coating system on chip formation, in-situ tribological assessments were 

conducted which analyzed chip characteristics. Table 4.4 summarizes the 

attributes of the chips gathered after roughly 10 m of cutting length. The analysis 

of the chip characteristics revealed that Coating B’s tribological behaviour was 

more favourable than the other coated and uncoated tools. Both the CCR and SA 

were higher for Coating B, indicating low cutting and frictional forces at the interface 
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of the tool-chip because of weaker shearing forces. This observation is consistent 

with the cutting force data (Figure 4.15).  

Table 4.4 Chip characteristic studies for evaluating tribological performance 

Tools 

Chip 

Compression 

Ratio-CCR 

Shear 

Angle, 

Փ (˚) 

Chip Sliding 

Velocity 

(m/min) 

Chip 

Undersurface 

Roughness, Sa 

(µm) 

Coating A 0.66 36.28 79.19 1.48±0.1 

Coating B 0.87 45.26 104.39 0.79±0.03 

Coating C 0.63 34.86 75.59 1.16±0.18 

Commercial 0.77 41.19 92.38 1±0.04 

Uncoated 0.68 37.2 81.57 1.23±0.1 

Furthermore, the chip sliding velocity was higher for Coating B, confirming 

that the flow was accelerated in the cutting zone with less friction present at the 

tool-chip interface as well as a shorter tool-chip contact length. This complements 

the coefficient of friction data (Figure 4.16).  

 

Figure 4.16 Coefficient of friction data for all the coated and uncoated tools 
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The surface topography of chip undersurfaces was investigated to validate 

the hypothesis that Coating B’s coating-substrate interface generates increased 

flow of the chip at the tool/chip interface. The chip produced by Coating B had a 

smoother surface contrasted to the other coated and uncoated tools (Figure 4.17). 

These results further confirm that the coating/substrate system of Coating B had 

superior characteristics. Therefore, it can be inferred that Coating B’s integrative 

coating/substrate system was ideal for reducing BUE formation, resulting in an 

overall enhancement in tool life. 

 

Figure 4.17 3D surface texturing of all the chips’ undersurfaces  
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4.3 High-Temperature Studies 

In previous machining studies Coating B showed improved tool 

performance and prolonged tool life in environments where adhesion wear results 

in BUE formation [1], [74]. The micro-mechanical properties of Coating B were 

thoroughly investigated at room temperature to understand its better performance. 

Coating B showed the best property-performance relationship compared to any 

other coatings developed in-house as well as the commercial coating. A follow-up 

investigation was done to investigate the effects of high temperatures (up to 450 

˚C) on Coating B’s structural, mechanical, and tribological properties and compare 

its high-temperature properties with the commercial coating.  

Figure 4.18 shows the SEM images of Coating B and the commercial 

coating at 150 ˚C, 250 ˚C, 350 ˚C, and 450 ˚C. It can be clearly seen in the figure 

that the increase in temperature resulted in hardly any change in Coating B’s 

surface, whereas the porosity and macroparticle density became more visible on 

the surface of the commercial coating. It has been mentioned previously that both 

porosity and macroparticle density can have a detrimental effect on a coating’s 

micro-mechanical properties, performance, and topography [64], [65]. This aligns 

with the micro-mechanical properties (Figure 4.19) and surface topography (Figure 

4.20) findings. 
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Figure 4.18 SEM images of the surfaces of Coating B and the commercial 
coating at 150 ˚C, 250 ˚C, 350 ˚C and 450 ˚C temperatures 

Figure 4.19 shows the surface topography of Coating B and the commercial 

coating at different temperatures. A scanning area of 2 µm x 2 µm was used to 

measure the arithmetic mean height (Sa) values. Coating B showed a lower 

surface roughness value than the commercial coating at different temperatures. 

Although both coatings exhibited an increase in surface roughness values as the 

temperature rose, the commercial coating had a more pronounced increase in 

surface roughness values than Coating B. The increase in the surface roughness 

values from 7.68 nm at 150 ˚C to 21.4 nm at 250 ˚C was due to the prominence of 

porosity and macroparticle density as both became more visible on the surface of 

the commercial coating starting at 250 ˚C (Figure 4.19). The measured surface 

roughness value also confirmed this (Figure 4.20 (g)). From Figures 4.20 (a) and 

4.20 (b), it can be clearly seen that temperature affected both the hardness and 

elastic modulus less for Coating B than it did for the commercial coating, meaning 

that Coating B maintained its hardness values without compromising its elastic 

modulus values. Coating B had an approximately 3.6% reduction in hardness and 
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a 13.8% increase in elastic modulus throughout the rise in temperature from room 

temperature to 450 ̊ C. The hardness and elastic modulus values of the commercial 

coating, however, decreased by approximately 67.4% and 23.3%, respectively. It 

can therefore be concluded that the properties of the commercial coating 

deteriorate more at higher temperatures whereas Coating B is less affected by 

temperature. 

 

 

 

 

 

 

 

 

 

 

 

 



 

63 
 

M.A.Sc. Thesis - Shahana Akter McMaster-Mechanical Engineering 

 

Coating B Commercial coating 
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Sa= 5.96 nm 

Sa= 11.9 nm Sa= 22.8 nm 

Sa= 8.32 nm Sa= 16.4 nm 

Sa= 7.86 nm Sa= 21.4 nm 
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Figure 4.19 3D surface morphology of Coating B and the commercial coating with 
Sa values at different temperatures: (a)150 ˚C, (b) 250 ˚C, (c) 350 ˚C, and 

(d) 450 ˚C 

It has been previously mentioned that a low H/E ratio, a low H3/E2 ratio, and 

a high plasticity index are beneficial for machining sticky materials and reducing 

BUE formation [64], [65]. The commercial coating demonstrated a low H/E ratio 

(Figure 4.20 (c)), a low H3/E2 ratio (Figure 4.20 (d)), and a high plasticity index 

(Figure 4.20 (e)) with the increase in temperature, but it achieved those properties 

by compromising its elastic modulus. A previous investigation showed that a 

substantial mismatch between the elastic modulus values of the coating and 

substrate can induce unwanted stress and affect the coating’s wear performance 

[75]. Conversely, without compromising the elastic modulus, Coating B showed an 

approximately 16.7% decrease in its H/E ratio, 30.2% decrease in its H3/E2 ratio, 

and 13.8% increase in its plasticity index as it heated from room temperature to 

450 ˚C. This, too, indicates that Coating B is more likely to fail from plastic 

deformation than brittle failure. Coating B also showed a more favourable 

toughness value than the commercial coating throughout the temperature 

increase. Properties suited to high temperatures, like Coating B’s, are beneficial in 

heavy-load machining applications with BUE generation because of their superior 

ability to resist wear and reduce BUE. 
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(a) 

 
(b) 

 
(c) 

 
(d) 

 
(e) 

 
(f) 

 
(g) 

 
(h) 

Figure 4.20 Micro-mechanical properties of Coating B (Red) and the commercial 
coating (Orange) at different temperatures: (a) Hardness, (b) Elastic 

Modulus, (c) H/E ratio, (d) H3/E2 ratio, (e) Plasticity index, (f) Toughness, 
(g) Average height of selected area (Sa) and (h) Mean coefficient of friction 

Figure 4.21 and Table 4.5 show the room temperature scratch test results 

and the critical loads Lc1 (crack initiation or cohesive failure) and Lc2 (coating failure 
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or adhesive failure) for Coating B and the commercial coating which were heated 

up to 450 ˚C. The bumps that can be seen in the acoustic emission data (depicted 

in blue) can be attributed to impacts on porosity. As the temperature rose from room 

temperature to 450 ˚C, adhesive failure (Lc1) started earlier for Coating B than for 

the commercial coating (Figure 4.21). Cohesive failure (Lc2) for both coatings 

started at a similar point from room temperature, but as the temperature reached 

450 ˚C, the commercial coating exhibited a decrease of approximately 10.2% in 

Lc2 while Coating B, approximately 7.6% (Table 4.5).  This scratch test data 

indicates, just like the micro-mechanical property data, that Coating B is better in 

retaining its original properties than the commercial coating at high temperatures.  

Table 4.5 Critical load for Lc1 (adhesive failure) and Lc2 (cohesive failure) obtained 
from scratch test data for Coating B and the commercial coating. 

Temperature 
Coating B Commercial coating 

Lc1, mm Lc2, mm Lc1, mm Lc2, mm 

Room temperature 1.56 1.97 1.67 1.97 

150 ˚C 1.6 1.89 1.55 1.87 

250 ˚C 1.36 1.93 1.63 1.99 

350 ˚C 1.42 1.8 1.54 1.86 

450 ˚C 1.29 1.82 1.46 1.77 
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Figure 4.21 Optical representation of the scratch track with scratch test data 
(Green- Penetration depth, Red- Coefficient of friction and Blue- Acoustic 
emission) for Coating B and the commercial coating: (a) RT, (b)150 ˚C, (c) 

250 ˚C (d) 350 ˚C, and (e) 450 ˚C 

The coefficient of friction data obtained from the scratch test data also shows 

that Coating B had a more favourable frictional value. Throughout the increase in 

temperature from room temperature to 450 ˚C, Coating B experienced an 

approximately 6.4% increase in the coefficient of friction, whereas the commercial 

coating had about a 9.5% increase. The SEM images (Figure 4.18) offer a probable 

reason for the difference: at 450 ˚C, the surface of the commercial coating had 

more porosity and macroparticle density than Coating B did, making it less resistant 

to oxidation. Therefore, in machining applications with BUE formation, the 

commercial coating is likely to delaminate by drastic failure and experience poor 

tool performance at high temperatures. For high-temperature machining 

applications with adhesive wear that results in BUE formation, Coating B is a more 

viable solution because of its excellent high-temperature properties (Figure 4.20) 

along with its gradual plastic deformation and better coefficient of friction (Figure 

4.21).  
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Chapter 5 – CONCLUSION AND FUTURE WORKS 

5.1 Conclusion 

Nowadays, many machining applications where adhesion-related issues 

are prevalent, use self-adaptive PVD coatings. These coatings perform best when 

machining materials like titanium and stainless steel, as well as during stamping 

operations. One of the main downsides for machining these types of materials is 

the work material’s propensity to adhere to the tool body. Such strong adhesion 

causes the development of BUE, an unstable structure which can carry away a 

significant amount of tool material when it breaks away from the tool. In order to 

improve overall tool performance and obtain a smoother surface finish, it is 

essential to reduce BUE formation. Among the self-adaptive PVD coatings, CrN 

coatings have gained popularity because of their excellent oxidation resistance, 

chemical stability, and advantageous tribological properties, as these properties 

play an important role in machining sticky materials.  

The aim of this study was to examine the micro-mechanical properties of 

CrN coatings and their influence on reducing BUE formation, by adjusting N2 gas 

pressure. It was determined that changing the N2 gas pressure affects the hardness 

and residual stress of the coatings; a decreasing trend in these properties was 

observed across all the coatings, corresponding to increases in N2 gas pressure. 

After an in-depth analysis, it was found that a combination of 4 Pa nitrogen gas 

pressure, -50 V bias voltage, and a coating thickness of 1.84±0.1 yields enhanced 
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micro-mechanical and tribological properties, thereby aiding in the machining 

process for operations dominated by BUE generation. 

A thorough investigation of the micro-mechanical properties revealed that a 

CrN coating with a relatively high elastic modulus (E), low H/E ratio, low roughness, 

high toughness, and high plasticity index (PI) outperforms other tested CrN 

coatings, exhibiting enhanced resistance to coating delamination. Furthermore, the 

influence of compressive residual stress on the coating's failure behavior was 

significant. An optimized compressive residual stress was found to promote better 

adhesion in CrN coatings, enhancing their performance. 

Machining studies also revealed that the above-mentioned properties in a 

CrN coating are beneficial for reducing adhesion wear in applications prone to BUE 

generation. The CrN coating deposited at 4 Pa nitrogen gas pressure and -50 V 

bias voltage (the best-performing coating) had a longer tool life than the other 

coatings. The best-performing coating showed the lowest flank wear and built-up 

volume progression than the other coatings. Low BUE formation in best-performing 

coating also demonstrates low tendency for edge chipping. This inference is 

supported by data showing that the tool coated using these parameters had fewer 

cutting forces acting against it and produced chips with relatively smooth 

undersurfaces. 

The high-temperature study results further confirmed that compared to the 

tested commercial coating, the best-performing coating (deposited at 4 Pa N2 gas 
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pressure, -50 V Bias voltage) displayed superior mechanical and tribological 

properties suitable for such applications. The best-performing coating maintained 

its hardness without compromising its elastic modulus. Conversely, the commercial 

coating experienced a significant decrease in both hardness and elastic modulus 

values. The commercial coating also exhibited a higher number of porosities and 

greater macroparticle density. Furthermore, surface roughness values and the 

coefficient of friction were also elevated for the commercial coating as contested to 

the best-performing coating. 

The investigation showed that in high-temperature applications, like 

stainless steel machining, the commercial coating is prone to failure and poor tool 

performance, whereas the best-performing in-house coating, characterized by 

lower porosity, sparser macroparticle density, less surface roughness, and a lower 

coefficient of friction, demonstrates greater resilience. Coatings with these 

properties are likely to perform exceptionally well in high-temperature applications 

where the wear mechanism is influenced by BUE formation. 

5.2 Recommendations for Future Works 

The present research demonstrates that developing PVD coatings with a 

combination of properties which particularly address adhesion wear with BUE 

formation can improve tool life. Similar concepts and coatings can be applied to 

other operations for example milling, drilling, where tool performance is dictated by 
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adhesion wear with BUE formation. The abovementioned applications should be 

investigated to fully comprehend the potential of the coating. 

As the focus of this study was on the development of coating, the influence 

of the developed coating on the machined surface was not thoroughly investigated. 

Therefore, to acquire a greater understanding of how the developed coating affects 

the workpiece, it is essential to perform surface integrity studies. 

The tool’s microgeometry and substrate properties can be significantly 

affected by the cutting-edge preparation. Cutting-edge preparation can help to 

minimize manufacturing defects while improving the coating’s adherence and 

quality. To further improve the coating’s quality and performance, edge preparation 

might be performed after the coating deposition. A thorough investigation of how 

various edge preparation methods affect tool performance and coating quality is 

necessary.  

Finally, this study has introduced a solid foundation for understanding 

coating behaviour at high temperatures and provided a preliminary base for 

conducting additional high-temperature studies, including temperatures exceeding 

450°C. High temperature could lead to some phase transformation. Phase 

transformation was not studied in this study. Phase transformation can affect 

coating’s structure making it a crucial factor to consider in future studies.  
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