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Lay Abstract 

Cutting is the process of removing unwanted material from the bulk material to obtain 

the desired shape. Each metal material has unique mechanical properties that lead to 

various machining challenges. The cutting process is done with the help of a cutting 

tool that wears out during the process, and a coating layer is often used to protect the 

tool. Stainless steel 304 is a widely used material that is difficult to machine. This 

study includes a systematic approach to understanding the wear mechanisms of tools 

and existing commercial coatings during the dry machining of stainless steel 304. An 

in-house coating was developed and deposited on the selected cutting tool to protect 

it, reduce tool wear and extend its working life. The research results will help reduce 

machining costs by reducing tool and coolant costs and meet the current industry 

demand for dry high-speed machining. It will also reduce environmental impact by 

reducing waste and hazardous chemicals and addressing occupational health and safety 

concerns.  
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Abstract 

Stainless steel is a metal material widely used in many industries because of its high 

tensile strength, toughness, and corrosion resistance. Machining stainless steel is 

challenging due to its high work hardening tendency, low thermal conductivity, and 

ductility of the material resulting in built-up edge formation. Machining stainless steel 

at lower cutting speeds must be performed with coolant, which adds to the cost of the 

process and increases concerns for the environment and the operator's health and 

safety. Industries such as the aerospace and die-mold industries demand high-speed 

machining to realize productivity targets. Therefore, a cermet tool material was 

selected for the present study because of its high temperature resistance, high bending 

strength, and fracture toughness.  

The study focused on investigating wear mechanisms and developing a coating on a 

cermet tool for dry high-speed machining stainless steel to increase tool life. The wear 

mechanisms of tools were investigated at a fixed cutting interval in relation to the tool's 

composition and microstructure. Scanning Electron Microscope (SEM) was used to 

study the microstructure and identify elements on the tool. X-ray diffraction (XRD) 

was used to identify the phases and concentrations of key elements on the tool. The 

new advanced in-house coating was developed with Super Fine Cathode (SFC) 

technology on a Kobelco AIP-20 Physical Vapour Deposition (PVD) coater. The 

micromechanical properties of the commercial coating and in-house coatings were 

investigated with the help of nanoindentation and scratch tests. Atomic Force 
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Microscopy (AFM) and SEM were used to investigate the coating microstructure and 

surface topography. An Alicona variable focus 3D microscope was used to investigate 

wear volume and wear behaviour. 

It was discovered that various secondary carbides used by manufacturers to 

manufacture cermet tools change the microstructure, which affects the machining 

performance of the cermet tool material. Microchipping at the depth of cut (DOC) 

causes catastrophic notch wear. It was found that the developed in-house coatings were 

able to delay the initial wear (microchipping), which improved the tool's life by 318%. 

This research contributes to meeting the manufacturing industry's challenging demand 

for dry-high speed machining with reduced manufacturing costs.  
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Chapter 1 :  Introduction 

1.1 Background 

Research and development are unceasing processes in manufacturing. Advanced materials 

are continuously being developed to meet modern industrial requirements. For example, 

the aerospace industry requires materials that are strong and lightweight. The introduction 

of these new advanced materials requires novel machining processes to produce the 

intended shapes.  

Stainless steel 304 represents 72% of the metals market (Kulkarni, Sargade and More, 

2018). It is widely used for manufacturing machine parts, chemical and food processing 

equipment due to its high corrosion resistance (Groover, 2007). It is well-known for the 

physical properties of high ductility, tensile strength, fracture toughness, low thermal 

conductivity, and high work hardening (Modern Metal Cutting: A Practical Handbook, 

1994; Abou-El-Hossein and Yahya, 2005; Philip Selvaraj and Chandramohan, 2010). 

However, the machinability of this material remains a challenge. 

Machinability is influenced by such properties as the strength of a material, work hardening 

tendency, low thermal conductivity, and stickiness (severe adhesion or galling) (Korkut et 

al., 2004; Philip Selvaraj and Chandramohan, 2010). The stickiness of stainless steel can 

result in a high built-up edge tendency, which contributes to poor surface finish and high 

tool wear rates (O’Sullivan and Cotterell, 2002). When machining this material, cutting 

force fluctuation can occur due to the variation in built-up edge formation which is much 
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more apparent when machining Stainless steel 304 than when machining unalloyed steel 

(Modern Metal Cutting: A Practical Handbook, 1994). Work hardening also contributes to 

the poor machinability of austenitic stainless steel like AISI 304 (Jiang, Roos and Liu, 

1997). 

Manufacturers are always looking for cost effective ways to increase the productivity of 

stainless-steel machining. To reduce the overall time and cost of producing a part, new tools 

need to be developed that can function at increased cutting speeds, have enhanced chip 

control, and provide better cut quality. However, high cutting speeds present further 

machining challenges, such as high cutting temperatures that increase wear rates and lower 

tool life. Based on past testing performed at the MMRI improved cutting tool performance 

and tool life can be provided by adaptive PVD coatings, which have been observed to 

enhance lubricity during machining (Biksa et al., 2010), while maintaining a good 

compressive residual stress state within the tool (Jindal et al., 1999). However, almost all 

stainless-steel tools fail to deliver the desired level of performance under dry cutting 

conditions. 

Moreover, various tool materials such as diamond tools, high-speed steel (HSS) tools, 

cemented carbide tools and ceramic tools fail to provide adequate performance, as well. 

This is especially the case for AISI 304 due to its machining limitations in terms of chemical 

affinity, hot hardness, adhesion wear, notching, and poor tensile strength. Composite 

materials made of ceramic and metal, or cermet, are being developed as alternatives to 

achieve a high wear resistance combined with strength. 
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The current research investigates the performance of a cermet tool during the high-speed 

dry machining of 304 stainless steel. A comprehensive comparative study of the 

microstructure and mechanical properties of different cermet tool materials is presented in 

this work.  The possibility of further improving the performance of these new materials is 

explored by the application of an advanced adaptive PVD coating. 

1.1.1 Stainless Steel 304 

Stainless steel 304 comprises at least 18% chromium which increases hardness without 

changing the ductility of the steel. Chromium further develops grain refinement in the steel, 

which increases the hardness of the steel. Additionally, it also enriches the high-

temperature strength of the steel. Stainless steel 304 contains at least 8% nickel, which 

further develops toughness, particularly at low temperatures, and diminishes corrosion and 

limits scratches. Nickel additionally bestows some heat resistance properties to stainless 

steel 304 (whose thermal conductivity is 3 times lower than steel and 5 times lower than 

iron), making machining exceptionally challenging because of the high temperatures 

present in the cutting zone. During machining, 80% of the heat generated is transferred to 

the tool, raising the cutting tool temperature up to 1000˚C. High temperature accelerates 

tool wear through diffusion and oxidation (Bapat et al., 2015). Moreover, AISI 304's high 

strain hardening rate advances the adhesion of stainless steel to the tool's cutting edge, 

which causes unstable chips and built-up edge (BUE) formation (Korkut et al., 2004). 
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1.1.2 Machining Challenges of Stainless Steel 304 

1.1.2.1 Built-up Edge Problem 

Built-up edge (BUE) is the aggregation of workpiece material welded to the tool's rake 

face. The material adheres to the rake face of the tool due to high pressure and friction 

between the tool and the workpiece. When a critical amount of material becomes deposited 

at the rake face of the tool, the welded material (BUE) itself contributes to the cutting 

process. Thus, the BUE effectively changes the geometry of the tool, which also affects the 

dimensional accuracy and surface finish of the final workpiece. If the balance of forces 

around the build-up edge varies, a portion of the BUE will detach along with the chips. 

Over time, this may lead to flank wear, since the BUE can also carry away a part of the tool 

material with it.  

In 2004, Tekiner and Yeşilyurt (Tekiner and Yeşilyurt, 2004) conducted turning 

experiments on AISI 304 with varying cutting speeds, feed rates, and depths of cut, using 

a WC P10 cemented carbide tool. They reported that although increasing the feed rate 

intensifies the BUE, the latter decreases as the cutting speed increases. 

1.1.2.2 Work Hardening 

A part of the frictional heat generated between the cutting tool and the workpiece during 

machining is transferred to the workpiece, resulting in a structural change of the material, 

and the hardening of the workpiece surface. The work-hardened surface produces abrasive 

chips, which are responsible for the tool's abrasion and subsequent notch wear. Another 

reason for notch wear may be corrosion or other chemical processes occurring on the 
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surface of the tool (Stephenson and Agapiou, 2016). Selvaraj et al. (Philip Selvaraj et al., 

2014) observed that tool wear was caused by diffusion, thermal softening, and notch wear 

at higher cutting speeds. 

1.1.2.3 Thermal Conductivity 

During machining, heat is generated from the plastic deformation of the workpiece material 

in the primary shear deformation zone. The sheared material forms chips that flow on the 

tool rake face. To overcome the friction between the chip-tool interface, chips undergo 

further plastic deformation in the secondary shear deformation zone, which increases the 

temperature at the tool-chip interface. Since stainless steel has low thermal conductivity, 

only a small amount of heat is passed to the workpiece. The remainder, about 80% of the 

heat generated, is conducted to the tool. It raises the temperature of the tool up to 1000˚C. 

At such high temperatures, diffusion and oxidation occur and cause rapid tool wear and 

reduce tool performance and life (Bapat et al., 2015). 

1.1.2.4 Plastic Deformation 

Ductile materials are often difficult to machine because they plastically deform beyond 

their yield point and produce continuous chips which tend to stick to the tool. These high-

temperature continuous chips aggressively bond to the cutting tool during cutting. When 

the chip splits away, it may carry a portion of the tool with it, resulting in rapid tool chipping 

and wear (Sushil, Amit and Rohit, 2017). Long continuous chips lead to chip nesting and 

tangles on the cutting tool during machining which can damage the cutting tool or 

workpiece. 
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1.1.3 High-Speed Machining 

Steel (including stainless steel), aluminum and titanium are widely used in the aerospace 

and die/mold industries. These industries demand precise and high-speed machining. Each 

of the mentioned materials has its own unique properties. Therefore, the parameters 

associated with high-speed machining are diversely characterized for each. High-speed 

machining generally keeps the feed rate at the same or lower level, but the surface cutting 

speed or RPM is substantially increased. The focus is on taking advantage of the thermal 

softening effect that takes place at the higher temperatures associated with higher speeds 

and the tendency of the heat to exit the cutting zone with the chip. High-speed machining 

is highly desirable because of the higher potential production rates and the general 

reduction of BUE at higher speeds (D. G. Flam, R. Kamanduri, 1984; Tekiner and 

Yeşilyurt, 2004), which results in the improvement of the surface finish and quality. 

Adopting high-speed machining, however, introduces new challenges. As the cutting speed 

increases, the magnitudes of all the stress components also increase (M’saoubi et al., no 

date; Outeiro, Umbrello and M’Saoubi, 2006). 

1.1.4 Wet Machining 

Cemented carbide tools are the most commonly used tools for machining metal materials. 

During the machining process, the temperature at the tool-chip interface rises to more than 

500 ℃ with an increase in cutting speed of more than 140 m/min. At such high 

temperatures, the WC/Co or WC/TiC/Co elements diffuse into the stainless steel from 

carbide tools and also from the stainless steel into the tool material. As a result, the tool 

suffers from rapid wear on the rake face, which weakens the cutting edge. In addition, the 
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highly reported wear methods while machining stainless steel with carbide tools are 

adhesive and abrasive wear (Jianxin et al., 2011). Xavior et al. (Xavior and Adithan, 2009) 

researched the effect of various cutting fluids on tool wear and surface roughness, 

especially during the turning of AISI 304 with carbide cutting tools. The results show that 

the cutting speed and feed rate have a greater effect on tool wear than the cutting fluid. 

Mahdavinejad et al. 2011 (Mahdavinejad and Saeedy, 2011) optimized the cutting 

parameters using the design of experiments (DOE) and analysis of variance (ANOVA) 

method for dry and water-miscible cutting fluid. During machining, they determined that 

the cutting speed had the greatest influence on the tool life. They also reported a significant 

improvement in tool life compared to dry machining. Ahmed et al. 2017 (Ahmed et al., 

2017) studied the effect of BUE formed during wet machining of stainless steel 304 using 

uncoated carbide cutting tools (WC-Co) during the steady stage zone of the tool life curve. 

They observed an increase in surface roughness with an increase in BUE and a decrease in 

tensile residual stress. Hossein and Yahya (Abou-El-Hossein and Yahya, 2005) reported 

notch wear to be the dominant tool failure mode while performing AISI 304 milling using 

carbide inserts with coolant. Dhananchezian et al. (Dhananchezian, Kumar and 

Sornakumar, 2011) reported a reduction in surface roughness with the help of cryogenic 

(liquid nitrogen) turning. 

1.1.5 Dry High-Speed Machining 

Recently, green or dry manufacturing has gained interest in the manufacturing industry as 

a way to reduce the environmental impact and address occupational health and safety 

concerns. The major benefits of dry machining include decreased water and atmospheric 
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pollution, no liquid residue on the part that requires cleaning, and no subsequent disposal 

cost of the liquids and cleaning chemicals. The use of liquid coolants and lubricants may 

also trigger skin irritation and airway damage from inhalation. In general, dry machining 

lowers machining costs by as much as 16-20% (Sreejith and Ngoi, 2000; Sharma, Tiwari 

and Dixit, 2016). However, the adverse effects of the dry machining condition include an 

increase in friction and adhesion between the tool and the chip, which increases the 

temperature in the cutting zone, resulting in a higher wear rate and a shorter tool life (Zhang, 

Li and Wang, 2012).  

Outeiro and M’Saoubi (M’Saoubi et al., 1999; Outeiro, Umbrello and M’Saoubi, 2006) 

reported that during dry turning of AISI 304 and 315L, as cutting speeds increased, the 

tensile superficial stresses in the hoop and axial directions increased.  

Tekiner and Yeşilyurt (Tekiner and Yeşilyurt, 2004) researched the most suitable cutting 

conditions for machining stainless steel 304 using acoustic emission at multiple cutting 

speeds, feed rates, and cut depths using a WC P10 cemented carbide tool. They found a 

decrease in BUE with increasing speed and feed rate. Ciftci (Ciftci, 2006) also reported 

similar results at high cutting speed with low surface roughness. The CVD coating used in 

the study reduced the coefficient of friction of the multi-layer coated cemented carbide 

insert. Korkut et al. In 2004 (Korkut et al., 2004) used a multilayer (TiC, TiCN, Al2O3, 

TiN) coating for cemented carbide tools at various cutting speeds, 120,150, and 180 m/min. 

They found a decrease in surface roughness with increasing cutting speed. 
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Many researchers have used different cutting tools, different conditions and different 

coatings deposited by various methods to improve the machinability of 304 stainless steel. 

Achieving an acceptable surface quality is never easy in machining. A large volume of 

research has focused on improving surface roughness by optimizing machining parameters 

and operating conditions. Xavior et al. (Xavior and Adithan, 2009) used different cutting 

fluids to study tool wear and surface roughness of AISI 304. Selvaraj and Chandramohan 

(Philip Selvaraj and Chandramohan, 2010) minimized the surface roughness during dry 

machining of AISI 304 by finding optimal process parameters using the Taguchi method. 

However, achieving low surface roughness under dry machining still presents a challenge.  

1.1.6 Various Cutting Tool Materials 

To machine various alloys, High-Speed Steel (HSS) was historically one of the most 

commonly used tool materials. However, the catastrophic failure of the tool above a 

relatively low cutting speed (45 m/min) limits its widespread use. In these cases, the chips 

became red hot. According to Jiang et al. the HSS tool failed due to fatigue during 

machining steel, and the tool life with HSS was shorter than that associated with the use of 

a cement carbide tool (Jiang et al., 1996). Due to their excellent properties, such as high 

hardness and high dimension stability during machining, diamond tools are used to machine 

many nonferrous materials. Diamond tools such as natural diamond (ND), synthetic single 

crystal diamond, polycrystalline diamond (PCD), and cubic boron nitride (CBN) are 

available for machining various metals. However, diamond tools cannot be used for 
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machining stainless steel due to its high affinity for carbon. In addition, diamond tools are 

the most expensive cutting tool materials available (Liu, Wan and Ai, 2004; Grzesik, 2017).  

Dogra et al. (Dogra et al., 2010) reported ploughing issues during hard turning with CBN 

cutting tools. They also reported poor surface quality after machining. Ceramic tools are 

excellent for non-ferrous metal machining due to their low affinity and chemical stability. 

They have many other advantages, such as extreme abrasion and crater wear resistance, 

high-temperature hardness and high compressive strength (Whitney, 1994). However, due 

to their limited tensile strength, fracture toughness and thermal shock resistance, the use of 

ceramic cutting tools is limited for machining steel alloys (Low, 2014). 

 

1.1.7 Dry High-Speed Finish Turning by Cermet Tools 

Cermet is a composite material made of ceramic particles joined together by a metal binder. 

Cermet’s material properties, such as high-temperature resistance, bending strength, and 

fracture toughness, make them well suited for high-speed machining. In addition, they also 

possess higher thermal shock resistance compared to oxide-based ceramics and can 

undergo plastic deformation like a metal (Gruss, 1987). Compared to WC (Tungsten 

carbide), the diffusion wear and thermal expansion coefficients are lower in cermet 

(Stephenson and Agapiou, 2016). In summary, cermet tools are used in the industry for 

machining stainless steel due to their superior performance compared to coated carbide 

tooling. 
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1.1.8 Cermet Tool Microstructure  

Cermet tools are mainly produced with a core-rim structure, with titanium carbon-nitride 

(C, N) as the hard phase (core), with nickel or cobalt as a binder (matrix), and a rim as a 

core surrounding phase (Figure 1.1). Sometimes the rim consists of two parts, the outer and 

inner rim. Contemporary cermet contains sintered TiC and TiN particles with a refractory 

metallic binder. Ni as a binder increases the bending strength of cermet but decreases the 

hardness. However, the use of a Co binder will result in high toughness and resistance to 

oxidation (Peng, Miao and Peng, 2013). Materials such as molybdenum (Mo) have also 

been introduced. The atomic radius of Mo is significantly more than Ni. The solid solubility 

of Ti will decrease in Ni, resulting in a stable carbonitride. Mo promotes the formation of 

a TiCN grain and suppresses crystallization (Conforto, Mari and Cutard, 2004). 

  

 

Figure 1.1 Schematic representation of an SEM image of a Ti(C,N)-based cermet tools. 
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Stronger chemical bonds can be established between the binder phase and the hard phase 

by improving the wettability with the help of secondary carbides like WC, VC, NbC, Cr3C2, 

TaC, Mo2C (Peng, Miao and Peng, 2013). WC (10 to 20 wt.%) improves the wettability, 

which improves the carbonitride grain formation and facilitates the formation of the core-

rim structure. As a result, the fracture toughness, bending strength and hardness of the 

cermet increases (Jun et al., 2009). The addition of Mo2C in cermet can also enhance the 

wettability of the hard phases and can also dissolve in the binder phase, which encourages 

the formation of larger TiCN cores. In this way, the use of secondary carbides increases the 

hardness and the strength of the cermet (Xiong et al., 2007). By adding about 5 wt% of 

NbC, the sintering temperature can be reduced. Due to the consistent solid arrangement of 

NbC and TaC in the hard phase, the volume fractions will increase (lower porosity) in the 

internal rim. Consequently, the hot-hardness and plastic deformation of the cermet will 

increase (Wang et al., 2009). Due to the lower solubility of Cr3C2 and VC, it can dissolve 

in the hard phase, and part of them can dissolve in the binder phase. As a result, rim 

plasticity and bending strength increase. Moreover, it also inhibits the core growth, which 

can result in higher hardness (Ying et al., 2011; Wan et al., 2012). 

TiC provides beneficial properties to cermet, such as chemical stability, oxidation 

resistance, and hot hardness and diminishes the tendency of the work-hardened material to 

adhere to the tool. TiN also enhances the material’s resistance to fracture and thermal shock 

(Stephenson and Agapiou, 2016). 

Cermet tools last approximately 20% to 100% longer than coated carbide tools when used 

appropriately. Cermet shows good workability with iron and steel and produces a 
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continuous chip during machining. Cermet has a high ability to perform at high cutting 

speed with long tool life. It also produces a high-quality surface finish without any use of 

cutting fluid (Rufe, 2013; Stephenson and Agapiou, 2016). 

1.1.9 Wear Mechanisms in Cermet Tools  

Different types of wear such as abrasion, adhesion, diffusion, notching and micro-chipping, 

as well as failure modes such as catastrophic cracking were reported in the literature to be 

present in cermet tools. Abrasion wear occurs when hard particles from the workpiece 

produced by chips flowing over the tool during the machining process abrade the soft 

components of the tool. Zhang et al. 2017 reported this to occur in the Ti(C, N)/Al2O3 

cermet tool during turning of 40Cr (AISI 5140) hardened steel. They also reported micro-

chipping near the tool nose due to thermal stress and cutting force, which caused internal 

crack growth and eventual micro-chipping (Zhang et al., 2017). Manoj Kumar et al. (Manoj 

Kumar, Kumar and Basu, 2007) studied crater wear and the wear mechanisms associated 

with the use of a TiCN-Ni based cermet with WC addition for machining boiler steel under 

different cutting parameters. The high temperature and pressure at the tool edge during 

machining promoted diffusion, which was chemically activated in this process due to a 

tribo-chemical reaction. Diffusion in this case promoted crater wear. Zou et al. (Zou et al., 

2014) also reported the crater wear in Ti(C7N3)-based cermet with WC and TaC particles 

due to adhesive wear during machining of martensitic stainless steel (17-4PH) at a cutting 

speed of 350 m/min. 
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Table 1.1 wear/failure summary of different cermet tools with various steels. 

Authors Tool 

Material 

Workpiece 

Material 

Machining Parameters Type of failure/wear 

■flank ♦notch ◘crater 

○diffusion ✶chipping 

☼cracks ✚fracture 

•abrasive ✿adhesive 

Cutting 

speed 

(mm/m

in) 

Feed 

(mm/r) 

DOC 

(mm) 

(Zou et 

al., 2014) 

Ti(C7N3) 17-4PH 

martensitic 

stainless steel 

350 0.1 0.3 ◘♦•✿ 

(Zou et 

al., 2015) 

Ti(C7N3)/ 

WC/TaC 

321 austenitic 

stainless steel 

 

17-4PH 

martensitic 

stainless steel 

300 

350 

400 

01. 

0.15 

0.2 

0.25 

0.30 

0.35 

■◘♦•✿☼✚ 

(Ghani, 

Choudhu

ry and 

Masjuki, 

2004) 

TiC/TiN AISI H13 Milling 

224 

280 

355 

Milling 

0.1 

0.16 

0.25 

Milling 

0.3 

0.5 

0.8 

✶♦○☼✚ 

(Xing et 

al., 2014) 

Ti(C,N) 

based 

quenched 

steel 

Hardness 61–

62 HRC 

60 

80 

100 

0.1 0.2 

0.5 

 

✶•✿○ 

(Li et al., 

2015) 

Ti(C,N) 

based 

Heat-treated 

stainless steel 

3Cr13Cu 

-44 HRC 

Milling 

60 

80 

120 

160 

200 

240 

Milling 

0.1 

Milling 

1 
✶♦☼ 

(Khan 

and 

Hajjaj, 

2006) 

Ti(C,N) 

based 

Autenitic 

stainless steel 

(SUS 304) 

300 

400 

500 

700 

0.05 

0.1 

0.2 

0.4 

0.1 

0.2 

0.3 

0.5 

◘☼✚ 

(Ji et al., 

2018) 

Ti(C,N)-

TiB2 

17-4 PH 

stainless steel 

150 

200 

250 

300 

0.1 0.3 ✶• 

(Zhang et 

al., 2017) 

Ti(C, N)/ 

Al2O3 

40Cr (AISI 

5140) 

50±2HRC 

120 

180 

240 

0.1 

0.125 

0.15 

0.1 

0.2 

0.3 

✶☼ 
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Notch wear was caused by the interaction of the machined surface with the cutting tool. 

Zou et al. (Zou et al., 2015) used the Ti(C7N3)/WC/TaC cermet cutting tool for the high-

speed turning of 17-4 PH martensitic and 321 austenitic stainless steel at a cutting speed of 

300 ~ 400m/min under a wet coolant condition. A work-hardened layer resulted in a high 

cutting zone temperature.  The extreme conditions in this region caused chipping and 

localized rapid tool wear. A similar problem was observed in other studies (Zou et al., 

2014). Li et al. (Li et al., 2015) reported boundary wear to be present on milling inserts 

during the milling of 3Cr13Cu at a cutting speed of 120m/min along with mechanical 

fatigue cracks.  

Zhang et al. (Zhang et al., 2017) observed cracks forming in the tool material. Cracks 

formed under high applied loads would degrade the bonding between the hard, wear-

resistant particles and accelerate tool failure. Zou et al. (Zou et al., 2015) also reported that 

high temperatures in the cutting zone promoted the formation of cracks. Cracks are highly 

undesirable as they can cause the sudden failure of the tool due to a lack of support for the 

cutting edge. The summary of the wear/failure mechanism of different cermet tools with 

various steel materials is shown below in Table 1.1. 

1.1.10  PVD Coating 

The first commercial PVD coating was developed around 1980 on carbide inserts for high-

speed steel drills, and later, for the milling process was TiN (Wolfe, Petrosky and Quinto, 

1986). Other binaries and ternary compounds of Ti, Al, and Cr were added to coatings over 

time (Yamamoto et al., 2003; Kalss et al., 2006). A new realm of the manufactured 
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functional coating was opened in the mid-1990s with the advancement of nanostructured 

coating that can be designed at the atomic level. 

Currently, most of the tools used in the machining industry are coated tools. The primary 

purpose of the coating is to improve the wear resistance of the cutting tool. To accomplish 

this, the coating must maintain excellent adhesion to the cutting tool material even at 

elevated temperatures and under extreme loads. The three most common materials that 

meet these criteria are titanium nitride TiN, titanium carbide TiC and aluminum oxide 

Al2O3 (Prengel, Pfouts and Santhanam, 1998; Klocke and Krieg, 1999). TiC is harder and 

provides high levels of abrasion resistance (Srivastava and Das, 2010), TiN is suitable for 

a wide range of materials and prevents the formation of a built-up edge (Kümmel et al., 

2013), and Al2O3 is an excellent thermal insulator and provides high-temperature stability 

(Marshall et al., 1998; Limarga, Widjaja and Yip, 2005). A major drawback of these PVD 

coatings is a lack of high-temperature lubricity. Consequently, the adhesive wear 

mechanism is not adequately diminished by these coatings (Childs, 2000) since their 

application requires withstanding high temperatures. The application of a TiCN coating 

does not significantly reduce tool wear due to the similarity of the coating material to that 

of cermet as reported by Rahman (M.Rahman, K.H.W.Seah, T.N. Goh, 1996). Yang et al. 

in 2017 (Yang et al., 2017) investigated TiAlN’s coating performance on a Ti(C,N) based 

cermet. Although the coating was found to have better adhesion to the cermet tool, its use 

promotes adhesive wear on the flank side of the tool and poor resistance to oxidation wear. 

Tijun et al. in 2017 (Li et al., 2017) reported that after applying a TiAlCrN coating, cutting 

performance was reduced with the addition of WC by up to 10% in the cermet tool due to 
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the increased hardness and transverse rupture strength of the tool deteriorating the adhesion 

strength of the coating.  

1.1.11  Industrial Literature and Machining Parameters Selection 

Figure 1.2 represents a summary of the industrial and academic literature for machining 

parameters. Based on the range of cutting speeds used in the literature, a machining 

condition has been carefully selected for the present study for dry high-speed machining, 

given the range of cutting inserts according to the manufacturer. 

 

Figure 1.2 Machining parameters selection based on research and industrial literature 

1.2 Research Gaps 

Based on the literature review for machining stainless steel 304 and considering the 

challenges associated with it, a cermet tool can be a potential tool material choice. 

However, when it comes to high-speed machining without coolant, no adequate solutions 

are reported in the literature. Cemented carbide tools are still being used for machining 
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stainless steel alloys due to the limited availability of alternative tools and the difficulty 

associated with depositing a wear-resistant coating on cermet tools. Cemented carbide tools 

do not show significant improvement in performance to reduce the BUE problem, exhibit 

excessive abrasion and suffer from a high amount of diffusion wear. Cemented carbide 

tools also have limitations in terms of cutting speed for machining stainless steel. The 

literature shows that cermet tools perform better than cemented carbide tools and are a 

promising alternative for machining stainless steel if they are used with appropriate 

conditions. 

1.3 Motivation and Research Objectives 

Stainless steel 304 comprises 72% of the market for stainless steel, but has severe 

machinability issues and poor tool life. Developing a way to improve tool life during 

machining of AISI 304 will be beneficial to many industries. Service benefits of dry high-

speed machining such as cost-effectiveness, reduced instrument clean up, wet scrap 

handling and cost, operator's health and safety, and environmental perspective prompt us 

to consider this challenging machining situation in the current research. The increasing 

demand for high-speed machining by manufacturers and the die/mold and aerospace 

industries motivates this research. To meet this demand and develop a cutting tool for such 

a challenging application, extensive studies are needed on the wear mechanisms and failure 

modes of cermet tools and existing commercial and conventional PVD coatings. Current 

research aims to increase the life of cermet cutting tools by mitigating or delaying tool wear 
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with the help of a newly developed advanced PVD coating for cermet cutting tools to be 

performed under dry high-speed machining conditions. 

Based on the gaps in the literature, the proposed research objectives for this thesis are: 

1. Study the tool wear mechanisms of commercial cermet tools of the same design 

with varying compositions for high-speed dry finish turning of AISI 304. (Phase-I) 

2. Investigate the role of different commercial PVD coatings in enhancing the cermet 

tool performance. (Phase-II) 

3. With the knowledge gained, design and develop new adaptive PVD coating(s) for 

high-speed dry finish turning of AISI 304 using cermet tools. (Phase-III) 

1.4 Thesis Outline 

The current thesis is divided into three phases of the study. Each phase of the study aims to 

address an objective. The complete study of each phase is included as a chapter in the thesis, 

as a published journal article or has been submitted for publication at the time this thesis 

was prepared. The last chapter of the thesis summarizes and gives the overall conclusion 

of the entire study. 

Chapter 1 provides general background about stainless steel, its demand, properties, 

machining challenges, and various cutting tools. Brief literature on cermet cutting tools, 

wear mechanisms, and coatings. The end of this chapter provides a research objective based 

on literature review, gaps, and research motivation. 
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Chapter 2 presents the effect of cermet tool constituents and compositions on the tool's 

microstructure, wear mechanism, and machining performance. A progressive wear study 

was conducted with the help of a SEM. A comprehensive explanation of how the individual 

elements and compositions presented in the tool can alter the microstructure and affect the 

wear mechanism and tool performance is provided. The present chapter addresses the first 

objective of the research and is presented as a published article. 

U.S. Patel, S.K. Rawal, A.F.M. Arif, S.C. Veldhuis, Influence of secondary carbides on 

microstructure, wear mechanism, and tool performance for different cermet grades during 

high-speed dry finish turning of AISI 304 stainless steel, Wear. 452–453 (2020) 203285. 

https://doi.org/10.1016/j.wear.2020.203285. 

Chapter 3 contains the methodology and dataset of the research work completed in the 

previous Chapter 2. This chapter provides a detailed description of the methodology and 

approach used to perform all experimental work and all published data to the data repository 

for research review and conducts further studies. This chapter is presented as an article 

published in the journal Data in Brief. 

U. Patel, S. Rawal, A.F.M. Arif, S. Veldhuis, Dataset and methodology on identification 

and correlation of secondary carbides with microstructure, wear mechanism, and tool 

performance for different CERMET grades during high-speed dry finish turning of AISI 

304 stainless steel, Data in Brief. (2020) 105753. 

https://doi.org/https://doi.org/10.1016/j.dib.2020.105753. 
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Chapter 4 studies consist of research work focused on the second objective of this research. 

This research phase aims to investigate the performance of various commercial coatings on 

cermet tools based on micromechanical properties, tool performance and surface 

roughness. Performance compared to similar composition coatings prepared in-house on 

our Kobelco coater. Investigate wear mechanisms with progressive wear studies and use 

findings from the causes of tool coating failure to develop an advanced in-house coating 

for Objective 3. The research work with this chapter is written below as a journal paper 

submitted for review. 

U. Patel, S. Rawal, B Bose, A.F.M. Arif, S. Veldhuis, Performance Evaluations of Ti-based 

PVD coatings deposited on cermet tools for high-speed dry finish turning of AISI 304 

stainless steel, Submitted to the “Wear” journal, July 2021. 

Chapter 5 focuses on developing various in-house coatings to mitigate or delay coating 

failure and enhance cutting tool performance based on knowledge gains, with objectives 1 

and 2. Various coating combinations with Ti, Al, Cr, Si, Y, and Ta were developed, 

optimized, and evaluated specifically to perform high-speed machining of stainless steel 

304 with cermet tools. Detailed comprehensive analysis and explanation of the developed 

coating are provided in this chapter. This chapter covers the third objective of the research 

and is being prepared for publishing in the journal Wear. 

U. Patel, B Bose, S. Rawal, A.F.M. Arif, S. Veldhuis, Development of PVD coatings to 

improve the machining performance of CERMET tools for high-speed dry finish turning 
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of AISI 304 stainless steel, Submitted to the “International Journal of Refractory Metals 

and Hard Materials” journal, September 2021. 

Chapter 6 consists of combined general findings from previous chapters/objectives to the 

current thesis research work. This chapter also provides research contributions and 

suggestions for future research directions. 

1.5 Note to the Reader 

This thesis consists of a series of journal papers. A reader should note that chapters 2 to 5 

are journal publications either published or under review. Although each chapter focuses 

on individual research objectives, some overlap or duplication may be found during 

reading. Similarities may be present particularly in the introduction and experimental work 

sections. A section describing the experimental work may be repeated since the test 

facilities and equipment used are the same for all experiments. However, readers are 

encouraged to read through all the material in each chapter as it contains valuable 

information for each study. 
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Abstract 

This research investigates wear morphology of a Ti(C,N)-based cermet tools used for the 

high-speed dry turning of austenitic stainless steel (AISI 304) specifically for finishing 

operation. The goal of this study is to investigate the influence of compositions from 

different cermet tools supplied by various manufacturers on microstructure, properties and 

tool wear morphology while finishing turning of AISI 304. A progressive wear study was 

performed at a fixed cutting length interval to measure the tool wear of different cermet 

tools. The tool wear and structure of cermet tools were examined by Scanning Electron 

Microscope (SEM). Tool material compositions and phases were determined using Energy-

Dispersive X-ray Spectrometry (EDS) and X-ray diffraction (XRD), respectively. The 

results show that different elemental concentrations alter the microstructure of cermet tools 

by changing its core size and shape, which eventually shows the influence on mechanical 

properties and machining performance. The study also indicates that various elements are 

forming different compositions in cermet tools that play a critical role in determining their 

binding strength, heat resistance and lubricity during machining, which significantly affects 

the tool life. 

 

Keywords: Cermet; 304 stainless steel; tool wear; notch; dry machining; high-speed 

machining 
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2.1 Introduction 

Stainless steels are typically used to manufacture food processing and chemical equipment, 

as well as machinery parts that require high corrosion resistance (Groover, 2007). Stainless 

steels are known for their high work hardening rate, low thermal conductivity, high 

ductility, high tensile strength and high fracture toughness (Philip Selvaraj and 

Chandramohan, 2010). American Iron and Steel Institute (AISI) 304 austenitic stainless 

steel contains a minimum of 18% chromium to increase the hardness of the steel without 

compromising its ductility. Chromium content improves the grain refinement in the steel, 

which also increases its toughness and enhances the high-temperature strength of the steel. 

Stainless steel 304 also contains a minimum of 8% nickel to improve toughness, especially 

at low temperatures, reduce corrosion and minimize scratches. Nickel also imparts some 

heat resistance to the 304 stainless steel (whose thermal conductivity is three times lower 

than that of steel and five times lower than iron), which makes machining very challenging 

due to the high temperatures present in the cutting zone. Almost 80% of the generated heat 

is transferred into the tool, with its surface temperature reaching up to about 1000℃, which 

causes rapid tool wear due to diffusion and oxidization (Bapat et al., 2015). In addition, the 

high strain hardening rate of AISI 304 promotes the adhesion of stainless steel to the cutting 

tool surface, generating unstable chips and built-up edge (BUE) formation (Korkut et al., 

2004). 

High-speed machining is well-known in both die/mold and aerospace applications. The 

most commonly used materials in these applications are titanium, steels (including stainless 
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steel), and aluminium. Since each of these materials has its own unique attributes, their 

high-speed machining requires different approaches. However, undertaking high-speed 

machining presents further challenges, since the magnitude of all stress components 

increases along with cutting speed (M’Saoubi et al., 1999; Outeiro, Umbrello and 

M’Saoubi, 2006).  

As of late, green or dry manufacturing has gained popularity in the manufacturing industry 

to meet environmental regulations and mitigate occupational health hazards. The major 

benefit of dry machining is that it leaves behind no atmosphere or water pollution and 

produces no swarf residue, which reduces associated disposal costs and health issues. In 

general, dry machining also reduces machining costs (Sreejith and Ngoi, 2000). Sharma et 

al. (Sharma, Tiwari and Dixit, 2016) assessed that cutting fluids used in the machining 

process make up approximately 16-20% of the total production costs in the manufacturing 

sector. The implementation of dry machining eliminates the need to use cutting fluid. 

However, this process also presents several drawbacks. The dry cutting condition does not 

allow the use of coolant; therefore, friction and adhesion between the tool and the chip are 

higher, and so is the temperature. This results in a higher wear rate and shorter tool life 

(Kramar et al., 2013). 

Cemented carbide tools are most widely used for machining metal materials. As the cutting 

speed increases, so does the average cutting temperature at the tool-chip interface. When 

cutting speeds exceed 140 meters/minute, the temperature surpasses 500℃. The diffusion 

of elements throughout the tool-chip interface will begin at such high temperatures from 

the WC/Co or WC/TiC/Co carbide to stainless steel and vice versa. This phenomenon 
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causes rapid wear on the rake face of the tool and weakens the tool edge. In addition, the 

most commonly reported wear modes during the machining of stainless steel in carbide 

tools are adhesive and abrasive wear (Jianxin et al., 2011). Tekiner and Yeşilyurt (Tekiner 

and Yeşilyurt, 2004) used a WC P10 cemented carbide tool to machine AISI 304 at varying 

cutting speed, feed rate and depth of cut. During this study, the BUE was observed to 

decrease with the growth of cutting speed and increase along with feed rate. Korkut et al. 

in 2004 (Korkut et al., 2004) conducted experiments using a multilayer-coated (TiC, TiCN, 

Al2O3, TiN) cemented carbide tools on AISI 304 austenitic stainless steel by varying the 

cutting speed to 120, 150 and 180 m/min. They observed that the surface roughness values 

decrease as the cutting speed grows. Xavior et al. 2009 (Xavior and Adithan, 2009) 

investigated the effect of different cutting fluids on the tool wear and surface roughness 

during the turning of AISI 304 with a carbide tool. They determined that the cutting speed 

and feed have a more significant influence on tool wear than the cutting fluid. Yassmin et 

al. 2017 (Ahmed et al., 2017) investigated the effect of a build-up edge in the steady-state 

zone during the wet machining of AISI 304 with an uncoated carbide tool (WC-Co). Tensile 

residual stress decreased with the growth of BUE height and axial compressive stress. The 

surface roughness increased along with the growth of BUE. Korkut et al. in 2004 (Korkut 

et al., 2004) conducted experiments using a multilayer coated (TiC, TiCN, Al2O3, TiN) 

cemented carbide tool on AISI 304 austenitic stainless steel by varying the cutting speed to 

120, 150 and 180 m/min. They observed that the surface roughness values decrease as the 

cutting speed grows. In summary, the above literature for carbide tools shows that most of 
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the work on carbide tools is finished by cooling or by various cooling techniques (max 

cutting speed 210m/min with coating and cooling techniques). 

High-Speed Steel (HSS) tools are used to machine various alloys but reach catastrophic 

failure at cutting speeds greater than 45m/min as the chips become red hot. (Jiang et al., 

1996). Diamond tools are used to machine many nonferrous materials due to excellent 

properties such as high hardness, and dimension stability during machining but are the most 

expensive cutting tool materials. However, they can’t be used for machining stainless steel 

due to the high carbon affinity of stainless steel that draws the carbon out of the diamond. 

(Grzesik, 2017). Dorga et al. (Dogra et al., 2010) reported tool wear, chip formation and 

workpiece surface issues during hard turning with CBN. The issues related to ploughing 

arise due to a large nose radius and large negative chamfer angle.  

Ceramics are non-metal materials. The advantages of ceramic tools include incredibly high 

resistance to abrasive wear and cratering, high-temperature hardness and compressive 

strength. Ceramics have excellent chemical stability and low affinity with ferrous metals 

(Whitney, 1994). However, low tensile strength, fracture toughness, thermal conductivity 

and thermal shock resistance limit the use of ceramics for machining steel alloys (Low, 

2014). 

Cermet is a composite material that consists of ceramic and metal. It is designed to possess 

higher temperature resistance, bending strength and fracture toughness as well as higher 

thermal shock resistance than oxide-based ceramics while retaining the ability to undergo 

plastic deformation like a metal (Gruss, 1987). Cermet tools are mainly composed of a 
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core-rim structure with a titanium carbon-nitride (C, N) forming a hard phase (core). Nickel 

or cobalt serves as a binder (matrix). The phase surrounding the core, or rim, has a similar 

crystalline structure as the core.  

 

Figure 2.1 Schematic SEM microstructure image (BSE) representation of Ti(C,N)-

based commercial inserts 

The microstructural schematic image of a commercial cermet is shown in Figure 2.1. In 

Figure 2.1, black regions represent the cermet matrix cores that mostly contain Ti (C,N). 

This core binds with a metal binder such as cobalt (Co) and/or nickel (Ni) represented by 

the black dotted region. During the sintering process, a reaction between the core and binder 

forms a rim around the core. It can be a single or dual rim structure depending on the type 

of secondary carbide used in the production process and/or the manufacturing process (Ahn 

and Kang, 2000). In the case of a dual rim, the inner rims are bright rings containing heavy 

elements, whereas the outer rims, represented by grey loops surrounding the cores, may 

consist of solid solutions of Ti, W, and other secondary carbide elements(C, N). Stronger 

chemical bonds between the binder and the hard phases can be achieved by improving 
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wettability with the help of secondary carbides such as WC, VC, NbC, Cr3C2, TaC, Mo2C 

(Peng, Miao and Peng, 2013). 

Cermets are more sensitive to feed and have superior friction properties. The diffusion wear 

and thermal expansion coefficients are lower in cermet (Stephenson and Agapiou, 2016) 

than in WC (Tungsten carbide). Cermet outperforms coated carbide in terms of tool life by 

around 20% to 100% when used in appropriate applications. It works best with irons and 

steels that produces a continuous chip. Cermet can operate at a much higher surface cutting 

speed for more extended periods of time and can produce an excellent surface finish without 

the need for a coolant (Stephenson and Agapiou, 2016). 

Zou et al., in 2014 (Zou et al., 2014) prepared a Ti(C7N3) tool using various superfine WC 

and TaC particles. They accessed the performance of cermet as a cutting tool under cooling 

conditions at a maximum cutting speed of 350m/min. Chen et al. in 2015 (Xing et al., 2014) 

performed cutting and wear characteristics of Ti(C, N) cermet during turning hardened steel 

under dry cutting with 60–100 m/min cutting speed. Zou et al. 2015 (Zou et al., 2015) 

prepared a Ti(C7N3)/WC/TaC cermet and evaluated tool wear with the high-speed turning 

of 17-4PH martensitic (350∼400 m/min) and 321 austenitic stainless steels (300∼350 

m/min) under cooling condition. Zhang et al. in 2017 (Zhang et al., 2017) prepared Ti(C, 

N)/Al2O3 cermet tool and investigated cutting performance and wear mechanism under 

dry cutting of hardened steel 40Cr (AISI 5140) for cutting speed of 120,180, and 240 

m/min. They found the optimum cutting speed of 120m/min for metal removal, surface 

roughness and tool life.  
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Literature shows that many researchers have worked with cermet tools to machine various 

materials with different cutting parameters with cutting speeds up to 350m/min with 

various cooling methods. There is a scarcity of published work on the dry high-speed 

finishing machining of 304 stainless steel. AISI 304 is used in this experiment due to its 

severe machinability issues and also due to the fact that it comprises 72% of the market for 

stainless steel (Kulkarni, Sargade and More, 2018). The aim of this research work is to 

address this specific area and compare the performance of uncoated cermet tools from 

different manufacturers for dry high-speed finishing machining of 304 stainless steel. The 

study includes the effect of tool material composition on the microstructure, tool life and 

the tool wear mechanism for machining of 304 stainless steel under dry high-speed 

machining conditions. 

2.2 Experimental Procedure 

Dry high-speed machining tests were performed on a CNC turning machine OKUMA 

crown L1060. The workpiece material was AISI 304 steel with a hardness of 125 BHN. 

The mechanical properties and chemical composition of the workpiece are given in Table 

2.1 (‘ISO 15510-Stainless Steels-Chemical Composition: Stainless Steels 304’, 2014). 

Four different commercially available uncoated cermet tool inserts were investigated, each 

being of type CNMG 120408/CNMG 432. The details of these tools named Tool A, Tool 

B, Tool C and Tool D are given in Table 2.2. The machining tests were performed at a feed 

rate of 0.15 mm/rev, depth of cut of 0.4mm and cutting speed of 240 m/min.  
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Table 2.1 Chemical composition and mechanical properties of AISI 304 stainless steel 

Chemical composition (%) 

C Si Mn P S Cr Ni N Balance 

0.08 0.75 2.0max 0.045max 0.03max 18-20 8-10.5 0.1max Fe(iron) 

Mechanical properties 

Yield 

Strength  

Tensile 

Strength 

Elongation Modulus of 

Elasticity 

Shear 

Modulus 

Hardness Poisson's 

Ratio 

215 MPa 505 MPa 70% 193-200 GPa 86 GPa 123 HB 0.29 

 

Table 2.2 Cutting tool’s type, geometry, designation and hardness 

Tool 

label 

Hardness 

(HV) 

Tool geometry of the inserts 

CNMG 120408 / CNMG 432 

Tool A 1735 HV 

 

D= 12.70mm 

L10= 12.90mm 

Rɛ=0.8mm 

D1=5.16mm 

S=4.76mm 

Tool B 1663 HV 

Tool C 1664 HV 

Tool D 1622 HV 

Tool wear changes were characterized by volume wear measurements taken by a white 

light focus variation interference microscope (Alicona Infinite Focus G5 microscope, 
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Alicona Manufacturing Inc., Bartlett, IL, USA). A JEOL 6610LV Scanning Electron 

Microscope was used to capture the tool wear and edge geometry at different 

magnifications to observe the wear behavior at fixed machining intervals and to examine 

the cermet structure. Energy-dispersive X-ray spectroscopy (EDS) was used for 

compositional analysis. Tool life tests were conducted under the ISO 3685:1993 standard. 

Flank wear and notch wear were measured at fixed cutting length intervals by means of an 

optical microscope system that consisted of an X-Y table, a Mitutoyo digital micrometer 

and a KEYENCE-VHX 5000 digital microscope. A tool life criterion limit of 0.3mm was 

fixed based on the ISO 3685:1993 standard (Standardization, 2006). The hardness of 

different inserts was measured using a Vickers indenter. The structure of different cermet 

tools was studied by X-ray diffraction (XRD) (D8 Discover DAVINCI.DESIGN 

diffractometer, with Parallel Focus Goebel Mirror and Vantec 500 area detector) using a 

cobalt sealed tube source (λavg = 1.79026 Å). Samples were scanned in six steps at 22-112º 

range with an exposure time of 480s for each step. 

2.3 Results and Discussion 

Four uncoated commercial cermet tools were used in the current study. A reverse 

engineering approach was undertaken to identify various added secondary carbides in the 

cermet tool and evaluate the effects of the added secondary carbide on the microstructure, 

its effect on the wear mechanism and tool life during high-speed dry finish turning of 304 

stainless steel.  
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2.3.1 Microstructure Analysis 

The cermet microstructure morphology was studied using secondary and backscattered 

electrons (BSE) in the SEM. Figure 2.2 shows the SEM-BSE images of the microstructure 

of all cermet tools investigated in this study. The microstructure of all tools features a 

typical core-rim structure with black and white cores. Tools A and C show a rounded core 

structure displayed in Figure 2.2  (a) & (c), respectively. However, Tool A features finer 

cores and Tool C has a coarser core structure.  

  
(a)  (b)  

  
(c) (d) 

Figure 2.2 Backscattered electron (BSE) SEM image of all Ti(C, N)-based cermet tools (a) 

Tool A, (b) Tool B, (c) Tool C, and (d) Tool D 
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Tools B and D have non-circular, triangular and irregular coarse cores compared to Tool A 

as can be seen in Figure 2.2  (b) & (d), respectively. The elemental compositions were 

analyzed by means of EDS along with SEM. Table 2.3 shows the elemental weight % 

(wt.%) obtained by EDS of all four cermet tools, which are used to relate the effects of 

basic elemental composition on the microstructure of the tool material. 

Table 2.3 Elemental concentration (wt.%) of all cermet tools by EDS 

  Ti W Co Ni Nb V C N Mo Ta Others 

Tool A 44.0 17.8 6.1 2.1 7.0 1.6 14.3 6.1     Balance 

Tool B 36.7 22.7 5.3 5.9 5.0   15.0 5.2     Balance 

Tool C 37.8 9.4 6.0 4.2 1.8 4.4 17.3 3.8 7.5 7.0 Balance 

Tool D 38.2 20.1 7.3 7.0 5.1   14.8 3.7     Balance 

 

The size of a cermet tool core depends on the manufacturing process and the presence of 

added secondary carbides like WC, NbC, MoC, TaC, and VC. However, the effects of all 

individual secondary carbides are different, and they are introduced into the tool to address 

specific issues. Literature states that tungsten carbide (WC) can be used to improve the 

wettability of hard carbide grains with the metal binders due to the low solubility in the 

binder (Kwon et al., 2004; Jun et al., 2009). Based on the EDS results from Table 2.3, the 

maximum concentration of tungsten (W) was found to be 22.7 wt.%, and the minimum was 

9.4 W wt.% in Tool B and Tool C, respectively. For Tools A and D, it was 17.8 wt.% and 

20.1 wt.%, respectively.  
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Figure 2.3 Comparison of XRD patterns with phase identification of cermet tools Tool A, 

Tool B, Tool C and Tool D 

 

The XRD results in Figure 2.3 shows that a major portion of tungsten (W) is dissolved in 

the binder forming a (TiW)C phase in Tools A, B, and D. While undergoing the sintering 

process, tungsten (W) quickly reacts with the metal binder due to the low heat formation 

energy of WC (Kwon et al., 2004) and later with the cores, to form a (TiW)C phase in Tools 

A, B, and D. The radii of (Ti) and tungsten (W) atoms are 1.47 and 1.41Å, respectively, 

but due to the low affinity between tungsten and nitrogen, the Ti(C,N) peak shifts to the 

low angles with the formation of the (Ti,W)C phase. The increase in WC content leads to 
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the splitting of the peak as can be seen in Figure 2.3. This result corresponds to the rim 

structure of the (Ti,W)C solid solution and to the Ti(C,N) cores. The rim structure is the 

major contributor to the observed (Ti,W)C major peak. It is also evident from Figure 2.3 

that no (TiW)C phase is formed in Tool C due to the low amount of W (9.4 wt.%) as 

confirmed by EDS results. The amount of tungsten (W) dissolved in the metal binder was 

insufficient to react with the core material to form a (TiW)C phase. 

  
(a) (b) 

  
(c) (d) 

Figure 2.4 Secondary electron SEM images of all Ti(C, N)-based cermet tool with their 

porosity marked in yellow in (a) Tool A, (b) Tool B, (c) Tool C, and (d) Tool D 
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Table 2.3 shows that Tool A & C contains 1.6 wt.% and 4.4 wt.% of vanadium (V), 

respectively. It is reported in the literature (Ying et al., 2011) that the presence of vanadium 

produces a rounded core and finer grains, as evident in Figure 2.4 (a) & (c). Lack of 

vanadium (V) in Tools B and D resulted in a coarse core with non-circular, triangular and 

rectangular, irregular coarse cores shapes. The addition of VC is responsible for reducing 

the grain size (Ying et al., 2011), but an excessive amount of VC does yield a finer grain. 

Grain size directly affects the hardness of the tool. According to the Hall-Petch theory, 

hardness increases as the grain size becomes more refined. In this study, Tool A has finer 

grains and maximum hardness compared to all other tools as given in Table 2.2 due to the 

limited presence of vanadium in Tool A (1.6 wt.%) compared to the other tools. 

  
(a) (b) 

  
(c) (d) 

Figure 2.5 Point EDS spectrum from core (blue spectra), grey rim (green spectra), and 

white regions (red spectra) of cermet tools (a) Tool A, (b) Tool B, (c) Tool C, (d) Tool D 
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A secondary image of surface topography was captured in SEM, and point EDS spectra, as 

shown in Figure 2.5, were collected to measure the elemental variation and its effect on 

microstructure at three different locations: (i) the first at the core, represented in blue, (ii) 

the second at the rim represented in green and (iii) the third at the white represented in red.  

Captured secondary SEM images show porosity at a different level in different inserts 

highlighted by yellow contours, as shown in Figure 2.4. Tool C features the maximum level 

of porosity and has a less dense structure compared to all other tools. This effect can be 

explained by the niobium (Nb) content in the tool material. Tool A has the maximum 

niobium (Nb) content of 7 wt.%, whereas Tools B and D have 5 wt.% and 5.1 wt.%, 

respectively. Tool C has the minimum niobium (Nb) content of 1.8wt.%, which is quite 

low compared to the other tools. It has been reported in the literature that NbC is used to 

lower the sintering temperature (Wang et al., 2009). As a result, more phases are formed at 

lower temperatures and the volume of the liquid phase increases from the addition of other 

secondary carbides to the liquid form. Additionally, at this liquid stage, most of the NbC is 

dissolved into the binder phase, as confirmed by the point EDS spectrum shown in  Figure 

2.5. Jun et al. Reported similar results (Wang et al., 2009) while comparing the effect of 

the added NbC on sinterability by varying the NbC content from 5 and 10wt.%. The 

reduction in porosity produces a denser tool material with improved mechanical properties. 

Huang et al. (Huang et al., 2008) reported that material grades containing less than 10wt% 

NbC provide more densification. However, increasing the NbC content beyond 30-40 wt.% 

can drastically decrease the densification. In the current study, Tool A has maximum 
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niobium (Nb) content of 7 wt.% as given in Table 2.3, resulting in the lower amount of 

porosity evident in Figure 2.4 and imparting high hardness to the tool material. 

Molybdenum (Mo) is only observed in Tool C with a content of 7.5 wt.%. Literature shows 

that molybdenum (Mo) improves the wettability with the binder (Xiong et al., 2007) and 

can inhibit the core growth (Conforto, Mari and Cutard, 2004). The titanium (Ti) 

concentration in Tool C is drastically reduced by 41% and 65% in the grey and white region 

of the tool material compared to the core, as shown in Figure 2.5. This is the highest 

reduction of titanium (Ti) into the grey and white regions of the tool compared to all other 

tools. This may indicate that the presence of molybdenum (Mo) prevents the diffusion of 

titanium Ti from the boundary of the core, resulting in core growth inhibition as reported 

in the literature (Zhang, Liu and Rong, 2008). 

The literature also mentions that NbC is used as a replacement for costly TaC in cermets 

(Wang et al., 2009). Tool C has niobium (Nb) content of 1.8 wt.% and tantalum (Ta) content 

of 7.0 wt.% as shown in Table 2.3, indicating that the manufacturer tried to use tantalum 

(Ta) as a replacement for niobium (Nb) to form the respective carbides. It is expected for 

TaC to increase the dissolution of secondary carbides and cores to reduce the grain size 

(Peng Wu, Yong Zheng, Yongle Zhao, 2010). However, instead of forming finer grains due 

to the presence of TaC, Tool C features a moderate core size as evident from Figure 2.2 (c). 

This can be explained by the effect of molybdenum (Mo) on core formation as discussed 

earlier, which prevents the core from dissolving into the binder. A similar effect was also 

reported in a study by Peng et al. (Peng Wu, Yong Zheng, Yongle Zhao, 2010) where grains 

agglomerated due to mass transportation resulting in diffusion and plastic flow of cores as 
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a result of tantalum (Ta) addition during the sintering process. The addition of 7wt.% of 

TaC increased the porosity of the material structure. This was also observed in the current 

study for Tool C that has 7wt.% tantalum (Ta), also as evident from Figure 2.4c for Tool 

C, indicating the highest amount of porosity amongst all the tools. 

Figure 2.5 shows that more carbon is present more outside of the core, and it accumulates 

in the direction of the white rim area. Nitrogen content is greatest in the core itself but is 

low in the grey rim and white core areas. The core consists of TiCN and TiN only, whereas 

the grey rim area is formed by the dissolution of various secondary carbides such as 

CoAXBY and NiAXBY (A=Ti, B=W, V, Nb, Ta, Mo) with binders present in this region 

as evident from Figure 2.4 and Figure 2.5. Since the core contains TiCN, the maximum of 

N can be found in the core area but not in the grey and white regions due to the small size 

of the nitrogen atom. As a result, nitrogen (N) has a tendency to diffuse towards the core 

since this region is free from heavy atoms such as W, Ta, Mo, and Nb (Conforto, Mari and 

Cutard, 2004). Figure 2.5 also shows that most of the secondary carbides W, Nb, V, Mo 

and Ta are dissolved within the binder. The concentration of titanium (Ti) decreases 

drastically from the core to the rim and the white core in all tools. However, secondary 

carbides such as W, Nb, Mo, Ta exhibit the opposite trend, being richly concentrated in the 

white core region, which can be confirmed by the SEM BSE image colour contrast, where 

heavier elements are displayed in white. Additionally, it can be seen in Figure 2.5 that the 

concentration of binder is significantly reduced in the white core, meaning that the latter is 

produced by the precipitation of additional secondary carbides. 
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Figure 2.2 displays all images with the white cores in the tools. Since BSE images depict 

the chemical contrast, heavy atoms are outlined in a brighter colour compared to the light 

atoms resulting in the colour contrast for the BSE images. EDS spectrum in Figure 2.5 

reveals that the added secondary carbides in all the tools can be mostly detected from the 

grey and white areas of the BSE-SEM images. This indicates that most of the secondary 

carbides are reacting with the binder to build up the grey rim responsible for holding the 

core within the matrix. The results of XRD in Figure 2.3 also confirm that all the secondary 

carbides form a new phase with the binder in having the same crystal structure as the major 

phases due to the dispersed molecules forming the secondary carbides with the binder 

metals or vice versa. 

2.3.2 Tool Life Analysis 

The cutting tests were performed to measure the tool performance and investigate wear 

morphology. Evaluation of tool life was based on an ISO 3685 standard, by which the flank 

wear and notch wear (length and width) were measured following a defined cutting interval 

that reached a fail criterion of 300μm by flank or notch wear. The tool performance was 

evaluated based on the flank wear and tool failure images as shown in Figure 2.6. Tool 

performance based on the notch wear length and width represented by the 3D wear volume 

view is shown in Figure 2.7. All tools except Tool B failed by notch length and Tool B 

failed by notch width. Notching was observed in all tools after a machining length of 100m, 

as observed with a digital microscope. 
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Figure 2.6 Tool flank wear progression with cutting length 

 

 
(a) (b) 

Figure 2.7 Tool notch wear progression with machining length: (a) notch length and (b) 

notch width 
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Tool A: Tool A exhibits excellent wear behavior from the beginning as compared to the 

other tools. Its notch wear had a length and width of around 50μm at 267m of cut, while its 

flank wear was 55μm. Tool A also has the best initial wear resistance out of all the tools. 

After a machining length of 1067m, the notch wear enters a steady wear zone. The notch 

wear rate slowed down following 1067m of machining, reaching the failure criteria at 

2668m of machining, at which the flank wear was the only 88μm. Overall flank wear 

increased rapidly until reaching 60μm at 533m of machining and remained uniform until 

failure. 

Tool B: In Tool B, the initial notch was around 62μm long and 76μm wide after a cutting 

length of 100m, at which the flank wear was 48μm. The notch wear length of Tool B 

facilitated rapid initial notch wear. Notch wear length increased rapidly to 169μm until 

667m of cut, with flank wear of 59μm. After that, it entered a steady zone where the wear 

rate was stable. The tool reached the failing stage at a machining length of 2267m. Notch 

wear width of Tool B grows rapidly to 99μm until 133m of machining length. After that, it 

enters the stable wear zone. Notch width increased slowly until 1733m of machining length 

and the tool reached failure at a flank wear higher than 76μm. The wear rate accelerated 

and reached the tool failure stage at a notch width of 300μm, while the flank wear was only 

78μm at a machining length of 2267m. 

Tool C: In Tool C, the initial notch was around 60μm long and 80μm wide after a cutting 

length of 100m with flank wear of 50μm. The notch length of Tool C began to tremendously 

increase from 98μm to 125μm and then 204μm after machining length of 400m, 533m, and 

667m respectively, while the flank wear remained steady from 75μm to 79μm. The notch 
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wear width of Tool C increased rapidly to 180μm until 800m of machining length, while 

the flank wear was 82μm. After that, it entered the steady zone and progressed slowly until 

reaching the failure criteria at 2000m of machining with flank wear of 84μm. 

Tool D: Tool D’s notch was 80μm long and 90 m wide, 50% larger than all the other 

tools. Flank wear was 50μm after a machining length of 100m, which is the same as for the 

other tools. Tool D rapidly wore out from 90μm to 302μm by notch wear at a machining 

length between 133m to 733m. Flank wear at the failure stage was 102μm, which is 

approximately 20μm more than that observed for the other tools. Overall flank wear rapidly 

increased to 75μm at 267m of machining length and then slowly grew until failure. 

2.3.3 Discussion on Wear Mechanisms  

2.3.3.1 Pitting Mechanism 

Figure 2.8 shows the SEM images of all tools at different stages after a machining length 

of 7m, 34m, and 133m. It can be observed that, after 7m of machining, tools do not exhibit 

any chipping or significant geometry changes. However, there was a slight marring of the 

tool surface at a depth of cut (DOC) interface area that formed some pits on the surface of 

all tools. These pits might have occurred due to the removal of the carbide grains from the 

tool surfaces. The removal of carbide grains might occur due to a loss of compressive 

residual stress within the binders, since plastic deformation extracts the binder from the 

cermet matrix structure, as was first observed by Larsen-Basse (Larsen-Basse, 1985). The 

repetitive loading and sliding with the workpiece material at the same location of the tool 

might have resulted in the removal of small carbide fragments and formed pits. 
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Figure 2.8 Secondary electron SEM images of all Ti(C,N)-based cermet tool after 

machining lengths of 7m, 34m and 133m showing microchipping and notch generation 

2.3.3.2 Microchipping & Furrowing Mechanism 

After a machining length of 34m, the DOC area surface of the tool become increasingly 

marred and all tools except Tool A exhibit microchipping, as evident from Figure 2.8. This 

microchipping occurrence can be explained by grains falling out and leaving small cavities 

in the affected area. This happens through a furrowing effect on the tool surface. A newly 

machined surface experiences compression during the first machining pass, and due to the 

high ductility of 304 stainless steel, these top machined surfaces become work hardened. 

Therefore, when the tool enters the second pass, its work-hardened surface is compressed 

further, generating burrs which deform and become work-hardened at this stage of chip 

 Tool A Tool B Tool C Tool D 
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formation. These excessively work-hardened burrs will rub against the tool at the bottom 

of the depth of cut interface area, further wearing out this region of the tool. Following the 

running-in stage, some carbide grains will begin to detach, generating small cavities on the 

tool surface, which then becomes characterized by microchipping at a depth of cut tool-

chip interface area. This is also known as the notching of the tool and may occur due to the 

development of surface and subsurface microcracks, which break up the structure of the 

cermet tools, ultimately leading to grain removal. 

After a machining length of 133m, the first microchipping was observed in Tool A whereas 

a significant amount was observed for the rest of the tools. Chipping becomes more 

dominant with an increase in the machining length. In Tool D, chips turn into grooves 

whose length increases along the rake face of the tool. This can be attributed to the amount 

of the binder content within the tool; as evident from Table 2.3, the binder (Co+Ni) content 

in Tool D is highest (14.3wt.%). Meanwhile, in Tools A, B and C, the binder content is 8.2, 

11.2, and 10.2 wt.%, respectively. Therefore, the lower binder (Co+Ni) content level results 

in better tool life for these Tools as compared to Tool D, as shown in Figure 2.7. Tool D 

with a maximum nickel (Ni) binder content of 7wt.% has the maximum chemical affinity 

with the nickel (Ni) present in the 304 stainless steel. It has been reported in the literature 

that due to the high temperature and pressure during the machining process at the tool-chip 

interface area, nickel (Ni) (Zhu, Zhang and Ding, 2013) diffuses from the tool to the 

workpiece or the chip. This results in the loss of some binder content from the tool, 

weakening the support for the carbide grains and may have resulted in the removal of the 

carbide grains as the chip slides along the tool surface. 
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2.3.3.3 Notch Grooving 

The continuation of the machining test increased the notch groove length as well as width 

as shown in Figure 2.7 (a) and (b), respectively, for all four cermet tools. This expanded 

notch began to be filled with workpiece material. New material continuously pushed the 

old material during the machining process and began to fill in the voids on the surface, 

creating another material flow from the notch area, as shown in Figure 2.9. This material 

in the notch was coming from a furrowing effect described earlier. When the contact surface 

in the worn area expands, it will begin to deform in this region due to the curved groove 

material. this will lead to an increase in the temperature in this notch region as compared 

to rest of the tool. 

    
(a)  (b) (c) (d) 

Figure 2.9 Sticking and filling mechanism of workpiece material in the DOC notch groove 

formed by chipping (a) notch grove where the workpiece material sticking, (b) sticking, 

filling, and sliding of workpiece material in the notch, (c) side view of the notch filling and 

sliding mechanism, (d) top view of the notch and insert 

The temperature in this area remained relatively high compared to the rake face of the tool, 

since the rake face has a larger cross-section to dissipate the generated heat through the 

fast-flowing chip. A linear regression of volumetric wear of all tools is shown in Figure 

2.10 with the R-square (COD) value of 99% for Tool D and 96% for the rest of the tools. 

Wear volume for all the cermet tools increased almost linearly along with cutting length as 

the area of contact with the tool grew as shown in Figure 2.10. The temperature is very high 
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in this region, as a result, the binder becomes softer, and the poorly supported carbide grains 

may be squeezed out of the binder. Over time, this phenomenon causes severe notch wear, 

with the notch getting wider, deeper and longer, ultimately leading to tool failure. 

  
(a) (b) 

  
(c) (d) 

Figure 2.10 Linear regression of wear volume showing wear volume rate with machining 

length for (a) Tool A, (b) Tool B, (c) Tool C, and (d) Tool D 

2.3.4 Effect of Compositions on Tool Performance 

The wt.% of different phases (TiW)C, TiCN, and TiC calculated by Topas software from 

the XRD raw data are shown in Table 2.4. It can be observed that Tool A contains the 

highest amount of phase (TiW)C. Kim 2011 reported that, in most cermet systems, the 

fracture of material due to crack propagation is mostly initiated from the high strained core–
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rim interface regions (Kim, Seo and Kang, 2011). If a larger proportion of core/rim 

structures are covered by (TiW)C, then the core eliminates this internal stress on the 

interface. As a result, the higher content of (TiW)C phase leads to high fracture toughness 

(Kim et al., 2012; Oh et al., 2015), and also increases the hardness of the cermet tool. 

Although WC has a lower hardness compared to TiCN, the high solubility of the binders 

and their improved sinterability due to the addition of WC improves the hardness of the 

cermet material. Tool A has a high content of (TiW)C. As a result, it is resistant to 

microchipping up to a 133m machining length, whereas all other tools exhibited 

microchipping at a machining length of 34m, as evident from Figure 2.8. The delayed 

microchipping of the tool during the initial stage of machining improved the tool life for 

Tool A as evident from Figure 2.7(a). Tool C shows no evidence of the (TiW)C phase being 

present, and thus has a relatively lower tool life as compared to the other cermet tools, but 

a longer tool life than Tool D, which does possess a (TiW)C phase. However, it performed 

more poorly due to the higher amount of binder present in the tool as discussed earlier. 

Table 2.4 Wt.% of phases (TiW)C, TiCN, and TiC 

 (TiW)C wt.% TiCN wt.% TiC wt.% 

Tool A 20.5 32.2 47.3 

Tool B 17.5 22.5 59.5 

Tool C - 100.0 - 

Tool D 18.2 20.8 61.1 
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The hard TiCN grain phase responsible for lower wear resistance and shorter tool life was 

found to be the lowest in Tool D, as can be seen in Figure 2.7. Tool A had the highest TiCN 

phase content after Tool C. However, Tool C does not feature the highest tool life because 

of the absence of the (TiW)C phase in the tool, which plays a critical role in keeping 

together the hard TiCN core grains. Tool A has the highest tool life as it has the highest 

amount of wear-resistant TiCN particles as represented by the black area along with 

(TiW)C particles represented by the grey area, as shown by the SEM images in Figure 2.2. 

The (TiW)C particles play a critical role as a rim that encloses the hard TiCN grains. 

As discussed earlier, NbC is used to lower the sintering temperature and increase the 

densification of the cermet tool. However, in terms of the mechanical and machining 

aspects, NbC is known to improve the thermal shock resistance of the material. The high 

melting temperature of NbC facilitates control of the material’s thermal softening while at 

the same time also improves its adhesive wear resistance. Kelly et al. (Kelly and Rowcliffe, 

1967) reported that at a temperature beyond 1000°C, the yield strength of NbC is higher 

than that of the WC. Since the hardness of a material depends on temperature, the 

microhardness of WC drops at 500-700 °C (Lee, 1983), while the same drop for NbC occurs 

between 900-1000 °C (Kumashiro, Nagai and Katō, 1982). So, the literature reports that 

NbC has a higher hot hardness compared to WC. Woydt et al. (Woydt and Mohrbacher, 

2014) reported that some NbC metal grades are present in the cermet tool material, such as 

NbC-Co or NbC-Ni. When the temperature is reached at 400°C, the friction decreases with 

an increase in the sliding speed. And as the cutting speed grows, the niobium (Nb) metal 

phases help reduce the tool wear. Tool A, with maximum niobium (Nb) content of 7wt% 
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as shown in Table 2.3, features the highest tool life (Figure 2.7 (a)) and best wear resistance 

out of all the tools, which can be attributed to the formation of a secondary carbide with 

niobium (Nb). 

As explained earlier, the addition of VC is responsible for the fine grain structure of the 

cermet material. Tools A and C have a 1.6 wt.% and 4.4 wt.% of vanadium (V), 

respectively, in Table 2.3. It was reported in the literature (Ying et al., 2011) that excessive 

vanadium (V) content, more than 1 wt.%, will not result in finer grains. Lower vanadium 

(V) content (≤1%wt) may result in fine grains. As the interface between the hard phase 

(TiCN) and binder (Co/Ni) phase increases, the mean free path of the binder phases is 

reduced, which will impart high hardness to the binder phase. Tool A has a finer grain 

structure and maximum hardness, whereas Tool C has a coarser grain structure and lower 

hardness values, as evident from Figure 2.2 and Table 2.2, respectively. The structure of 

Tool A as shown in Figure 2.4 is less porous compared to that of other tools, thereby 

reducing the material bearing load volume (Huang, 1995) and resulting in a dense structure 

with a higher hardness value. In general, a material with a high hardness value is usually 

more wear-resistant (Jia and Fischer, 1997). Milman et al. reported that the hardness of 

WC–Co decreases with increasing temperature, increasing cobalt content and increasing 

WC grain size (Milman, Luyckx and Northrop, 1999). Hence, Tool A has a longer tool life 

compared to Tool C as can be seen in Figure 2.7 (a), due to its finer grain structure, high 

hardness values and lower binder content as compared to the other cermet tools. 

Table 2.3 shows that Tool C contains 7.5wt.% of molybdenum (Mo). It is reported in the 

literature that during dry machining, molybdenum (Mo) reacts with oxygen at temperatures 
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greater than 520 °C to form MoO3 and MoO2 oxides (Yang et al., 2017). These oxides are 

very similar in structure to graphite and possess self-lubricating properties in the dry turning 

condition similar to solid lubricants (Broniszewski et al., 2013; Fang et al., 2014). The 

friction coefficient at the tool chip interface is decreased as a result. Due to this effect, the 

wear rate of Tool C becomes low as shown in Figure 2.10 (c). It is lower compared to all 

other tools except Tool A, which demonstrates the low volume wear rate of the Tool C, 

almost the same as that of the Tool A. However, since the tool material hardness is not 

same, (1663 HV in Tool C and 1735 HV in Tool A) the tool with the greater hardness is 

expected to have the longest tool life. However, the wear volume of Tool A and Tool C are 

the same. 

During the sintering process, vanadium (V) and nitrogen (N) replace tantalum (Ta) and 

carbon (C) in TaC to form the TaVCN and TaVN phases, as confirmed by XRD in Figure 

2.3. These phases show the FM-3M (225) space group and are structured in a cubic lattice, 

which is like the core structure of TiCN, TiC and the (TiW)C rim. Vanadium and Tantalum 

form an oxide (V2O3, V2O5, Ta2O5 and Ta4O) that acts as a lubricant during the machining 

process. In addition, V2O5 melts and acts like a liquid lubricant at temperatures greater than 

686℃ (Jun-hua et al., 2012; Yu, Huang and Xu, 2015). Consequently, these lubricants 

decrease friction and reduce the wear of the tools. Tool C contains tantalum (Ta), whereas 

Tools A and C both contain vanadium (V) as shown in Table 2.3. These two Tools, A and 

C, have a low wear volume rate (Figure 2.10) and represent almost the same wear volume 

rate may be due to the lubricating effect of the above oxides during the machining process. 
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2.4 Conclusions 

The cermet tools with the same geometry but different compositions from different 

manufacturers were studied to examine the role of constituents on the tool performance 

during dry high-speed machining of 304 stainless steel. The summary of the noteworthy 

findings is: 

• Wear progression: Pitting wear is initially observed in all tools at 7m of cutting 

length, due to the loss of binding strength of the binder material (Co and Ni) causing 

the elimination of the grain. All the tools except Tool A begin to chip due to the 

furrowing effect that may be caused by harden burr (formed by work-harden layer 

from the previous machined surface) on the tool surface at a cutting length between 

34m and 133m. The continuation of this process results in notch chipping (material 

removal from notch) and transforms into a groove causing the workpiece material 

to fill and flow through it. This material flow in the notch grooves intensifies the 

notch wear and ultimately causes tool failure. 

• The higher binder content (Co and Ni) accelerates the notch wear and causes the 

tool to fail. In addition, as the nickel (Ni) content increases, the rate of its diffusion 

into the stainless-steel workpiece during machining increases, resulting in lower 

tool life for Tool D. 

• Tungsten(W) is present in all tools and forms (TiW)C phase, with the exception of 

the Tool C, which has a very low amount of W. (TiW)C phase plays a crucial role 
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as it forms a set of rims that holds ceramic (TiCN) cores imparting higher wear 

resistance and tool life to the tools.  

• Tantalum, molybdenum, vanadium, tungsten, and niobium may have resulted in the 

precipitation of secondary carbides as evident from the EDS spectrum taken at the 

white core in BSE SEM images. 

• The presence of a lower amount of vanadium results in the rounded and fine core 

for Tool A and Tool C. The absence of vanadium from Tool B and Tool D results 

in irregular core shapes such as non-circular, triangular and rectangular cores for 

these tools.  

• Vanadium and tantalum may form lubricious oxides during the machining process, 

thereby reducing the wear volume rate and higher tool life for Tool A and Tool C. 

However, the excessive content of tantalum in Tool C has an adverse effect that 

results in the increase of the porosity due to agglomeration. 

• The presence of niobium provides high hot hardness by forming secondary 

carbides, reduces porosity and helps in improving the tool performance.  

• Molybdenum inhibits core growth and makes the core coarser, that may reduce the 

hardness of Tool C. However, molybdenum also forms lubricating oxides, that may 

reduce friction and wear volume during the machining process, as observed for Tool 

C. 
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Abstract 

The aim of this research is to utilize a reverse engineering approach for the identification 

of the elements and phases available in the commercial CERMET inserts with the help of 

characterization techniques such as Scanning Electron Microscope (SEM), Energy-

dispersive X-ray spectroscopy (EDS), and X-Ray Deposition (XRD). Four commercial 

CERMET inserts were investigated in this research work, and the effect of the composition 

and phases are related to its tool wear mechanism and performance. Each CERMET insert 

is used to perform a turning process on a CNC lathe for machining Stainless Steel (SS) 

under the dry condition at a fixed cutting length interval. Once it completes machining for 

a fixed cutting length, the CERMET insert is taken out to investigate its wear mechanism 

with the help of SEM, EDS, XRD and using a focus-variation microscope (Alicona). A 

correlation analysis is performed to relate progressive tool wear mechanisms with elements 

and their relevant phases of various carbides. The approach of correlating wear property 

with the phase content will contribute to the understanding of the wear mechanism under 

such extreme machining conditions. It will serve as a reference for the improvement of the 

performance of these CERMET inserts for such harsh machining conditions by the 

development of protective coatings for these CERMET inserts based on the identification 

of the composition and phases that improves tool life and reduces wear. The data related to 

this research work can be found at “https://doi.org/10.1016/j.wear.2020.203285” (Patel et 

al., 2020). 
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Keywords: XRD; SEM; EDS; Phase identification; Tool Life; Wear mechanism; 

CERMET; Secondary Carbide 

3.1 Specifications Table 

Subject Ceramics and Composites 

Specific subject area Influence of the composition and phases available in 

commercial CERMET inserts on its wear mechanism and 

tool life for machining stainless steel  

Type of data Table (Procedure steps for the polishing). 

Images (SEM images, and microscopic images). 

Graphs (EDS point spectra) 

How data were 

acquired 

The following experimental techniques were used to acquire 

data: 

• Scanning Electron Microscope (SEM): - Using “JEOL 

6610LV” for SEM images and Elemental identification 

(EDS). (ref. Figure 3.1, Figure 3.2, and Figure 3.3) 

• X-Ray Diffraction (XRD): - Bruker D8 discover with 

cobalt source. 

• CNC turning lathe: - OKUMA crown L1060 for Tool 

life test and tool wear test 

• Digital Images: - KEYENCE-VHX 5000 digital 

microscope to capture tool wear from various 

orientations (ref. Figure 3.4) 

• 3D Scan Microscope: - Alicona Infinite Focus G5 

microscope to capture 3D wear volume (ref. Figure 3.5) 

Data format Raw data for microstructure SEM images, XRD, and EDS.  

Tool life with flank wear and notch wear are collected and 

prepared as graphs.  

Volume wear data for the CERMET inserts was measured 

by the software of Alicona Infinite Focus G5 microscope, 

analyzed and prepared as graphs. 
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Parameters for data 

collection 

SEM:  

Electron beam: 20-25KeV 

Spot size: 55 

WD: 10-12mm 

XRD: 

Cobalt sealed tube source (λavg = 1.79026Å) 

Power settings: 35kV, 45mA 

Scan at six steps in 22-112˚ range, Exposure time: 480s/step. 

CNC turning lathe: 

Cutting speed: 240m/min 

Depth of cut: 0.4mm 

Feed:0.15 mm/rev 

Description of data 

collection 

Four commercial CERMET inserts were investigated in this 

research work. Each new CERMET insert was scanned 

before the start of the experiment to compare it later with its 

machined tool surface. The machining test was performed at 

a fixed cutting interval. The SEM images were captured to 

keep track of tool wear and to understand the tool 

microstructure, and EDS was performed at the fixed cutting 

interval to identify its composition. XRD was done to 

determine the relevant phases present, and a 3D scan was 

taken using a focus variation microscope (Alicona) to 

measure the wear volume after each cutting interval. A 

digital microscope was also utilized to measure flank wear 

and notch wear.  
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Data source location SEM: (Figure 3.1, Figure 3.2, and Figure 3.3) 

Institution: Canadian Centre for Electron Microscopy 

(CCEM) Facility, McMaster University 

City/Town/Region: A.N. Bourns Science Building, 1280 

Main St W, Hamilton, ON, L8S 4M1 

Country: Canada 

XRD: 

Institution: McMaster Analytical X-Ray Diffraction (MAX) 

Facility, McMaster University 

City/Town/Region: A.N. Bourns Science Building, 1280 

Main St W, Hamilton, ON, L8S 4M1 

Country: Canada 

Tool life: 

Institution: McMaster Manufacturing Research Institute 

(MMRI), McMaster University 

City/Town/Region: John Hodgins Engineering Building, 

1280 Main St W, Hamilton, ON L8S 4L7 

Country: Canada 

Digital microscope image & 3D scan images (Figure 3.4 and 

Figure 3.5) 

Institution: McMaster Manufacturing Research Institute 

(MMRI), McMaster University 

City/Town/Region: John Hodgins Engineering Building, 

1280 Main St W, Hamilton, ON L8S 4L7 

Country: Canada 

Data accessibility In a public repository: 

Repository name: [Mendeley Data] 

Data identification number: [10.17632/xg2rngb8xn.1] 

Direct URL to data:  

[https://dx.doi.org/10.17632/xg2rngb8xn.1] 

https://dx.doi.org/10.17632/xg2rngb8xn.1
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Related research 

article 

Author’s name: Uttkarsh S. Patel, Sushant K. Rawal, A.F.M. 

Arif, Stephen C. Veldhuis 

Title: Influence of secondary carbides on microstructure, 

wear mechanism, and tool performance for different 

CERMET grades during high-speed dry finish turning of 

AISI 304 stainless steel (Patel et al., 2020). 

Journal: Wear 

Volume: 452–453 

Year: 2020 

DOI: https://doi.org/10.1016/j.wear.2020.203285  

3.2 Value of the Data 

• These data provide a comprehensive comparison and explanation on the effect of 

various tool compositions and phases on the wear mechanism and tool life for dry 

machining of stainless steel by four different commercial CERMET inserts.  

• These data will provide a reference for the manufacturing sector on the 

identification and selection of appropriate CERMET inserts based on tool life for 

dry machining of stainless steel.  

• These data will be used for the development of protective coatings for these 

CERMET inserts based on the identification of the composition and phases that 

improve tool life and reduces wear. 

• These data can serve as a benchmark for CERMET insert to be explored for 

additional machining applications for different materials in similar dry machining 

conditions. 

https://doi.org/10.1016/j.wear.2020.203285
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3.3 Data Description 

Data presented in the article is on the comparison of wear mechanism and tool life for dry 

machining of stainless steel by four different commercial CERMET inserts. The 

experiments were performed to identify the various elements present in CERMET inserts, 

evaluate their effect on microstructure, and relate it to its wear mechanism and tool 

performance.  

In the first step, new CERMET inserts were used to capture microstructure (Figure 3.1 and 

Figure 3.2) and EDS results (Figure 2.5). In the second step, an XRD test was performed 

to identify the phases related to these elements. The wt.% of major phases were calculated 

using the Topas software. A machining test was performed at a fixed interval to measure 

and quantify the tool wear under an optical microscope and a focus variation microscope 

(Alicona). The collected data was used to prepare a tool life graph. SEM images were also 

taken to investigate the progressive wear mechanism, as shown in Figure 3.3. The 3D wear 

volume images were taken by scanning the CERMET insert in Alicona (Figure 3.5) and 

presented as linear regression to compare the tool wear. 

3.4 Experimental Design, Materials, and Methods 

3.4.1 Sample Preparation for SEM: 

The samples were mounted in Bakelite (hot mount) and polished with the help of an auto 

polisher to make it flat and smooth mirror finished using the following steps as given in 

Table 3.1. 
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Table 3.1 Steps to polish the CERMET inserts/coupons 

Step No. Surface Suspension Lubrication Time (min) 

1. Piano 120  Water 2:30 

2. Piano 600  Water 2:30 

3. Plan DP-A 15μm Blue 2:30 

4. Allegro DP-A 9μm Blue 4:00 

5. Dur DP-A 3μm Blue 4:00 

6. Dur DP-A 1μm Blue 6:00 

7. Chem OP-S  2:00 

Once samples were mirror polished, they were unmounted and placed on an SEM fixture 

for the SEM characterization. 

3.4.2 Scanning Electron Microscopy (SEM) Images: 

JEOL 6610LV SEM instrument was used to obtain the microstructure images of the 

CERMET inserts. The polished CERMET inserts were coated with the carbon/gold, and 

nickel paste was applied to create a path for the electron to pass through it so the charging 

effect can be minimized and more clear and sharper image can be obtained. A backscattered 

electron (BSE) mode was used to capture chemical (atomic) contrast, which can help to 

identify core, rim and binder compounds in the CERMET inserts, as shown in Figure 3.1. 
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(a)  (b)  

  
(c) (d) 

Figure 3.1 Backscattered electron (BSE) SEM images of all CERMET tools (a) Tool A, (b) 

Tool B, (c) Tool C, and (d) Tool D 

 

To capture the surface topography, BSE mode was changed to secondary electron mode, 

and the same procedure as above was followed, and the images, as shown in Figure 3.2, 

were obtained. 

3.4.3 Energy-Dispersive X-ray Spectroscopy (EDS) 

Polished CERMET inserts were loaded into the chamber and brought near to the detector 

until the working distance is 10-12mm. The EDS detector and software available to operate 

the equipment were used to collect X-rays at a minimum of 20KeV from the sample surface 
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to excite X-rays from all the elements. The software was used to keep the dead time around 

30%. The data was acquired and processed by the software to get the EDS spectrum, as 

shown in Figure 2.5. 

  
(a) (b) 

  
(c) (d) 

Figure 3.2 Secondary electron SEM images of all CERMET tools (a) Tool A, (b) Tool B, (c) 

Tool C, and (d) Tool D 

The investigation of elemental concentration (wt.%) of all CERMET tools by using JEOL 

6610LV SEM device with the help of EDS, which allows the user to identify the various 

elements and their concentration are summarized in Table 2.3. 
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3.4.4 X-Ray Diffraction (XRD): 

Once the elements are confirmed, the same samples were used to perform the XRD for 

phase identification. The samples were mounted on the Bruker D8 discover with a cobalt 

source having a wavelength of λavg= 1.79026Å, and power settings: 35kV, 45mA. The data 

was collected through the scanning performed at 2θ values from 22° to 112° and at an 

increment of 18.  

Software “DIFFRAC.EVA V4.2.1” (Bruker Corporation) was used to merge all frame and 

mask it to remove noise. A 1-dimension XRD spectra were created by using the tool 

“integrate cursor,” and an intensity v/s 2θ plot was generated. The “export partial scan” tool 

was used to flatten and export the intensity plot by removing background noise.  

The exported plot was saved as an XY file, and the data was used in the origin software to 

create a plot graph and stack multiple plots into a single graph for comparison, as shown in 

Figure 2.3. 

The same “DIFFRAC.EVA” software was used to search and identify phases from the 

database and match them with the XRD intensity plot data for all CERMET tools. In this 

case, ICDD PDF-4+ 2019 database was matched with CERMET tools, and peaks, along 

with its orientations for the identification of the respective phases, as showed in Figure 2.3. 

TOPAS software was used to measure the wt.% of phases identified by XRD. A CIFs file 

related to the phase for which we want to measure the wt.% is required and can be 

downloaded from the “ICSD Web-Inorganic Crystal Structure Database.” The CIFs files 

for the respective phases were downloaded and matched with the XRD raw data files using 
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TOPAS, and the wt.% of phases results were summarized in Table 2.4 of the article (Patel 

et al., 2020). 

3.4.5 Tool Life and Wear Test: 

The tool life test for four different commercial uncoated inserts (CNMG 12408/CNMG 

432) was performed using CNC OKUMA crown L1060 turning the machine on AISI 304 

stainless steel workpiece. The feed rate of 0.15 mm/rev, depth of cut of 0.4mm and cutting 

speed of 240 m/min were used for the test. The machining was done for a fixed interval, 

and the inserts were examined for flank wear measurement along with notch length and 

width measurement. The data were measured and recorded in an MS Excel sheet, and the 

test was run until the tool reached the failure criteria of 300μm for either notch or flank 

wear. The collected data were processed in the origin software to prepare the tool life 

curves, as shown in Figure 2.6 and Figure 2.7. The images collected at several intervals 

with the digital microscope (KEYENCE-VHX 5000 digital microscope) and focus 

variation (3D scan with Alicona Infinite Focus G5) were plotted on the same graph to get 

an idea about tool wear condition at a particular stage. Figure 2.6 shows the tool flank wear 

progression, and Figure 2.7 shows notch wear progression with respect to the cutting 

length. 

3.4.6 Progressive Wear Assessment: 

SEM examination was done at several intervals (7m, 34m, 67m, 100m, 133m, and after 

every additional 133m until failure of the tool) on all the four CERMET tools during the 
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tool life test. The samples were mounted on the tool holder with 45˚degree inclined studs 

to track the wear progression, as shown in Figure 3.3, as examined by SEM. The images 

were taken at 20KeV, at a spot size of 55 and a working distance of 11mm at a 

magnification of 120X 
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Figure 3.3 Secondary electron SEM images of all CERMET tools after machining lengths of 

7m, 34m and 133m showing microchipping and notch generation 

The CERMET tools were taken out of the CNC turning lathe and examined under the 

microscope without any cleaning or allowing the external interface to see the sticking 

material on the tools. The CERMET tools were examined under the digital microscope 

(KEYENCE-VHX 5000 digital microscope), and images were taken at a different angle to 

examine the tool and wear mechanism. Figure 3.4 shows the sticking and notch filling 

 Tool A Tool B Tool C Tool D 
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mechanism with the workpiece material on the tools, as observed under an optical 

microscope. 

   
(a)  (b) (c) 

Figure 3.4 Optical microscope image of sticking and filling mechanism of workpiece 

material in the DOC notch groove formed on the CERMET tool by chipping (a) inclined 

view of notch groove where the workpiece material stick and form chip, (b) Rake view (c) 

side view (1600m) 

 

3.4.7 3D Wear Volume Measurement and Comparison: 

The wear volume was measured using the Alicona Infinite Focus G5 microscope. First, the 

new CERMET tools before machining were scanned and examined with Alicona. The 

CERMET tools, after every fixed interval during the machining test, were scanned under 

Alicona again. The scanned CERMET tools were used to compare and calculate the wear 

volume with respect to new CERMET tools. By applying the proper alignment of two data 

sets, the software in Alicona shows the peaks and valleys with respect to the reference scan 

(new/fresh tool). The software then calculates the volume of the valley (wear, chipping) 

and peak (sticking of material, BUE). The illustration is shown in Figure 3.5. The collected 
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wear volume data was plotted with respect to cutting length, and linear regression analysis 

was performed with the help of origin software, as shown in Figure 2.10. 

 
Figure 3.5 Illustration of the methodology used to identify three-dimensional wear volume 
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Abstract 

The aim of this research work is to develop and compare in-house Ti-based coatings with 

commercial coatings for cermet tools, specifically for the high-speed dry turning of 

Austenitic stainless steel (AISI 304). In the present study, commercial Ti-based coated 

cermet tools from different manufacturers are used to evaluate and compare the 

performance of commercial coatings. This research focuses on the investigation of the 

performance for the various commercial coatings on cermet tools based on the mico-

mechanical properties, tool performance and surface roughness. The results are used to 

develop a range of in-house Ti-based PVD coatings with different compositions and 

compare their performance with similar commercial coatings. A Scanning Electron 

Microscope (SEM) was utilized to conduct a progressive wear study. Coating surface 

topography and structure were investigated using Atomic Force Microscopy (AFM). The 

compositions of coating materials and tribo films were determined using Energy-

Dispersive X-ray Spectrometry (EDS) and X-ray photoelectron spectroscopy. The results 

of this research demonstrate that the compositions of various coatings affect the micro-

mechanical properties and significantly influence the tool life and wear morphology. The 

performance of in-house Ti-based coatings with a similar composition to commercial 

coatings was better than the latter, depending upon their micro-mechanical properties. 

 

Keywords: PVD; Coating; Cermet; 304 stainless steel; tool wear; dry machining; high-

speed machining 
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4.1 Introduction 

Stainless steels are widely used in sectors that demand high corrosion resistance without 

compromising the mechanical strength at elevated temperatures. Stainless steels have a 

tendency of severe adhesion or galling (high ductility). Therefore, the cutting tool material 

must be tougher, and its coating must have anti-adhesion properties. Stainless steels have a 

higher possibility of strain hardening, which results in the notching and the chipping of the 

cutting tool. Stainless steels are also lower in thermal conductivity. Therefore, less heat will 

be dissipated through the workpiece and formed chips, and the majority of the heat will be 

absorbed by the cutting tool. For these reasons, the hot hardness of the cutting tools is very 

important.  

Dry and high-speed machining is preferred by manufacturing sectors because of its several 

advantages, like cost-effectiveness, operator’s health and safety, low instrument clean up, 

wet scrap handling and cost, as well as the environmental perspective. The dry machining 

process increases heat generation during cutting, and, therefore, the majority of the tools 

fail due to low sustainability at high temperatures.  

The cutting fluid used during wet machining results in pollution and have a considerable 

environmental impact (Noordin et al., 2001; Stanford et al., 2009). Carbide tools suffer 

severe tool wear and breakage, which limits cutting speed. It was also observed that coated 

carbide tools undergo adhesive wear, oxidation wear, and diffusion wear as a result of the 

coating cracking (Noordin, Venkatesh and Sharif, 2007; Suresh, Basavarajappa and 

Gaitonde, 2015). Ceramic tools are the most effective tools when it comes to performing 
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under high cutting temperatures. However, they are poor in terms of crack resistance and 

toughness. Ceramic tools undergo catastrophic failures due to the high brittleness of 

ceramic constituents (Ghani, Choudhury and Masjuki, 2004; Noordin, Venkatesh and 

Sharif, 2007; Zhang et al., 2017). A lower thermal conductivity of ceramic tools tends to 

favour adhesive wear (Chen, Xu and Xiao, 2015). Cermet tools have higher transverse 

rupture strength and fracture toughness than ceramics and greater oxidation resistance and 

wear resistance than cemented carbide tools (Peng, Miao and Peng, 2013). Therefore, 

nowadays, advanced composite tools referred to as CERMET are developed to adopt the 

property of ceramic-like wear resistance and hardness and enhance mechanical properties 

like toughness by using metal as a binder. The ceramic matrix that is predominant in the 

cermet tool protects the tool at elevated temperatures when it undergoes a small amount of 

plastic deformation, and there is no effect on the metal phase for deformation. This is the 

major advantage of cermet tools and, as a result, are a better alternative cutting tools 

(Sarjana et al., 2020a). 

The authors reported and discussed in detail cermet microstructure, the role of various 

secondary carbides, and their effect on microstructure (U. S. Patel et al., 2020). The authors 

found that a higher binder content accelerates the notch wear, and high nickel (Ni) content 

increases the diffusion of the tool. Cermet cores are bonded and covered with rims which 

play a crucial role in holding the cores together and increase the wear resistance and reduce 

crack initiation. The presence of tungsten (W) as a key element found in the cermet formed 

(TiW)C phase as a rim was found to reduce wear. However, other secondary carbides also 
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contributed to other aspects of the tool's microstructure as mentioned in the article (U. S. 

Patel et al., 2020). 

Ghani et al. 2004 found cracks, chipping, and fractures cermet tools during the milling of 

hardened AISI H13 tool steel but found that cermet tools performed better than carbide 

tools (Ghani, Choudhury and Masjuki, 2004). Zou et al. 2014 observed cracking, and severe 

notch wear of Ti(C7N3) based cermets while performing the turning operation of 17-4PH 

martensitic stainless steel (Zou et al., 2014). Zou, Bin et al. 2015 reported crater wear, 

cracks, notch wear, adhesion wear, and abrasion wear of Ti(C7N3)/WC/TaC cermet during 

machining 321 austenitic stainless steel and 17-4PH martensitic stainless steel under 

various cutting conditions (Zou et al., 2015). Zhang et al. 2017 found cracking and micro-

chipping of cermet tool during dry cutting of hardened steel 40Cr (AISI 5140) (Zhang et 

al., 2017). Sarjana et al. 2020 also found cermet tool failure due to chipping, notching, 

fracture, and catastrophic failure during the turning of high strength low alloy AISI 4340 

steel (Sarjana et al., 2020). The authors also found pitting wear and microchipping during 

the early stage of machining stainless steel 304 under the dry cutting condition which 

progressed to notch chipping and formed a notch groove and reported the causes in detail. 

This chipping of the notch at a depth of the cut region resulted in dominant tool wear. 

However, flank wear was not observed as a major tool wear mechanism which can be 

attributed to the unique property of ceramics that resist wear (U. S. Patel et al., 2020). 

Tools can be protected and tool life can be improved by adding a protective layer such as 

PVD coatings. These coatings can protect cutting tools during the machining application 

against excessive tool wear and damage, which can ultimately help to improve the tool life 
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and lower machining costs. Nowadays majority of the commercial cutting tools for 

machining are PVD-coated (Ortner, Ettmayer and Kolaska, 2014).  

The first commercial PVD coating developed was TiN, for high-speed steel drills around 

1980 and later on carbide inserts for the milling process (Wolfe, Petrosky and Quinto, 

1986). Moreover, other binary and ternary coatings of Ti, Al, and Cr were prepared over 

time (Yamamoto et al., 2003; Kalss et al., 2006; Patel et al., 2016). A new scope of 

manufacturing functional coatings was opened in the mid-1990s with the advancement of 

nanostructure coatings designed at the atomic level.  

PVD coated machine tools like WC/Co with sharp or prepared edges can be used mainly 

for machining stainless steel and other high-temperature alloys like Ni, Ti, Al alloys. The 

PVD process involves an intense ion bombardment that develops the compressive stress in 

the film, which may lead to high hardness of the tool coating. Moreover, with the increased 

cutting speed, the coating’s stress dependant component of hardness is eliminated, and, 

therefore, PVD coatings can retain the functional hardness over the wide range of 

machining conditions (Breidenstein and Denkena, 2013). 

Vandierendonck and Van Stappen 1997 (Vandierendonck and Van Stappen, 1997) 

investigated the performance of TiN (PVD), (Ti, Al)N (PVD), TiN (PCVD), and a 

multilayer TiN/A2O3/TiN (PCVD) coated cermet for turning and milling applications with 

various workpiece materials. They found (Ti, Al)N (PVD) coating is best for milling 

applications because of the lower thermal conductivity of the (Ti, Al)N coating. TiN (both 

PVD and PCVD) coatings showed improvement in tool life for the turning process. They 
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also observed build-up at the edge of the cutting tool and coating delamination on the sharp 

cutting edge of the tool. Soković and Bahor 1998 (Soković and Bahor, 1998) designed a 

statistical model and showed relation to regression analysis to obtain an experimental result 

of roughness value and showed that with the conventional finish machining the roughness 

can be achieved and coating (TiN - outsourced) can be wear-resistant and improve the 

performance and increase the stability of the cutting process. Dolinšek and Soković 1998 

(Dolinšek and Soković, 1998) used uncoated and coated (TiN-outsourced) cermet tools to 

investigate the effect of coating on identification parameters in turning. They found that 

coated tools showed a decrease in input and output energies and their parameters. D’Errico, 

Calzavarini, and Vicenzi 1998 (D’Errico, Calzavarini and Vicenzi, 1998) tested TiN and 

Ti(C,N) coating for machining AISI-SAE1045 steel under dry condition. They found that 

some coatings did not perform efficiently as a barrier to the wear mechanism, which 

becomes more severe in interrupted turning, resulting in diffusion and chipping as dominant 

wear.  

Dobrzański and Gołombek 2005 (Dobrzański and Gołombek, 2005) compared tool life of 

cemented carbide and cermet inserts with different PVD TiN + gradient layer (Ti,Al,Si)N 

+ TiN, TiN + multilayer (Ti,Al,Si)N + TiN, TiN + TiC + TiN coatings. Cermet provided 

higher tool life and lower surface roughness compared to the cemented carbide tools. The 

presence of Al and Si as a solid secondary solution alternating with the pure TiN resulted 

in the improvement in the adhesion of coating and substrate and improved hardness. DOC 

notch chipping was also observed while machining C45E steel under dry turning. Noordin, 

Venkatesh, and Sharif 2007 (Noordin, Venkatesh and Sharif, 2007) machined martensitic 



 

98 

 

stainless tool steel 43-45 HRC with coated cermet and carbide under dry conditions and 

found that coating fracture caused tool edge chipping, flaking, and rapid crater wear. Li et 

al. 2017 (Li et al., 2017) used various WC contents as the substrate of TiAlCrN coatings 

and found that grains of TiAlCrN columnar structure become finer with the increase in WC 

content, and adhesion strength of the coating decreases, resulting in poorer coated tool 

performance. Kaladhar 2019 (Kaladhar, 2019) used a standard orthogonal array L16 for 

choosing different parameters. The author compared the performance of PVD and CVD 

coated carbide and cermet tools from different manufacturers focusing on MRR and surface 

roughness. Tiwari et al. 2020 (Tiwari et al., 2020) used multi-layered coated 

(TiN/TiCN/TiN) cermet (golden colour) inserts in the dry-hard turning of AISI 4340 steel. 

The author's work focused on MRR, surface roughness, and chip reduction coefficient. The 

surface roughness was (Ra) found in the range 0.212-1.452µm, and MRR increased linearly 

with an upturn in the radial depth of cut. 

There are various coatings with the combination of different compounds that have been 

developed over time. Kalss et al. 2006 (Kalss et al., 2006) used Al-based Ti free coatings 

AlTiN and AlCrN on carbide tools for milling and drilling and compared the performance 

with the Ti-based hard PVD coating. High Al content based AlCrN coating showed 

improvement with excellent oxidation and wear behaviour. Kulkarni, Sargade, and More 

2018 (Kulkarni, Sargade and More, 2018) used AlTiN/TiAlN multilayer carbide coated 

inserts for machining AISI 304 austenitic steel with high speed to determine the thermal 

electromotive force (E.M.F.) generated signal from the hot junction to develop a 

relationship between generated E.M.F. and corresponding temperature. They found their 
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regression model reliable and could use it effectively to predict the interface temperature. 

Jianxin et al. 2012 (Jianxin et al., 2012) deposited different nitride coatings, CrN, TiN, 

CrAlN, and TiAlN, by cathodic arc evaporation (CAE) and performed erosion wear tests 

by dry blasting machine tools. They found that the addition of Al to the coating provided 

higher erosion wear resistance. The TiN and CrN coatings showed a brittle fracture, and 

the AlTiN and CrAlN coatings showed micro and cycle fatigue fracture.  

Based on the reviews of cermet, the authors proposed the cermet as a cutting tool to 

machine the stainless steel over the coated cemented carbide tools. It is reported in the 

literature and our previous study (U. S. Patel et al., 2020) that a common wear mechanism 

in cermet tools is chipping, cracking, and notching. The literature found that it is difficult 

to find a coating specifically designed for cermet to perform under dry high-speed cutting 

for stainless steel materials. Therefore, the current research is particularly focused on the 

use of the cermet tools for machining stainless steel under dry high-speed conditions. The 

challenges involved in this research are the limited work on the study of wear mechanisms, 

performance, development of the coating, and addressing issues involved during the 

machining process. To develop a coating for a specific application, it is important to 

understand the wear behaviour and the causes for the failure of the coating. The purpose of 

this present study is to examine the wear mechanisms of conventional coatings (TiN) and 

the current commercial coatings under challenging machining conditions (dry-high speed), 

coating composition and mechanical properties. This research work thoroughly investigates 

the performance of various commercial and in-house Ti-based coatings with various 

compositions and micro-mechanical properties. It will contribute to and enrich the 
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development of CERMET as a promising cutting tool for machining the challenging 

material 304 stainless steel in high-speed dry conditions. Overall, it will contribute by 

providing an alternative efficient PVD coated CERMET tool that can increase productivity 

and meet the growing demand from the manufacturing sector, be environmentally friendly, 

and reduce production expenses. 

4.2 Experimental Procedure 

4.2.1 Machining Studies 

Dry high-speed machining tests were performed on a CNC OKUMA crown L1060 lathe. 

The workpiece material was AISI 304 steel with a hardness of 125 BHN. The workpiece 

mechanical and chemical compositions are given in Table 4.1. The detailed composition 

and microstructure of each of the CERMET tools have been described previously by Patel 

et al. (U. Patel et al., 2020).  The related commercially coated tool from the same 

manufacturer was used in this study and compared with identical uncoated tools with in-

house coatings. The commercially coated and in-house coated tools are listed in Table 4.2 

with tool nomenclators. The machining tests were performed at a feed rate of 0.15mm/rev, 

depth of cut of 0.4mm, and cutting speed of 240m/min. 

Tool wear changes were characterized by volume wear measurements taken by an Alicona 

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

IL, USA). A JEOL 6610LV Scanning Electron Microscope (SEM) was used to capture the 

tool wear and edge geometry at different magnifications to observe the wear behaviour at 
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fixed machining intervals and to examine the cermet structure. Energy-dispersive X-ray 

spectroscopy (EDS) was used for compositional analysis. 

Table 4.1 Chemical composition and mechanical properties of AISI 304 stainless steel 

Chemical composition (%) 

C Si Mn P S Cr Ni N Balance 

0.08 0.75 2.0max 0.045max 0.03max 18-20 8-10.5 0.1max Fe(iron) 

Mechanical properties 

Yield 

Strength  

Tensile 

Strength 

Elongation Modulus of 

Elasticity 

Shear 

Modulus 

Hardness Poisson's 

Ratio 

215 MPa 505 MPa 70% 193-200 GPa 86 GPa 123 HB 0.29 

 

Table 4.2 Tool coating nomenclator and composition 

Uncoated 

Tool 
(CNMG 

120408/CNMG 

432) 

Coating Coating 

Composition 

(wt%) 

Coated Tool 

Nomenclator 

Ti Al Cr N 

Tool A TiAlCrN Commercial 28 18 7 42 Tool Ac 

Tool C TiN Commercial 62   38 Tool Cc 

Tool D TiAlN Commercial 39 27  34 Tool Dc  

TiAlN 2773 In house 24 34  42 Tool DTAN2773  

TiAlN 5050 In house 41 20  39 Tool DTAN5050 

Tool life tests were conducted following the ISO 3685:1993 standard. Flank wear and notch 

wear were measured at fixed cutting length intervals using a Mitutoyo digital micrometer 
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and a KEYENCE-VHX 5000 digital microscope. A tool life criterion limit of 0.3mm was 

fixed based on the ISO 3685:1993 standard (Standardization, 2006). The hardness of 

different inserts was measured using a Vickers indenter. The structure of different cermet 

tools was studied by X-ray diffraction (XRD) (D8 Discover DAVINCI.DESIGN 

diffractometer, with Parallel Focus Goebel Mirror and Vantec 500 area detector) using a 

cobalt sealed tube source (λavg = 1.79026 Å). Samples were scanned in six steps within 

the 22-112ºC temperature range with an exposure time of 480s for each step. The chemical 

compositions of workpiece materials and uncoated tools’ geometry, designation, and 

hardness were reported in previous work (U. S. Patel et al., 2020). The formation and 

chemical composition of the formed tribofilms were analysed using X-Ray Photoelectron 

Spectroscopy (XPS) (PHI Quantera II Scanning XPS Microprobe). The X-ray beam 

condition was 50u12.5W15KV. The samples were sputtered for gentle cleaning to remove 

any contamination from the surface. The survey spectra were collected at 224eV with the 

step size 0.8eV and a high-resolution spectrum was collected at 26eV with the step size 

0.1eV at the 45˚ take-off angle.  

4.2.2 Coating Deposition (In-house) and Characterization: 

In-house coatings were deposited on the polished coupons and commercial uncoated 

inserts. The cathodic arc ion deposition technique (Kobelco AIP-S20) was used for the 

deposition of the in-house coatings. Two different titanium and aluminium based solid 

metal targets with different compositions TiAlN2773 (27%Ti, 73%Al) and TiAlN5050 

(50%Ti, 50%Al) with 99.98% purity, were used to deposit TiAlN coatings. The coatings 
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were deposited by rotating the sample table at 4RPM. Nitrogen was used as a process gas 

to keep the deposition pressure at 3.75Pa, the bias voltage was -60V, the cathode arc current 

was 150A, and the substrate temperature was maintained at 525℃ for 55 minutes. 

A calo test instrument (BC-2 Ball Crater Device) with a 30mm diameter ball (AISI 52100m 

Grade 25 Chromium steel) was used to measure coating thickness using 1µm diamond 

paste. The measured thicknesses were confirmed with optical measurements of the crater. 

The micromechanical properties of the coatings (both commercial and in-house) were 

evaluated using Anton Paar NHT3 Nanoindentation Tester at room temperature using a 

diamond Berkovich indenter following the ISO14577–4 standard. The load was adjusted 

to keep the indentation contact depth within 1/10 of the coating’s thickness to minimize the 

effect of the substrate and to ensure that only coating properties were measured. There were 

around 41 indentation measurements performed on each sample. The topography and 

morphology of the coated tools were measured by Anton Paar ToscaTM 400 atomic force 

microscope (AFM) (Graz, Austria). Scanning was performed using a silicon probe at a scan 

rate of 0.3 lines/sec with tapping mode. The scan size was 30X30 µm and a resolution of 

400X400 for all coating scans. 

The scratch tests were performed using an Anton Paar-RST3 Revetest® Scratch Tester 

(Switzerland) on the flat part of the commercially coated inserts and the flat polished 

coupons of in-house coated samples. A standard Rockwell diamond indenter with a 200µm 

tip radius was used to perform the progressive load scratch tests. The scratch length was 

1.5mm and around 3 scratches were made on each sample. Each scratch test was done 
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following a 3-scan procedure where at first a pre topography scan was performed at 0.5N 

load and then a progressive load scratch scan was performed where the load was steadily 

increased from 0.5 N to 60N, and finally, a post topography scan was performed at 0.5N 

load. 

4.3 Results and Discussion 

In this study, three uncoated cermet tools from the authors’ previous study (U. S. Patel et 

al., 2020) were used (Table 4.2). The previous study showed that Tool A had the maximum 

tool life compared to Tool C and D. In this current investigation, similar studies were 

carried out to compare the performances of the same tools with coatings. Thus, three 

different commercial coatings on tools A, C, and D were studied to identify the effects of 

PVD coatings on wear mechanism and tool life during high-speed dry finish turning of 304 

stainless steel. The other major objective of this research work was to take the worst-

performing tool (Tool D) from the previous investigation, as it is easily available and 

economical, and deposit in-house coatings on it to improve its performance and provide a 

more economical solution. 

4.3.1 Tool Performance Analysis 

Cutting tests based on ISO 3685 standard were carried out with the tool failure criteria of 

dominant wear (notch wear and flank wear) of 300μm.  
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4.3.1.1 Tool Life Comparison of Uncoated Vs Commercially Coated tools 

Tool performance based on the flank wear and notch wear is presented in Figure 4.1 (a) & 

(b). The uncoated Tool A shows a tool life of 2668m with flank and notch wear lengths of 

88μm and 300μm (Figure 4.1 (a&b)). Tool A with the TiAlCrN commercial coating (Tool 

Ac) shows the longest tool life compared to the other coated, and uncoated tools studied, 

with a maximum tool life of 3733m with 110μm of flank wear and 320μm of notch length 

(Figure 4.1 (a) & (b)), an increase of 1065m over uncoated Tool A. Tool C with commercial 

coating TiN (Tool Cc) shows a tool life of 1870m, which is comparable to the uncoated 

Tool C with a tool life of 2000m. The flank and notch wear observed is respectively 84µm 

and 300µm for Tool C and 113µm and 300µm for Tool Cc (Figure 4.1 (a) & (b)).  

  
Figure 4.1 Tool life comparison for uncoated and respected commercial coatings with 

respect to (a) flank wear, (b) notch wear 

It can be concluded that TiN coating does not provide any significant improvement in tool 

performance. Uncoated Tool D shows a tool life of 733m with flank wear of 102µm and 

notch wear of 300µm. Tool D with commercial coating TiAlN (Tool Dc) shows longer tool 
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life of 1470m with 78µm of flank wear and 305µm of notch wear (Figure 4.1 (a) & (b)), an 

increase of 737m.  

4.3.1.2 Tool Life Comparison of Commercially Vs In-House Coated tools 

Tool performances based on the flank wear and notch wear for commercial coating and in-

house coatings on Tool D are represented in Figure 4.2  (a) & (b). Tool DTAN5050 shows the 

longest tool life compared to Tool Dc and Tool DTAN2773. Tool DTAN5050 shows tool life of 

2800m with flank wear of 93µm and notch wear of 304µm, which is an increase of 1334m 

over Tool Dc (Figure 4.2 (a) & (b)) and 2799m more than the uncoated Tool D.  

  
Figure 4.2 Tool life comparison for commercial and in-house coatings with respect to 

(a) flank wear, (b) notch wear 

Tool DTAN2773 shows improved performance over Tool Dc. It shows 400m more tool life 

with flank wear of 150µm and notch wear of 323µm compared to Tool Dc and 1133m 

compared to uncoated Tool Dc. Among the coated Tool D group, Tool DTAN2773 shows the 

greatest flank wear of 150µm (Figure 4.2 (a) & (b)), which is also evident from the SEM 
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images (Figure 4.3), while Tool DTAN5050 shows the least flank wear at 93µm. Tool Dc 

shows the shortest tool life of the coated tools by 1470m. However, Tool Dc flank wear 

trend is similar to that of Tool DTAN5050, while Tool DTAN2773 shows highest flank wear of 

all coated tools in the “Tool D” group. These results show that variation in the concentration 

of various elements in a coating can have a significant effect on the performance. 

Tool Cc does not show significantly improved performance over uncoated Tool C. Tool Cc 

shows the same tool life as Tool DTAN2773. Overall, comparing all coated tools, Tool Ac 

shows the highest tool life of 3733m (with the improvement of 1066m compared to 

uncoated Tool A) and second highest performance is by in-house coating Tool DTAN5050 

with tool life of 2800m (with the improvement of 2066m compared to uncoated Tool D). 

4.3.2 Wear Mechanism 

The progressive wear study was conducted at fixed cutting lengths of 7m, 34m, 133m, and 

666m to understand why a particular coating is performing best or worst, and its wear 

mechanism.  

4.3.2.1 Wear Mechanism at 7m Cutting Length 

Figure 4.3 shows SEM images of the wear progressions of commercially coated tools Tool 

Ac, Cc, Dc and in-house coated Tool DTAN2773 and Tool DTAN5050. Tool Ac developed 

flacking of the coating at the edge. It was also observed that all tools had workpiece material 

adhering to the edge on the flank side of the tool. However, no microchipping was observed 

for Tool Ac in the first pass of cutting of 7m. Tool Cc showed the greatest adhesion, mostly 
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on the. Tool Cc showed microchipping from its first pass or initial stage of the cutting 

process after a machining length of 7m. This micro-chipping forms due to continuous 

rubbing of the work-hardened burr which is generated at the chip edge during machining. 

 
Figure 4.3 Progressive wear mechanism study at a specific interval of cutting at 7m, 

34m, 133m, and 666m with the help of SEM images of all coated tools (Tool AC, Tool 

CC, Tool DC, Tool DTAN2773, Tool DTAN5050) 

This micro-chipping increased with cutting length. It was observed that some workpiece 

material adhered along the cutting edge. For Tool Dc, microchipping at a depth of the cut 

notch area was observed at the first cutting pass of 7m. Flacking of the coating was 

observed on the cutting edge, which mainly occurred due to work piece material sticking 

at the tool edge (BUE - Built-Up Edge) and being removed during (Breaking of BUE) the 
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cutting process.  Tool DTAN2773 showed micro chipping at the DOC notch, and it clearly 

showed substrate exposure. Tool DTAN2773 coating also showed flacking or signs of 

removed coating from the edge of the tool. Tool DTAN2773 had lower adhesion compared to 

other tools. This may be due to the coating material resisting adhesion or be that adhesion 

is weak enough that BUE is quickly removed during machining. ToolDTAN5050 shows a very 

small amount of micro chipping as compared to Tool Cc and Tool DTAN2773 after 7m of 

cutting. However, coated Tool DTAN5050 had the greatest adhesion along the tool edge, as 

seen in Figure 4.3 marked red. 

Since the workpiece material in this experiment is very sticky, another reason for 

microchipping may be the combined effect of adhesion and diffusion wear. During the 

sticking phase, diffusion of the coating and tools occurs. As a result, the tool coating and 

the binder of the tool become weak. During the machining process, when work-hard chips 

pass through the surface of the tool, they can break the tool segment and progressively 

remove smaller pieces of the tool, resulting in microchipping and notching. 

4.3.2.2 Wear Mechanism at 34m Cutting Length 

After 34m of machining, Tool Ac workpiece material sticking was observed along the 

cutting edge, as illustrated in Figure 4.3. At this point, coated Tool Ac still resisted the micro 

chipping and exposure of the tool substrate. At the same machining length Tool Cc showed 

significant chipping at DOC notch and started forming a notch groove that was clearly 

visible (Figure 4.3). This rapid notch formation is also a consequence low percentage of W 

and the lack of (TiW)C phases in the tool substrate, which are known to provide good 
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binding power and increase wear resistance (U. S. Patel et al., 2020). A large BUE was also 

observed for Tool Cc. In Tool Dc, microchipping increased, and after a machining length of 

34m the tool formed a larger chip at the DOC notch edge. The tool substrate was now 

clearly visible at the notch where the coating was eliminated, and tool material was 

removed. This indicates that the coating on the cutting edge of the tool was deteriorating. 

Tool Dc did not show much sticking of material but began to show signs of wear on the 

rake face. Tool DTAN2773 showed a low amount of sticking. However, Tool DTAN2773 lost 

coating material, as seen in Figure 4.3. Tool DTAN2773 shows coating chipping and exposure 

of the tool substrate near the tool edge and rake face (marked red in Figure 4.3). At this 

point, Tool DTAN2773 was showing an excess amount of chipping on the notch. Tool DTAN5050 

exhibited increased micro-chipping in the DOC notch area. It was also observed that the 

Tool DTAN5050 had begun to lose the coating on the edge of the tool (marked red in Figure 

4.3), which is not due to tool wear, but due to the removal of BUE on the tool cutting edge. 

The material glued to the tool/coating, or BUE, is removed from the tool during the 

machining process, taking away part of it and reducing the coating performance by reducing 

the thickness of the protective PVD coating. 

4.3.2.3 Wear Mechanism at 133m Cutting Length 

After 133 m of machining, micro-chipping of the coating and tool at DOC notch area began 

for Tool Ac, while the other coated tools showed the same effect from the start of the 

machining test. This shows that Tool Ac was performing comparatively better in the initial 

stage of machining. There is also evidence of BUE, as shown in Figure 4.3. The notch 

observed for Tool Cc observed had grown as material continued to stick and push into the 
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valley of the notch. The glued material will peel off the coating on the tool, and the material 

begins to etch the tool as is clear from Figure 4.3 for the Tool Cc (marked yellow) at 133m. 

Tool Cc coating performs poorly; there is no significant improvement in tool protection 

against wear compared to uncoated Tool C 

At the same cutting length of 133 m, Tool Dc showed an increase in microchipping, and a 

larger notch in the DOC region (marked in green) began to appear. Substrate exposure at 

the cutting edge (marked yellow) was also observed as a result of material sticking and 

descending. The tool had lost more coating along the edge, and more substrate was revealed 

along the edge. Additionally, Tool Dc exhibited rake wear or diffusion wear (marked red), 

which could be caused by wear of the coating due to slipping of chips along the rake face. 

In addition, this area is subjected to high cutting temperatures, which can lead to rake wear 

due to diffusion of the coating material. Tool DTAN2773 at the same stage shows a significant 

increase in DOC chipping and notch formed over Tool Dc, and some evidence of material 

sticking that is found near the valley of the notch. Tool DTAN2773 lost a greater amount of 

coating with less sticking. As in Figure 4.3, marked red, the coating was flaking off with a 

chunk of material near the cutting edge, resulting in substrate exposure at certain locations. 

There was also an indication of flank wear at this machining stage (marked with blue lines). 

The Tool DTAN5050 showed an increase in microchipping and notch (marked green) 

beginning to take shape. Tool DTAN5050 also showed substrate exposure near the cutting 

edge (marked red) due to sticking and removal of material. Tool DTAN5050 showed good 

wear resistance compared to Tool Dc and Tool DTAN2773 after machining of 133m. 
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4.3.2.4 Wear Mechanism at 666m Cutting Length 

At 666m cutting length, Tool Ac has increased microchipping and takes the shape of a large 

notch (marked green) in the DOC, and diffusion wear was fully visible in the BSE SEM 

image (marked red) Figure 4.3. A sign of worn coating was seen near the cutting edge and 

flank side (marked blue line). Tool Ac showed comparatively delayed microchipping and 

delayed notch formation; However, Tool Ac showed more diffusion wear than other tools. 

At the same cutting length, Tool Cc was showing diffusion wear (marked red). The notch 

of the tool had increased and formed a large canyon on the DOC. The process of BUE 

formation and removal had continued in Tool Cc to the point where the entire coating from 

edge to rake was removed, exposing the tool (yellow mark) with severe adhesion of the 

material, as seen in Figure 4.3. At this point, the Tool Dc had developed a large notch in the 

DOC region (denoted in green). Peeling of the coating continued, and the substrate near the 

cutting edge began to reveal a large substrate area. Tool Dc showed increased diffusion 

wear, but the tool substrate was not exposed on the tool's rake face (denoted in yellow). 

Tool DTAN2773 had greater flank wear (marked blue in the yellow box) and greater substrate 

exposure compared to all coated tools near the entire cutting edge. Tool DTAN2773 also had 

more diffusion wear than the previous stage (marked red). The tool coating has lost more 

material by flank wear, diffusion wear. Tool DTAN2773 also had a large notch on the DOC 

(marked green). Tool DTAN5050 showed an increase in the notch (marked green), and a large 

canyon had formed on the DOC. A small amount of substrate exposure could be detected 

in Tool DTAN5050 near the tool cutting edge and some signs of material sticking, causing the 

coating to peel off and substrate exposure (marked red in Figure 4.3). Overall, after 666m 
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of machining, the Tool DTAN5050 shows relatively good performance in terms of wear 

resistance, based on low flank wear and low diffusion wear, compared to other Tool D 

coating variants. 

4.3.2.5 Wear Mechanism Based on Tribological Analysis 

The effect of the tool structure or composition is combined with the study of progressive 

wear in order to understand, evaluate and compare the commercial and in-house coatings. 

During the cutting process, along with the high cutting force, the rake face is exposed to 

high temperature, caused by a combination of primary and secondary shear deformation of 

the workpiece material during the machining. This process generates a tribofilm from 

various elements present in the coating and the surrounding air (oxygen). Depending on the 

type of tool coating element (Ti, Al, Cr), the corresponding tribofilm is formed, as shown 

in Figure 4.4. XPS analysis of tribofilms provides an explanation for the wear mechanism 

of the coating and the device performance. XPS data is collected on the rake face of the 

tool where crater wear or diffusion wear occurs. The properties of the coatings depend on 

a small range of crystalline structures and the chemical state of the components. 

Figure 4.4 (a) shows that TiO2 is formed during the machining process as Ti has a valence 

state that establishes vacancies and forms TiO2. TiO2 has high friction characteristics. 

Therefore, Tool Cc (all stages in Figure 4.3) shows more material sticking along the cutting 

edge than the rest of the coated tools, as Tool Cc has 62% of Ti content, which is highest 

compared to all coatings (Table 4.2). The formed oxides shear easily from the interface, 

and this may be the cause of the rapid wear of the TiN coating for Tool Cc. 
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Figure 4.4 High-resolution XPS spectrum data of Ti, Al, and Cr tribo films, collected 

from rake face of the used tested coated cutting tools. 
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It is clear from Figure 4.4 that, during the machining process, the Al present in the coating 

is forming Al2O3 (Aluminum oxide). The oxides of aluminum are brittle in nature and can 

fail during machining. Tool DTAN2773 contains the highest amount of aluminum in the 

coating, 34% of all the coated tools (Table 4.2), and higher amounts of aluminum oxides 

will be formed during the machining process. This leads to rapid failure or wears off the 

coating, which is consistent with the evidence for the Tool DTAN2773 wear mechanism in 

Figure 4.3, which shows that Tool DTAN2773 has the greatest amount of flank wear and 

volume loss of the coating compared to the other tools. Therefore, it can be said that 

excessive amounts of aluminum can cause rapid wear of the coating due to the formation 

of Al2O3 (Aluminum oxide). 

Figure 4.4 (c) shows that during the machining process, Tool Ac coating forms a steady-

state of Cr2O3 tribofilms from the Cr present in TiAlCrN. In many cases, it also forms (Al, 

Cr)2O3 mixed oxides due to the Al element in the coating. These dense oxide films help 

protect the tool from oxidizing wear. Oxidation occurs mainly in the DOC region of the 

tool, where the tool is more exposed to atmospheric oxygen with higher cutting 

temperatures, which leads or notch wear to the tool. From Figure 4.3, it is clear that the 

Tool Ac resists notch wear up to a machining length of 133 m, while the other coated tools 

show notch wears from the beginning of the machining. Tool protection is most important 

in the initial stage of machining and helps the cutting tools to perform for a longer period. 

Due to the greater protection of the coating in the initial stage of coating, Tool Ac has a 

longer performance than the rest of the coated tools. 
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4.3.3 Coating Characterization 

Table 4.3 Micro-mechanical properties and other relevant characteristics of the coatings 

Coating Thickness Hardness 

GPa, H 

Elastic 

modulus 

GPa, E 

H/E H3/E2 Plasticity 

Index 

Ra (nm) 

Tool Ac 3.90±0.45 28.01±3.94 428.07±106.82 0.0654 0.1200 0.4638 37.10±7.43 

Tool Cc 3.05±0.44 25.62±1.77 428.37±64.68 0.0598 0.0916 0.5789 41.78±5.91 

Tool Dc 1.38±0.26 25.93±1.82 466.55±76.33 0.0556 0.0801 0.5434 44.98±10.94 

Tool DTAN2773 4.64±0.09 23.04±2.19 256.15±36.20 0.0900 0.1865 0.4293 29.34±5.02 

Tool DTAN5050  3.54±0.11 33.95±2.01 489.29±65.01 0.0694 0.1634 0.5051 35.66±5.28 

Table 4.3 presents the thicknesses, micro-mechanical properties, and other relevant 

characteristics of all the coatings investigated in this study. 

The H/E and H3/E2 ratios were calculated from each coating’s hardness (H) and elastic 

modulus (E). Research suggests that a higher H/E ratio, which is related to the elastic strain, 

usually results in a reduction in wear (Leyland and Matthews, 2000). The H3/E2 ratio can 

be used as a measure of resistance to plastic deformation and as a way to correlate the 

mechanical properties to wear resistance of hard coatings (Tsui et al., 1995). A higher H3/E2 

ratio means a higher ability of a coating to dissipate energy due to plastic deformation 

during loading. In this regard, the higher H/E and H3/E2 values of Tool Ac and Tool DTAN5050 

indicate better performance, which is also confirmed by machining studies, where these 

two coated tools have performed better than other tools (Figure 4.2). However, it has been 

seen that an optimized rather than maximized combination of H and E sometimes works 

better depending on the application (Chowdhury et al., 2017); Tool Ac indicates better 

performance, although it has slightly lower values compared to Tool DTAN5050. The highest 
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H/E and H3/E2 values for Tool DTAN2773 are because of its considerably low elastic modulus 

compared to the other coatings, which is actually not desirable. Researchers (Spurr and 

Newcombe, 1957; Lancaster, 1963) have found that wear resistance increases with elastic 

modulus. Such a low E value indicates that the coating will start deforming much earlier 

than the other coatings (Leyland and Matthews, 2000; Beake and Fox-Rabinovich, 2014). 

The machining results (Figure 4.2) & SEM results (Figure 4.3) confirm this. The inferior 

performance of Tool Cc and Tool Dc can be attributed to a lower H/E ratio, which can 

actually be used as a measure of brittleness, and a higher plasticity index, which is the ratio 

between the plastic work done during indentation and the total plastic and elastic work done 

during indentation (Beake et al., 2009).  

The lower H, H/E ratio and higher plasticity index indicates that the coatings are softer and 

prone to early plastic deformation compared to Tools Ac and Tool DTAN5050, which can be 

useful in many other cutting conditions (Chowdhury et al., 2021), but for the specific 

application studied in this current investigation, coatings with comparatively higher 

hardness, H/E ratio and lower plasticity index are showing better performances. 

Figure 4.5 presents AFM images of the surface morphologies of the coatings showing the 

tops of the typical columnar grains. Although Table 4.2 shows that Tool Dc and Tool 

DTAN5050 had similar compositions, both machining and micro-mechanical studies (Figure 

4.2 and Table 4.3) show that they are quite different. This difference can be attributed to 

differences in the coating structure seen in Figure 4.5. Tool Dc has a comparatively larger 

column size than Tool DTAN5050, which has finer and denser columnar structure. Research 
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has shown that, despite having similar compositions, column size, distribution and inter-

column spacings can have a huge impact on coating properties and performances (Luo et 

al., 2004, 2011; Fan et al., 2015; Ganvir et al., 2018; Qiu et al., 2021) 

 
Figure 4.5 AFM images that are showing coating surface topography and structure in 

2D and 3D view of commercial and in-house coatings. 
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Table 4.4 Tool coating nomenclator and composition 

Tool Lc1 (N) Lc2 (N) 

Tool Ac 38.5 51.01 

Tool Cc 0.76 41.20 

Tool Dc 11.75 47.56 

Tool DTAN2773 0.61 41.45 

Tool DTAN5050 42.28 47.7 

Figure 4.6 shows the scratch test results for all coatings, and Table 4.4 shows the critical 

load for failure data. Lc1 represents the first visible failure or cohesive failure, and Lc2 

represents the ultimate failure or substrate exposure due to adhesive failure. Failure is early 

in the case of Tool Cc with lower H/E and H3/E2 values and Tool DTAN2773 with unusually 

low E value. Although Lc2 is comparable to Tool DTAN5050, Tool Dc starts to show signs of 

deformation quite early (Lc1). Higher plasticity index and bigger column sizes (Figure 4.5) 

of Tool Dc indicate its softer nature and tendency to deform plastically, and a lower H/E 

ratio indicates lower wear resistance, leading to poor performance during the machining 

studies.  

The initial failures were observed for Tool Ac and Tool DTAN5050 at loads 38.5N and 42.28N, 

respectively, which are higher than all other coatings. Tool Ac and Tool DTAN5050 also show 

high ultimate failure loads, Lc2, meaning that both coated tools can withstand higher loads 

before the failure occurs. This is also evident from the SEM progressive wear (Figure 4.3), 

which shows delayed wear and less notching compared to all coated tools. Thus, a 

combination of higher H/E and H3/E2 values (Table 4.3), which indicate higher wear 
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resistance, and better load-bearing capabilities, and higher Lc1 and Lc2 values, which 

indicate delayed failure, of Tool Ac and Tool DTAN5050 help explain why Tool Ac and Tool 

DTAN5050 outperform the other coated tools during actual machining studies (Figure 4.1 & 

Figure 4.2). 

 
Figure 4.6 Scratch test images of coatings with acoustic emission and coefficient of 

friction in relation to scratch length and load. 
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4.4 Conclusions 

The performance of coated CERMET tools during dry high-speed machining of stainless 

steel 304 is assessed. Designing a coating that can perform under such challenging 

machining conditions requires comparative and progressively in-depth studies to 

understand the impact of wear mechanisms and behaviour of a coating and its elements on 

cutting tool performance. Among all the commercial and in-house coatings, Tool Ac had 

the longest tool life, and Tool DTAN5050 was found to have the best performing coating of 

the Tool D group. 

Tool Cc shows no improvement in terms of wear resistance over the uncoated Tool C. Tool 

Dc shows a slight improvement in terms of tool life over uncoated Tool D, which shows 

early wearing from the DOC notch, which develops into a large valley. Tool DTAN2773 

reduces notch wear compared to Tool Dc, and Tool DTAN5050 improves this further by 

delaying wear in the DOC notch valley by 666m. In the Tool D group, the Tool DTAN5050 

performed best. 

All of the coatings studied form tribofilms based on their composition (TiO2, Al2O3, Cr2O3). 

The TiO2 tribofilms have high friction characteristics and shears easily from the interface. 

This may be a reason for the rapid wear of the TiN coating (Tool Cc). The addition of Al is 

beneficial to the coating by improving thermal stability and wear performance. However, 

a slight decrease in performance was found with excessive amounts of aluminum. The 

aluminum oxide formed is brittle in nature and can cause coating failure. Friction wear, 

oxidation, adhesive wear and brittle failure were the main wear mechanisms of 
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TiAlN/AlTiN (Tool DTAN5050). It can be said that the optimized Al material can improve 

the wear resistance. Coating TiAlCrN (Tool Ac) shows superior oxidation resistance of the 

coating at the initial stage of machining due to the formation of stable Cr2O3 and/or dense 

(Al, Cr)2O3 mixed oxide tribofilms, which provides thermal barrier properties at high 

cutting temperature. This improved wear resistance significantly increased the life of the 

tool in the initial stages. 

The micro-mechanical testing and AFM studies showed that relatively higher H/E and 

H3/E2 values along with finer and denser column structure of the coatings contribute to 

better wear resistance of the coatings. Also, test results suggested that coatings with a lower 

plasticity index performed better for this application. Scratch tests also indicated that 

deformation is delayed in such coatings, resulting in improved tool life with enhanced wear 

protection. 

It was observed that the micro-mechanical properties of the coatings changes with coating 

composition and deposition parameters. Further studies can be performed by replacing or 

adding various elements to the existing coating composition and by optimizing the PVD 

coating deposition parameters to enhance wear performance and extend tool life. 
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Abstract 

This research aims to evaluate various in-house developed PVD coatings for cermet tools, 

specifically for high-speed dry turning of austenitic stainless steel (AISI 304). In the present 

study, various combinations of coating elements such as Ti, Al, Cr, Si, Y, and Ta were 

selected, deposited and developed as a PVD coating on cermet cutting tools, and evaluated 

based on tool life by turning test.  The study of tool and coating wear mechanism is 

progressively done by Scanning Electron Microscope (SEM). The micro-mechanical 

properties of the coatings were accessed with the help of nano indentations, and adhesion 

was assessed using scratch testing. The coating surface topography and morphology were 

examined using Atomic Force Microscopy (AFM) and high-resolution SEM imaging. This 

research indicates that the coating with the Ti element is performing better than the one 

without Ti. The optimized composition of Ti, Al, and Cr elements works best and better 

than other compositions of Ti, Al, and Ta coatings. The addition of excessive amounts of 

Cr and Si, Y degrades the performance. A detailed description of the coating performance 

based on micro-mechanical, structure, and other characterization tests is discussed in detail 

in this research work. 

Keywords: PVD; Coating; Cermet; 304 stainless steel; tool wear; dry machining; high-

speed machining 
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5.1 Introduction 

Stainless steel is widely used as a steel material that consumes 70% of all other steel. Due 

to greater durability, sustainability, and higher corrosion resistance, it is widely used in 

many commercial applications such as machinery, pharmaceutical, food manufacturing, 

aerospace, chemical, and many more (Trent and Wright, 2000). In all industries, the 

machining of stainless steel is directly or indirectly involved. AISI 304 steel is considered 

under the difficult-to-cut material category. The material's properties of high work 

hardening, low thermal conductivity, and high toughness make it difficult to cut. Due to 

high adhesion, diffusion, abrasive wear, and high cutting temperatures requiring coolant, it 

hinders tool performance, which adds to the higher machining costs (Nayak et al., 2014; 

Sharma, Tiwari and Dixit, 2016).   

Currently, the machining industry demands and is moving towards dry and high-speed 

machining as it is cost-effective, causes less pollution, and less risk to the operators' health 

(Sreejith and Ngoi, 2000). Machining the tool at high speed adds more heat output to the 

chip contact area, and the dry machining process adds more material to the adhesive on the 

tool and adds more heat generation during the machining process. (Bapat et al., 2015). 

Therefore, conventional tools are not able to withstand high attrition wear and cutting 

temperatures. To meet the high hot hardness and toughness of the tool for such applications, 

cermet [Ceramic (TiC as core grain) and metal (Cobalt (Co) and Nickel (Ni) as a binder)] 

as a cutting tool are reported previously for such challenging dry high-speed machining 

conditions (U. S. Patel et al., 2020). However, substituting the cutting tool material is not 
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the only solution. It is still necessary to extend the tool life by adding a layer of protection 

with the help of coating. 

The first coated cutting tools were developed in the 1960s-70s by Chemical Vapour 

Deposition (CVD) technology. The tools were placed in the reactor at a high temperature 

(1000°C), changing the property of the cutting tool and reducing the machining 

performance. CVD also produces high surface roughness on the coated surface and is poor 

at depositing on sharp edges such as the cutting edge. Therefore, CVD is less popular than 

Physical Vapour Deposition (PVD) coating for cutting tool applications. The PVD coating 

was developed in the 1980s and deposited on carbide cutting tools (Wolfe, Petrosky and 

Quinto, 1986). The PVD coating can be deposited at a low temperature of 500°C. The PVD 

coating also provides good coverage for a coating with state-of-the-art and high 

compressive residual stress. Therefore, PVD coatings are more popular for depositing 

coatings for cutting tools in the machining industries. 

Titanium (Ti)-based on the first and second generation of PVD coatings are restricted to 

special cutting conditions (limited cutting speed). The researcher developed more coatings 

with binary ternary and more complex Ti-based PVD coating to enhance performance by 

combining different properties of different coatings and elements, i.e. TiAlCN, TiAlNbN, 

TiAlCrN, TiN/CrN, TiN/TiAlN, and many others. Arndt M et al. 2003 developed an AlTiN 

coating which showed that coating with Al content could provide better wear protection 

than coating without aluminium due to its low thermal conductivity and oxidation 

resistance at elevated cutting temperatures (Arndt and Kacsich, 2003). Sert H et al. 

conducted a study in 2005 on the wear of TiAlN PVD coating and TiN CVD coating and 
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cermet tool during machining of AISI 5140 steel  (Sert et al., 2005). The results show that 

the coated cermet cutting tool was not promising. The best cutting speed observed with 

TiAlN coating was 200m/min. With PVD coating technology, Andrino et al. (2006) 

developed various ternary and complex coatings (AlCrN, AlCrNbN; fg-AlTiN and nc-

AlTiN) on carbide end mills for machining stainless steel 316L. nc-AlTiN coated cutting 

tool shows better performance than other coatings  (Endrino, Fox-Rabinovich and Gey, 

2006). Fox GS et al. 2009 shows that Al-rich TiAlN and CrAlN series coatings showed 

favourable results for cutting hard materials (Fox-Rabinovich et al., 2009). Kladhar et al. 

2012 reported that TiAlN-TiN coated carbide cutting tools showed superior performance 

and improved surface roughness after TiCN-TiN coating while machining stainless steel. 

Limited work is also reported for high-speed machining of stainless steel  (Kaladhar, 

Venkata Subbaiah and Srinivasa Rao, 2012). Poomari A et al. 2012 conducted a machining 

study with AISI 4340 steel using cermet coated TiAlN with cryogenic treatment. The result 

shows that the cryogenically treated TiAlN coated cermet tool outperforms the uncoated 

and untreated coated cermet cutting tool (Poomari et al., 2012). Li T. et al. 2017 studied the 

structure and properties of TiAlCrN coating on the cermet tool with various WC contents 

(Li et al., 2017). The grain size of the coating decreases with increasing the WC, and the 

coated tool worsens when WC crosses more than 10 wt%. Yanga W et al. 2017 studied 

PVD-coated TiAlN and TiAlN/CrAlN cermet tools (Yang et al., 2017). The structure of 

the coating was columnar and blocked grain. The test was performed on 9CrSi2Mn steel 

with turning operation. The TiAlN/CrAlN coating results show high flank wear, and TiAlN 

coating shows high oxidation wear with low abrasive wear. Tiwari P.K. and others in 2020 
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investigated the performance of multi-layer coated TiN/TiCN/TiN cermet tool under 

machining of AISI 4340 steel and found surface finish within 1.6µm (Tiwari et al., 2020). 

TiAlN coating is the most widely used PVD coating for machining application due to its 

high hardness (33GPa) and low friction. The coating also shows good oxidation resistance 

at 800℃ and abrasion resistance at elevated cutting temperatures (Bouzakis et al., 2013; 

Du et al., 2014). The researchers are also adding Cr to TiAlN coating to increase the 

solubility range of AlN in complex nitrides to develop more Al-Cr bonds, to increase the 

coating ability to provide high hot hardness and oxidation resistance property demanded in 

machining (Santana et al., 2004; Fox-Rabinovich et al., 2009). 

Some research shows good performance of certain coatings for applications with specific 

conditions (Noordin, Venkatesh and Sharif, 2007; Das et al., 2016; Touggui et al., 2021). 

However, the results are not comparable because not all coatings have been studied 

simultaneously under the same conditions from coating development to final application, 

such as the same machining conditions. The objective of this research work is to develop 

various in-house PVD coating for cermet tools under the same specification with a different 

elemental composition specifically for high-speed dry turning of austenitic stainless steel 

(AISI 304). The PVD coated cermet tools were tested, and the durability of the coatings 

was evaluated based on the tool life, wear mechanism, and micro-mechanical properties of 

the PVD coatings. 
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5.2 Experimental Procedure 

5.2.1 Coating Design and Deposition 

The in-house coating development was conducted based on the findings of the uncoated 

study and the desired requirement for the current application. It was reported that Titanium 

(Ti) is widely used as PVD coating for machining application due to its high chemical 

inertness, excellent adhesion, wear resistance at elevated temperature and hard coating 

surface to reduce wear (Zhang and Zhu, 1993). It was also found that a cermet tool that 

contained tantalum (Ta) gives a low amount of wear (Yu, Huang and Xu, 2015; U. S. Patel 

et al., 2020). Therefore, the integration of Ta into the coating should help improve the 

coating performance. It is reported that the addition of aluminum (Al) will substitute Ti 

atoms with smaller Al atoms, reducing the lattice parameter of the coating structure, leading 

to the betterment of the coatings (Inspektor and Salvador, 2014). The adhesion of the 

coating to the cermet tool is one of the important factors. The addition of chromium (Cr) to 

the coating may reduce stress and improve adhesion, resulting in improved tribological 

properties (Willmann et al., 2007). Cr and Al form oxides at high temperatures that increase 

thermal stability, oxidation resistance, and mechanical strength, making the coating self-

adaptive (Warcholinski and Gilewicz, 2011). Silicon (Si) and yttrium (Y) can be added to 

coatings to improve their grain refinement and prevent grain coarsening (Fox-Rabinovich 

et al., 2010). These scientific findings reported in the literature and recent work published 

by the authors were the main criteria to design and develop various combinations of in-
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house coatings with Ti, Al, Cr, Ta, Si, and Y as the main elements. The performance was 

investigated further in detail for the current machining application. 

5.2.2 Machining Studies 

Machining studies were performed with the metal cutting of AISI 304 steel (125 BHN 

hardness) using the turning process on a CNC OKUMA Crown L1060 lathe. Machining 

tests were performed at a feed rate of 0.15 mm/rev, a cut depth of 0.4 mm, and a 240 m/min 

cutting speed. The mechanical and chemical composition of the workpiece material is given 

in Table 5.1. The microstructure, geometry, designation, and hardness of the uncoated 

cermet tool have been previously investigated and described by Patel et al (U. Patel et al., 

2020; U. S. Patel et al., 2020).  

Table 5.1 Chemical composition and mechanical properties of AISI 304 stainless steel 

Chemical composition (%) 

C Si Mn P S Cr Ni N Balance 

0.08 0.75 2.0max 0.045max 0.03max 18-20 8-10.5 0.10max Fe(iron) 

Mechanical properties 

Yield 

Strength  

Tensile 

Strength 

Elongation Modulus of 

Elasticity 

Shear 

Modulus 

Hardness Poisson's 

Ratio 

215 MPa 505 MPa 70% 193-200 GPa 86 GPa 123 HB 0.29 

The composition of the cermet tool is presented in Table 5.2. The various PVD coating 

composition combinations were developed and deposited on cermet cutting tools (inserts) 

and compared with each other in terms of machining performance and wear resistance. The 
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coated tools are listed in Table 5.3, along with the equipment nomenclature and coating 

composition concentration. 

Table 5.2 Elemental concentration (wt.%) of uncoated cermet tools By EDS (U. S. Patel 

et al., 2020). 

  Ti W Co Ni Nb V C N Mo Ta Others 

Tool D 38.2 20.1 7.3 7.0 5.1   14.8 3.7     Balance 

 

Table 5.3 Type and geometry of cutting tools, and coatings nomenclature and 

composition 

Uncoated 

Tool 

Coating Target Coating Composition 

(wt%) after deposition (EDS) 

Coated Tool 

Nomenclator 

Measured edge 

radius of coated 

cutting tool (µm) 

Tool geometry of the inserts 

CNMG 120408 / CNMG 432 

Ti Al Cr Ta Si Y N 

Tool D Al70Cr30  38 36    26 Tool DAlCrN 53.35±0.58 

 

D= 12.70mm 

L10= 12.90mm 

Rɛ=0.8mm 

D1=5.16mm 

S=4.76mm 

Ti25Al65Cr10 27 34 12    26 Tool DTiAlCrN 57.27±1.32 

Ti20Al55Cr20Si3Y2 20 27 22  1 4 26 Tool DTiAlCrSiYN 55.78±2.19 

Ti35Al57Ta8 34 26  15   24 Tool DTiAlTaN 57.96±1.61 

Cr100 & 

Ti35Al57Ta8 

17 13 43 7   22 Tool D(Cr-TiAlTa)N 53.39±1.02 

 

The cutting tool wears changes (wear volume) were recorded and tracked with the help of 

a 3D surface measurement system (Alcona Infinite Focus G5, Alicona Manufacturing Inc., 

Bartlett, IL, USA). The 3D tool scanned model was also used to measure the change of the 

cutting-edge radius after the coating deposition, as shown in Figure 5.1.  
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Figure 5.1 Cutting tool geometry measurement (measurement process steps) 

The cutting force data were collected with a dynamometer (Kistler Type 9129AA), which 

was mounted on turret with the help of a Type 9129AD1 adapter and the tools with Type 

9129AE1 holder. Data were collected with a connecting cable: Kistler Type 1687BQ02, 

Amplifier: Kistler Type 5167A41 using software named Kistler DynoWare Type 2825A-

03, version 3.1.0.0, with sample rates of 10000 Hz. A scanning electron microscope (SEM) 

[JEOL 6610LV] was used to capture high magnification and resolution images to examine 

wear changes at fixed cutting intervals to study progressive wear. Energy-Dispersive X-ray 

Spectroscopy (EDS) was also performed on JEOL 6610LV to analyse and measure the 

composition concentration of the coating after deposition. EDS was conducted on coating 

deposited on flat polished cermet tool substrate to increase data accuracy at 10-12 mm 

working distance. Coated cutting tool life was performed according to ISO 3685:1993 

standard with flank and notch wear as the measuring criterion. Flank and notch wear was 
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measured with the help of an optical microscope with XY table operated from Mitutoyo 

digital micrometre and KEYENCE-VHX 5000 digital microscope. 

Since the dominant tool wear is the notch wear, the notch wear criterion was considered to 

be 300µm for the present research study, according to ISO 3685:1993 (Standardization, 

2006). The formed tribofilms were characterized using X-ray photoelectron spectroscopy 

(XPS) (PHI Quantera II Scanning XPS Microprobe) and X-ray beam 50u12.5W15KV. The 

sample surface is gently cleaned to remove any contamination with the help of sputtering, 

and quality data is collected from tribofilms. First, with a step size of 0.8eV, the survey 

spectra were collected at 224eV and then, with a step size of 0.1eV, a high-resolution 

spectrum was collected at 26eV for the specific peak. 

5.2.3 Coating Deposition (In-house) and Characterization: 

All in-house coatings were deposited on CNMG 120408/CNMG 432 uncoated insert (for 

machining study) and SNMN 120408/SNMN 432 (for characterization) flat polished 

uncoated insert. All coatings except (Cr-TiAlTa)N were deposited with 99.98% purity with 

the help of single solid metal targets with different compositions and concentrations, as 

listed in Table 5.3. The coating (Cr-TiAlTa)N was deposited with two different targets of 

Cr and TiAlTa. The uncoated insert was mounted on the rotating table after ultrasound 

cleaning at a rotation speed of 4rpm. The coatings were deposited to keep the deposition 

pressure constant at 3.75Pa, the cathode current at 150A, and a bias voltage of -60V, while 

the cutting tool substrate temperature was 525℃. The deposition time was 55 min for all 

coatings except (Cr-TiAlTa)N, where deposition time was cut short to 28 min to achieve 
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comparable coating thickness. The deposition rate was kept constant to maintain a constant 

coating thickness.  

The coating thickness was measured using a calo test instrument (BC-2 Ball Crater Device) 

with a 30mm diameter ball (AISI 52100m Grade 25 Chromium steel). The calo test was 

performed with a 1μm diamond paste to accelerate the calo crater wear rate. The crater was 

measured using a KEYENCE-VHX 5000 digital microscope. The thickness of all coated 

equipment is listed in Table 5.3. The microscopic mechanical properties of the coating were 

characterized with the help of Anton Paar NHT3 nanoindenter (Anton Paar, Switzerland). 

The test was performed at room temperature using a diamond Berkovich indenter following 

the ISO14577–4 standard. The indentation contact section was kept within 1/10th of the 

thickness of the coating in order to avoid the substrate effect on the results. Scratch tests 

were performed on the flat polished coated inserts with the help of Anton Paar-RST3 

Revetest® Scratch Tester (Anton Paar, Switzerland). A 100μm tip radius Rockwell 

diamond indenter was used to conduct the progressive load scratch test. The length of the 

scratch test was 3mm, with 3 scratches on each sample. The test was performed in 3 phases. 

The first phase runs at a very low load of 0.5N to measure the topography scan. The second 

phase does actual progressive load scratch starting with 0.5N until 60N over a 3 mm scratch 

length. The final scan was performed as a post topography scan with a 0.5N load. It helps 

to see the elastic recovery of the coating after the scratch test, actual penetration depth, and 

residual penetration depth. AFM was used to measure the surface topography and 

morphology of the coatings with an Anton Paar ToscaTM 400 atomic force microscope 
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(AFM) (Graz, Austria) using silicon probe-tapping mode. The scan was performed at a size 

of 30X30 µm and a resolution of 400X400 with a 0.3 line/sec rate. 

5.3 Results and Discussion 

In the present study, five different coatings compositions (AlCrN, TiAlCrN, TiAlCrSiYN, 

TiAlTaN, Cr-TiAlTaN) were used to deposit on the uncoated cermet Tool D (U. S. Patel et 

al., 2020). A previous study performed by the authors showed that in-house coatings 

performed better than commercial coatings with similar coating compositions. Hence, 

moving forward to develop a better performing coating, various combinations of coatings 

were studied. All coatings were compared for tool life performance and progressive wear 

mechanism. The coatings were also compared for their microstructure and micro-

mechanical properties. 

5.3.1 Tool Performance Analysis 

Cutting tests based on the ISO 3685 standard were performed with a tool failure criterion 

of dominant wear (notch wear) of 300μm. Tool performance based on flank wear and notch 

wear for all in-house developed coatings  AlCrN (Tool DAlCrN), TiAlCrN (Tool DTiAlCrN), 

TiAlCrSiYN (Tool DTiAlCrSiYN), TiAlTaN (Tool DTiAlTaN), Cr-TiAlTaN (Tool DCr-TiAlTaN) 

on Tool Ds are showed in Figure 5.2 (a) and (b). 

Tool DTiAlCrN shows the best performance among all coated tools, followed by Tool DTiAlTa. 

The maximum tool life of Tool DTiAlCrN is 3066m, and the flank and notch wear are 191µm 

and 306µm, respectively. Tool DTiAlTa then shows a maximum tool life of 2666m with flank 

and notch wear of 169µm and 302µm, respectively. Tool DAlCrN, Tool DTiAlCrSiYN, Tool DCr-
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TiAlTa, shows modest performance with tool life of 1333m, 1333m, 1200m, respectively. 

Tool DTiAlCrN improved tool life by approximately 318% compared to the uncoated tool 

(733m (U. S. Patel et al., 2020)) and 218% compared to commercially coated TiAlN tool 

(Tool Dc 1466m), according to the authors’ previous study which is currently under review 

for publication. Tool DTiAlTa improved tool life by 264% compared to the uncoated tool and 

164% compared to Tool Dc. Tool DTiAlCrN and Tool DTiAlTa show delayed tool wear in the 

initial machining phase in all coated tools. It is imperative to protect the cutting tool at the 

initial stage of machining. Better wear-resistant performance, in the beginning, can lead to 

higher tool life. This is proven here by a tool life test comparison of all coated tools. 

Coatings on Tool DTiAlCrN and Tool DTiAlTa were found to be protective against 

microchipping at a depth of cut (DOC).  

  
(a) (b) 

Figure 5.2 Tool life comparison of various in-house coatings with respect to (a) flank 

wear, (b) notch wear 

The coatings again protected the tools from microchipping and notching (Figure 5.2 & 

Figure 5.3), which were believed to have been introduced in the first pass of machining 
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(around 7m) for all other coated and uncoated tools, allowing machining of coating Tool 

DTiAlTa up to 133m and machining of coating Tool DTiAlCrN up to 267m. The coated Tool 

DTiAlCrN and Tool DTiAlTa were also observed to have less flank wear, abrasive wear, and 

diffusion than all the coated tools at the same stage. The rest of the coated tool performed 

modestly. These results indicate that variations in concentration and elements in a coating 

significantly affect performance and wear mechanisms. 

 

Figure 5.3 Progressive wear mechanism study at a specific interval of cutting at 7m, 

34m, 133m, and 666m with the help of SEM images of all coated tools (Tool DAlCrN, 

Tool DTiAlCrN, Tool DTiAlCrSiYN, Tool DTiAlTaN, Tool DCr-TiAlTaN) 
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5.3.2 Wear Mechanism 

Figure 5.3 shows a progressive wear study of all coated tools. Tool wear was observed for 

two reasons, the first by micro-chipping in the DOC region, which subsequently creates a 

large notch. The second reason is by adhesion to the workpiece material, which is sticking 

to the cutting edge (Built-up-edge, BUE) and taking off a portion of the coating away from 

the surface of the tool during machining, causing coating delamination and substrate 

exposure. Tool wear was mainly observed on the cutting edge near the DOC area. Adhesive 

wear was observed for all coating except Tool DTiAlCrN and Tool DTiAlTa. A combination of 

diffusion and adhesive wear of the Tool DAlCrN was observed. It is important to understand 

the mechanism of wear in order to compare the performance of the coated tools. Therefore, 

progressive wear was studied at fixed intervals of 7m, 34m, 133m, and 666m. 

5.3.2.1 Progressive Wear Mechanism Study 

At cutting length = 7m: Figure 5.3 represents the SEM images of the cutting edge of coated 

tools: Tool DAlCrN, Tool DTiAlCrN, Tool DTiAlCrSiYN, Tool DTiAlTaN, and Tool DCr-TiAlTaN. The 

Tool DAlCrN shows microchipping (marked red) initiated in the DOC region while the rest 

of the cutting edge shows no adhesion. However, the flank wear (marked yellow) can be 

observed in the SEM images at the very early stage, higher than that of all other coated 

tools. Tool DTiAlCrN shows adhesion (BUE) in the middle of the cutting edge (marked 

yellow). There is also an indication of small adhesion in DOC. However, it does not show 

any chipping on the DOC or the cutting edge. The coating shows adhesion (BUE) (marked 

yellow) with the cutting edge of the Tool DTiAlCrSiYN. The tool started showing 

microchipping and peeling off the coating on the DOC area (marked red). Tool DTiAlTaN 
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shows workpiece material glued with the cutting edge (marked red). Tool DTiAlTaN shows 

no signs of microchipping in the DOC region compared to other coated cutting tools. Tool 

DCr-TiAlTaN shows BUE on the cutting tool, microchipping was also observed in the DOC 

region as the material was significantly chipped in the DOC region. 

At cutting length = 34m: Tool DAlCrN shows the clear microchip region with the substrate 

clearly visible (marked red). It was also observed that a small area near the cutting-edge is 

peeled off by coating, and the substrate is clearly visible (marked yellow). The Tool DAlCrN 

shows few signs of diffusion wear or rake wear, which is seen at the earliest stage compared 

to all coated cutting tools. It shows the removal of adhesion (BUE) from the middle of the 

cutting edge (marked in yellow) and the removal of the coating layer or signs of flaking. 

There is no sign of any chipping on the DOC or with the cutting edge. Overall, the tool is 

performing well as compared to the rest of the coatings. The Tool DTiAlCrSiYN also shows 

the removal of adhesion (BUE) (marked in yellow) along the cutting edge of the coating. 

When the glued material is removed from the coated tool, it also takes away a part of the 

coating and therefore causes substrate exposure (marked yellow). Tool DTiAlCrSiYN coating 

was observed to have a rapid increase in microchipping, and a large portion of the coating 

peeled off at the DOC region (marked red), much faster than all coatings. On the cutting 

edge of the Tool DTiAlTaN (marked red), the stuck workpiece material is now off the edge 

during machining. The removed glued material caused coating to peel near the cutting edge. 

Tool DTiAlTaN shows no signs of microchipping in the DOC region and performed similarly 

to Tool DTiAlCrN. The Tool DCr-TiAlTaN continues to show BUE on the cutting tool, with signs 

of chipped material removal and layer by layer coating removal in some places. 
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Microchipping in the DOC field is enormous and increasing in size as compared to all 

coated cutting tools. 

At cutting length = 133m: After machining of 133m, the condition of Tool DAlCrN is 

extremely poor. The coating is removed from the entire cutting edge as a large portion of 

the material (marked in yellow). Microchipping (marked red) is getting bigger with loaded 

workpiece material inside the notch. In addition, diffusion wear is now clearly visible 

(marked with blue lines in yellow), which is much quicker than in all coated tools. In 

addition, the flank wear also increases significantly, as can be seen from the blue marked 

in the red box in Figure 5.3. Tool DTiAlCrN performs much better than all coating. The 

machining up to 133m Tool DTiAlCrN shows no microchipping at the DOC. However, it 

shows the first evidence of substrate exposure near the cutting edge (marked in yellow), 

mostly due to adhesive wear of the coating near the cutting edge. The Tool DTiAlCrSiYN 

shows the rapid growth and deepening of the microchipping at the DOC (marked red). It 

also begins to show substrate exposure at the cutting edge, which extends along the cutting 

edge (marked in yellow), which is considered poor because the tool edge is the critical part 

of the cutting tool for performing metal cutting. Tool DTiAlTaN shows substrate exposure at 

multiple locations on the tool's rake face (marked in yellow) due to coating flaking due to 

adhesion wear. It shows minor coating removal or chipping on the DOC (marked red). 

However, it is still not intense and does not show substrate exposure. Ultimately, the 

coating is still performing just as well as the Tool DTiAlCrN. The Tool DCr-TiAlTaN shows an 

increase in microchipping and forming of the big notch shape. The sticking and filling in 

this area (marked red) with the workpiece material is also observed. The remaining cutting 
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edge shows large spots of substrate exposure along the edge with the workpiece material 

on the tool edge (marked in yellow). 

At cutting length = 666m: Tool DAlCrN becomes completely coating-free after the 

machining of 666m. The coating wears off from the leading area of the cutting tool along 

the cutting edge. The entire cutting edge shows no coating, and the substrate is exposed. 

The tool also wore out the coating on the rake face of the cutting tool due to diffusion wear 

(marked in yellow). The microchipping of the Tool DAlCrN is greatly increased, and the 

shape of the notch (marked green) is formed. Considering the wear of all these areas, the 

coated tool is now completely worn or wiped from the cutting tool in the area of cutting 

activity. Therefore, the Tool DAlCrN is not expected to perform well because the coating is 

completely removed, and the tool is no longer protected. Figure 5.2 shows the evidence for 

the poor performance of Tool DTiAlCrN. It shows the first evidence of chipping at the DOC 

(marked red) after machining 666m, while the rest of the coating tool shows signs at the 

beginning of the machining. Tool DAlCrN performs well compared to all tools because it 

shows one spot of substrate exposure (marked in yellow) while the others are exposed at 

the entire cutting edge. Tool DTiAlCrSiYN observed more substrate exposure and high flank 

wear, followed by Tool DAlCrN. The Tool DTiAlCrSiYN formed a large notch (marked green). 

Tool DTiAlCrSiYN is also seen to have diffusion wear as seen in the yellow mark and has worn 

off the coating on the rake face of the tool. Due to the high flank wear and coating peel off, 

the Tool DTiAlCrSiYN may not perform well, as is evident from Figure 5.2. Tool DTiAlTaN is a 

well-performing coated tool followed by Tool DTiAlCrN. After machining 666m, the Tool 

DTiAlTaN shows a notch at the DOC (marked green). Furthermore, the Tool DTiAlTaN is still 
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performing well because the coated tool has very few spots with coating peel-off or 

substrate exposure. This is also evident from Figure 5.2 that Tool DTiAlTaN is a well-

performed tool followed by Tool DTiAlCrN. The condition of the Tool DCr-TiAlTaN is 

deteriorating. As can be seen in Figure 5.3, the Tool DCr-TiAlTaN forms a large notch. Tool 

DTiAlCrSiYN saw a significant amount of substrate exposure along the edge of the material 

sticking to the tool's edge (marked in yellow). Tool DTiAlCrSiYN was also observed to have 

higher flank wear followed by Tool DAlCrN. Overall, the condition of the coated tool is 

deteriorating, like Tool DTiAlCrSiYN, resulting in poor performance (Figure 5.2). 

5.3.2.2 Discussion 

Figure 5.4 represents the cutting force data for all the coated tools. A significant cutting 

force difference was observed for coatings with and without titanium (Ti) content. Tool 

DAlCrN shows the lowest cutting force in all directions. Table 5.4 shows that the chip shear 

angle for this tool is also the highest among all other coated tools. Based on the Merchant 

circle diagram, the shear force vector decreases when the shear angle increases, meaning 

less force is needed to shear the workpiece material to form a chip. However, Tool DAlCrN 

was not performing well during machining. Therefore, the role of the coating elements and 

the tribological response during the machining process needs more explanation, as 

discussed below.  

The role of titanium (Ti) in coating development for coated cutting tools is important. M. 

Danek et al. found that Ti ions rapidly diffuse over the surface of the coating and forms an 

oxide layer (Figure 5.5) at high temperatures (Danek et al., 2017). This provides greater 

protection and time for other oxides (aluminium and chromium) to form, reduces wear of 
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the oxide layers, and protects tools by prolonging the life of the oxide tribo films. Therefore, 

coating tools without Ti, such as Tool DAlCrN are less likely to perform well for the current 

application. 

Table 5.4 Cutting force and related derived data concerning the tribological 

performance. 

Coated tool Edge radius (μm) Rake Angle (α) ° Cutting force (Fp) N Shear Angle (Φ) ° Chip velocity (Vc) 

Tool DAlCrN 53.34±0.58 13.13±0.15 162.47 25.12 104.18 

Tool DTiAlCrN 57.27±1.32 14.24±0.06 176.77 22.89 94.43 

Tool DTiAlCrSiYN 55.78±2.19 13.60±0.11 177.25 23.62 97.65 

Tool DTiAlTaN 57.96±1.61 13.04±0.05 172.75 22.98 95.16 

Tool DCr-TiAlTaN 53.38±1.02 12.92±0.17 176.72 23.32 96.60 

 
Figure 5.4 Comparison of all cutting forces for all coated tools. 
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In addition, Tool DAlCrN contains a high amount of aluminium (Al) and is observed to form 

an aluminium oxide tribo film (Figure 5.5) during the machining process.  

 
Figure 5.5 XPS data (spectra) of tribofilms from worn rake face of coated cutting tools. 
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The oxides of aluminium are brittle in nature and can easily fail during machining (U. S. 

Patel et al., 2020). So, aluminium oxides can easily break along with the chip during the 

chip sliding process. On the contrary, Tool DTiAlCrN coating contains relatively less Al than 

Tool DAlCrN and less chromium (Cr) than all coatings. In addition, during the machining 

process, chromium (Cr) forms stable and dense Cr2O3 (Figure 5.5) which is a hard oxide 

tribo films. These formed oxide films protect the tools and coating from wear and oxidation, 

resulting in enhanced tribological properties. 

Tool DTiAlCrSiY was found to perform poorly for current machining applications. The Tool 

DTiAlCrSiYN was observed to have high coating peeling during the machining process (Figure 

5.3). Tool DTiAlCrSiYN contains high amounts of Cr and Si (Table 5.3). In the chip sticking 

stage, the Cr and Si elements inter-diffuse with the workpiece material (a sign of diffusion 

observed at 666m Figure 5.3) and weaken the coating. Literature shows that at a high 

cutting temperature, the tantalum presents in the coating forms tribo films of Ta2O5 and 

Ta4O, and these oxides act as lubricants during the machining process (Yu, Huang and Xu, 

2015; U. S. Patel et al., 2020). It explains the better machining performance of Tool 

DTiAlTaN.  

5.3.3 Coating Characterization 

Figure 5.6 shows high-resolution SEM images of the structural characteristics of the 

coatings and indicates that all the coatings have columnar structures. Although the 

structures look somewhat similar, some differences can be noticed after more careful 

observation. Both Tool DTiAlTaN and Tool DTiAlCrSiYN show densely packed columnar 
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structures compared to the other coatings. Research has shown that highly dense column 

boundaries or lower inter‐column spacings result in higher hardness values (Luo et al., 

2004). 

 
Figure 5.6 SEM images of coating surface topography and structure with 

Backscattered electron image (BEC) and secondary electron images (SEI). 
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So, the high hardness values (Table 5.5) of these coatings can be related to their 

comparatively more densely packed structures. Figure 5.7 shows AFM scans of the surface 

of the coatings. Although Table 5.5 shows that Tool DTiAlCrN has the lowest roughness, the 

roughness values of all the coatings are too low to affect machining performances 

significantly. 

 
Figure 5.7 AFM images of coating surface topography in 2D and 3D view of 

commercial and in-house coatings. 
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Table 5.5 Micro-mechanical properties and other relevant characteristics of the coatings 

Nomenclator Thickness Hardness (H), 

GPa 

Elastic modulus (E), 

GPa 

H/E H3/E2 Plasticity 

Index 

Ra (nm) 

Tool DAlCrN 3.90±0.02 35.45±2.24 500.88±81.44 0.0708 0.1775 0.4458 36.36±3.99 

Tool DTiAlCrN 3.24±0.15 33.73±2.96 396.06±65.43 0.0852 0.2446 0.4276 28.14±5.86 

Tool DTiAlCrSiYN 3.58±0.08 42.36±2.79 462.90±40.17 0.0915 0.3546 0.3967 37±5.84 

Tool DTiAlTaN 4.07±0.15 47.80±5.55 599.02±69.41 0.0798 0.3043 0.4056 40.44±9.06 

Tool DCr-TiAlTaN 3.59±0.07 35.67±4.48 509.54±74.44 0.0700 0.1748 0.4499 41.48±6.17 

The thickness and micro-mechanical properties of the coatings are presented in Table 5.5. 

The H/E and H3/E2 ratios were calculated from coating’s hardness (H) and elastic modulus 

(E), which were determined from nanoindentation tests. The H/E ratio signifies the elastic 

strain to failure characteristics and can be used to measure the wear resistance property of 

the coatings (Leyland and Matthews, 2000; Beake and Fox-Rabinovich, 2014). It can also 

be considered a measure of coating brittleness or the ability of the surface to dissipate the 

energy of deformation during the cutting process. The H3/E2 ratio refers to a coating’s 

ability to resist plastic deformation or its load support (Tsui et al., 1995). The plasticity 

index represents the ratio of the plastic work done and the total work done (elastic and 

plastic work) during the nanoindentation test. It can be depicted as a measure of toughness. 

As discussed earlier, both Tool DTiAlTaN and Tool DTiAlCrSiYN show higher hardness values. 

However, the Tool DTiAlTaN performs better during machining studies (Figure 5.2). This can 

be due to the fact that Tool DTiAlCrSiYN is more brittle due to high H/E ratio, which can be 

used as a measure of brittleness (Leyland and Matthews, 2000). Tool DTiAlCrSiYN shows a 

higher H/E value but a lower plasticity index, which indicates that the coating is more brittle 

and prone to break rather drastically. Although higher H/E can be associated with better 
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wear-resistant, research (Chowdhury et al., 2017) has shown that an optimized value rather 

than a maximized value is more desirable. It is interesting to see that from the two best 

performing tools, Tool DTiAlCrN, which is the best performing tool, has the lowest H and E 

values, and Tool DTiAlTaN, the second-best tool has the highest H and E values. This proves 

that more than the high or low values of H and E, the optimum combination of H and E is 

what really matters. Although a slightly lower H3/E2 values of coating Tool DTiAlCrN 

indicate a slightly lower ability to resist plastic deformation and higher plasticity index 

indicate that the coating may yield earlier than Tool DTiAlTaN. It has been seen that early 

yielding followed by gradual plastic deformation may work better than delayed but drastic 

brittle failure (Chowdhury et al., 2021). The remaining two tools, Tool DAlCrN and Tool DCr-

TiAlTaN, have lower H/E and H3/E2 values, especially very low H3/E2 values indicating very 

low load-bearing capabilities. The coatings also have higher plasticity index values. Such 

combinations of H, E and plasticity index are not usually good for high-speed machining 

applications, which is also reflected in their performances during machining test. 

Table 5.6 Scratch test data 

Tool Lc1 (N) Lc2 (N) 

Tool DAlCrN 20.40 40.63 

Tool DTiAlCrN 29.44 39.43 

Tool DTiAlCrSiYN Not observed 30.12 

Tool DTiAlTaN Not observed 41.04 

Tool DCr-TiAlTaN Not observed 44.85 
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Figure 5.8 Scratch test images of coatings with acoustic emission, coefficient of 

friction, residual depth and penetration depth in relation tso scratch length and load. 
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Figure 5.8represents scratch test results and scratch wear track images for all coatings. 

Table 5.6 shows the Lc1 and Lc2 data, representing the critical load for the first visible failure 

resulting from cohesive failure (Lc1) and the ultimate failure, mostly from substrate 

exposure due to adhesive failure (Lc2). As discussed earlier, the scratch track and the scratch 

test data also show drastic brittle deformation in Tool DCr-TiAlTaN. It also fails earlier, at a 

much lower load of 30.12N, than all other coatings during the scratch test. Figure 5.3 also 

shows early coating failure during machining, which shortens the Tool DCr-TiAlTaN's life 

(Figure 5.2). Now, if we consider the two best performing tools, as discussed earlier, 

TiAlCrN coating yields early (Lc1), where the scratch track began to show signs of initial 

deformation or the start of cohesive failure at a lower critical load (Lc1) but underwent 

plastic deformation without significant cracking until Lc2. The adhesive failure Lc2 values 

of Tool DTiAlCrN and Tool DTiAlTaN coatings are very comparable. However, here we have 

to consider the higher thickness of Tool DTiAlTaN coating (Table 5.5), which can affect the 

Lc2 values of the scratch test by delaying final failure or substrate exposure resulting in 

higher Lc2 values compared to thinner coating. Thus, considering the coating thickness, 

TiAlCrN coating has better adhesion than TiAlTaN coating. 

Considering that TiAlCrN is the thinnest among all coatings, it is expected that the final 

failure will be somewhat delayed for the thicker coatings. The scratch results of Tool DAlCrN 

show that the coating starts to fail early with cohesive failure (Lc1) (crack formation) at a 

low load of 20.4N compared to other coatings and despite having similar Lc2 values, which 

is also due to higher thickness, substrate exposure is much earlier compared to others except 

Tool DTiAlCrSiYN. Also, it was seen before that the coating has a low H/E ratio which makes 
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it less wear-resistant making the coating vulnerable under heavy load, and it fails early due 

to cracking or peeling of the layers, also observed in Figure 5.3, resulting in easier and 

faster wear of the coating, hindering the life of the cutting tool. Tool DCr-TiAlTaN scratch test 

results show the highest ultimate failure load (Lc2 – 44.85N) with no visual evidence of the 

first cohesive failure (Lc1). The coating has low H/E and H3/E2 ratios and high plasticity 

index, a combination which makes the coating less wear-resistant and too soft, which 

resulted in high material sticking, making the coating weaker under the extreme cutting 

conditions and ultimately failing easily and rapidly, as seen in SEM wear morphology 

(Figure 5.3). 

5.4 TiAlCrN Coating Performance With a Different Cermet Tool. 

The previous study shows that different cermet tools had similar wear mechanisms with 

variations in tool life (U. S. Patel et al., 2020). The TiAlCrN coating was deposited on a 

previous study Tool A. Tool A has high hardness with finer and denser microstructure, the 

optimum amount of binder, hard (TiW)C phase, which gives tool good performance with 

high wear resistance (U. S. Patel et al., 2020). Table 5.7 and Figure 5.9 show tool life 

improvement with in-house coating compared to uncoated and commercial coatings with 

newly developed advanced in-house coating TiAlCrN for Tool A and Tool D. The inhouse 

coating TiAlCrN coating shows promising results with uncoated Tool A and Tool D with 

a consistent improvement of 2266m and 2333m, respectively. Therefore, results show that 

TiAlCrN was able to successfully delay wear for different compositions of cermet tools. 
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Table 5.7 Tool life comparisons of Tool A and Tool D 

Tools Tool A Tool D 

Uncoated 2667 733 

Commercial coating 3733 (TiAlCrN) 1466 (TiAlN) 

In-house new coating (TiAlCrN) 4933 3066 

 

 
Figure 5.9 Tool life comparison of uncoated, commercial coated, and in-house coated 

(TiAlCrN) Tool A and Tool D with respect to flank wear (a) & (c), notch wear (b) & 

(d). 
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5.5 Conclusions 

The machining of stainless steel 304 in the high-speed dry turning process causes two major 

wears of the cutting tool. One, as large notches resulting from microchipping, and second, 

the adhesion wear causing BUE and coating peeling followed by substrate exposure. The 

developed coating must delay microchipping and protect itself from adhesion wear to 

achieve good cutting performance. 

Different coating compositions and concentrations significantly alter the micro-mechanical 

properties of the coating resulting in wear performance and machining performance, 

specifically addressing microchipping. Various combinations of coating elements were 

developed considering micromechanical properties and tribological behaviour. The best 

performing coating was Tool DTiAlCrN, followed by Tool DTiAlTaN. The Tool DTiAlCrN and 

Tool DTiAlTaN coatings show the optimized value of H/E and H3/E2, leading to better micro-

mechanical properties and wear resistance. Generated tribo films are oxidation-resistant 

and lubricious. The TiAlCrN and TiAlTaN coatings delayed the microchipping wear and 

reduced the sticking of material on the surface, which led to the enhancement of the tool 

life by 318%. The addition of Si and Y to coating Tool DTiAlCrSiYN showed the fine and 

refined grain structure that resulted in high H/E and H3/E2. Exceeding the desired value of 

H/E and H3/E2 resulted in early brittle failure and reduced the coating’s ability to perform 

well under high loads. The optimized amount of Cr gave the best performance instead of 

the excessively added Cr, which deteriorated the performance for Tool DCr-TiAlTaN coatings 

due to lower H/E resulting in lower wear resistance of the coating. 
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The coating TiAlCrN shows consistent improvement in terms of tool life with the newly 

developed in-house coating with various uncoated cermet tools. 
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Chapter 6 :  Conclusions and Future Directions 

6.1 General Conclusions  

Stainless steel is one of the most widely used materials, covering three-quarters of the 

metal/alloy market. It is in high demand due to its excellent properties, such as high 

corrosion resistance, high mechanical strength, and low thermal conductivity for various 

applications in many industrial sectors, including aerospace and die/mold industries. There 

is a very high demand for high-speed machining in these industries. The cost-saving aspect 

and environmental impact are two major reasons for a recent high demand for dry 

machining. Stainless steel tends to stick, causing BUE and rapid tool wear due to adhesive 

wear. It is extremely challenging to perform machining of such material under dry high-

speed machining conditions, as it often results in rapid performance and tool failure of 

various tool materials. Cermet tools have unique properties of high wear resistance and 

high fracture toughness and are thus the focus in recent research activities as a potential 

tool material. 

This research investigates the wear mechanisms of various commercial uncoated and 

coated cermet tools for high-speed dry turning of stainless steel 304. The scientific insight 

is used to develop an in-house PVD coating for cermet tools that addresses the 

aforementioned conditions and enhances the tool capability and performance compared to 

commercial uncoated and coated cermet tools for dry machining of stainless steel. 
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This research discusses in-depth studies needed to understand the cermet tool and its wear 

mechanism to develop a PVD coating for specific applications involving dry machining of 

stainless steel. In this study, a reverse engineering approach is used to reveal the 

compositions and microstructure of commercial uncoated cermet tools and PVD-coated 

cermet tools. The study includes an in-depth study of uncoated cermet and coating with 

machining and characterization experiments including SEM, EDS, XRD, AFM, 

nanoindentation, scratch test, wear measurement with an optical 3D microscope, and force 

acquisition by a force dynamometer. This research approach facilitated finding the wear 

mechanism and failure mode of uncoated and PVD-coated cermet tools. This scientific 

insight was used to develop in-house PVD coatings for performance enhancement. It 

delayed wear of the cermet tools to extend tool capability and wear resistance to perform 

under dry high-speed machining conditions for stainless steel. 

The important conclusions from this research work and outcomes of each research 

objective for this thesis are summarized as follows:  

1. For uncoated cermet tools under high-speed dry machining conditions 

considered in this study, notch wear was observed to be the most dominant wear 

type for all cermet tools. The major wear initiation and changes occur from the 

first pass of machining with pitting wear, then microchipping and ultimately 

form notching at the end.  

2. The different constituents of the cermet tools alter the microstructure of the tool, 

resulting in variation of the micromechanical properties of the cermet tools. This 

variation reflects the different wear intensities in different cermet tools. The tool 
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with a fine and rounded core and low porosity performed best during machining 

and showed delayed wear progression compared to the others. The presence of 

a small proportion of tungsten (W) helped form rims around the core that held 

the core well and increased wear and machining performance. Elements such as 

vanadium (V) and tantalum (Ta) formed lubricating films, which reduced the 

amount of tool wear. Finally, binder concentration is critically important, as 

excessive binders such as cobalt (Co) and nickel (Ni) rapidly degrade equipment 

performance by accelerating notch wear. Ultimately, major wear occurs in the 

initial machining stage. Hence all material and property effects need to be 

considered and addressed to delay wear and improve cermet tool performance. 

3. It was observed that not all commercial coatings provide significant 

improvements in tool life. The commercial coatings with Ti, Al, and Cr as a 

major elemental content show higher performance than other commercial 

coated tools, delaying the wear during the first two passes, but later, high 

diffusion wear is observed for them. 

4. The comparison of commercial coatings of Ti and Al as a major element and 

in-house coating shows that the latter performed well. The in-house coating has 

a superior columnar structure and performs well compared to similar elements 

contained in commercial coatings based on the in-depth coating characterization 

and investigation of micromechanical properties. 

5. The coating with only Ti as a major element (TiN) shows poor performance 

because the titanium oxide film cannot protect the coating and shows no 
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improvement in machining performance. The addition of Al improves 

performance. However, excessive Al leads to the formation of aluminum oxide 

films that are brittle and fail easily, thereby limiting the performance of the 

coating. The main wear mechanisms for these Ti and Al-based coatings were 

abrasive wear, oxidation wear, adhesive wear, and brittle failure. Titanium (Ti), 

when present with other alloying elements, improves performance by forming 

respective tribofilms. 

6. The addition of chromium (Cr) results in stable and dense chromium and 

aluminum-based composite oxide that protects tools and coating by resisting 

oxidation wear. The optimized amount of Cr reveals good performance rather 

than excessive Cr, which degrades performance by dispersing Cr into the 

workpiece. Tantalum (Ta) and its oxide tribofilms act as a lubricant and assist 

auxiliary materials in flowing smoothly across the surface, thereby reducing 

wear and prolonging tool life. 

7. The micromechanical properties of the coating change with the composition and 

deposition parameters. In the current application, a low plasticity index value 

coating with higher H/E and H3/E2 and finer denser coating structure showed 

better wear resistance to a certain extent. The higher values of H/E and H3/E2 

ratios do not lead to good performance. The in-house developed PVD TiAlCrN 

coating shows the best machining performance followed by TiAlTaN coating 

and prolongs the tools life of the cermet tools as compared to uncoated and 

coated commercial cermet tools by 318%.  
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6.2 Research Contributions 

The major contributions of this thesis include identifying the wear mechanism and 

developing a coating for cermet tools to delay wear during high-speed dry machining of 

stainless steel. The contributions are summarized below: 

1. A thorough, step-by-step study of the progressive wear mechanism was 

provided for the cermet tools having a different composition but the same 

geometry under the same machining condition. The detailed wear mechanism 

was fully explained scientifically in relation to the elemental composition and 

properties of a specific cermet tool. The important role of each element in the 

cermet tool was investigated and related to the structural aspect of the tools; 

variation in elemental composition significantly altered the mechanical 

properties and composition, which was an important factor in the wear 

mechanism and tool machining performance. 

2. A detailed explanation of the coating failure mechanism was revealed with a 

step-by-step progressive wear study based on the composition of different 

coating elements. The influence of each coating element was methodically 

explained with respect to the micromechanical properties and tribo films 

formation. The performance of the coating element varied depending on the 

presence of other elements. Diffusion, adhesive, and notch wear were observed 

to be the dominant wear mechanisms; they were investigated in-depth and 

systematically explained. 
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3. The development of a new adaptive PVD coating specifically for cermet tools 

to machine stainless steel 304 under high-speed dry conditions was successfully 

accomplished. The in-house developed PVD coating for the cermet tool delayed 

major tool wear and extended tool life. A comprehensive explanation was 

provided outlining the performance improvements associated with the new 

coating under dry high-speed machining. Thus, the major achievement of this 

research work was the development of an in-house coating that outperformed 

commercially available coatings and which can be implemented by tool 

suppliers.  

4. The in-house developed PVD coating was capable of increasing tool life by 

318% compared to uncoated tools. The findings of this research work are 

expected to contribute to the aerospace and die/mold industries by reducing tool 

cost, coolant cost and production time, ultimately fulfilling the recent industry 

demands. In addition, it may play a major role in reducing environmental waste 

by reducing coolant waste and coolant pollutant gas from the machining 

process. 

6.3 Recommendations for Future Research 

This research work opens several avenues for future researchers and industrial practitioners 

to further improve the performance of cermet tools for various applications. Some of the 

suggestions to continue this research work further in the future are: 
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• Researchers can discover more about the cermet tool's performance by altering the 

elemental composition of the coating and develop an optimal combination to 

improve further the performance for the current application of machining stainless 

steel or other specific application. 

• The in-house developed PVD coatings TiAlCrN and TiAlTaN have shown 

promising results. The optimization of these coating compositions may lead to more 

improvement of tool life and can be explored further. 

• The effect of coating deposition parameters on the wear mechanism and 

micromechanical properties of the coating can be explored and optimized for 

improved performance. 

• The adhesion of the coating can be further improved or explored with interlayer and 

multilayer coatings. 

• Researchers can apply a similar approach to other applications such as drilling, 

milling, and other workpiece materials such as die steels, titanium, aluminium, etc. 

to develop novel high-performance coatings. 


