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Lay Abstract 

Three main objectives are presented in this thesis. The first is a detailed investigation of the 

performance of stainless steel machining obtained by the use of different coated cutting tools and 

various cooling conditions. The goal of this research is to assess the reduction of tool service life, 

productivity, and part quality. The thesis also examines the causes of workpiece material 

adhesion to the cutting tool during the cutting test and to better explain its effects on tool wear 

and workpiece surface finish. This phenomenon is known as the "built-up edge" (BUE). Finally, 

different textures are applied on the cutting tool via a laser to stabilize the BUE formation on the 

cutting tool, thereby improving the quality of the part. 
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Abstract 

Demand for parts made from stainless steel is rapidly increasing, especially in the oil and gas 

industries. Stainless steel provides a number of key advantages, such as high tensile strength, 

toughness, and excellent corrosion resistance. However, stainless steel cutting faces some serious 

difficulties. At low cutting speeds, workpiece material and the chips formed during machining 

tend to adhere to the cutting tool surface, forming a built-up edge (BUE). The BUE is an 

extremely deformed piece of material which intermittently sticks to the tool at the tool-chip 

interface throughout the cutting test, affecting tool life and surface integrity. Unstable BUE can 

cause tool failure and deterioration of the workpiece. However, stable BUE formation can 

protect the cutting tool from further wear, improving the productivity of stainless steel machining. 

This thesis presents an in-depth study of machining performance using different coated tools and 

various coolant conditions to examine the nature of the different tool wear mechanisms present 

during the turning of stainless steels. Then, different textures are generated on the tool rake face 

to control the stability of BUE and reduce friction during the machining process. 

Results show that the BUE can significantly improve the frictional conditions and workpiece 

surface integrity at low cutting speeds. Finally, square textures on tool rake face were found to 

control the stability of BUE and minimize the friction at the tool-chip interface. This reduces the 

average coefficient of friction by 20-24% and flank wear by 41-78% and increases surface finish 

by 54-68% in comparison to an untextured tool.  

Keywords: Machining performance, Stainless steel, Built-up edge, Friction, Surface texturing. 
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Chapter 1 : Introduction 

1.1 Background 

Stainless steels are extensively used in different applications ranging from health 

appliances to automotive and chemical industries [1], [2] due to their outstanding 

corrosion resistance and high mechanical strength [3]. However, these materials are 

considered to be difficult to cut due to their high tensile strength, high work hardening 

rate, poor thermal conductivity and poor tribological performance. In addition, they also 

feature a high friction coefficient, cutting temperature and tendency of the workpiece 

material to adhere to the cutting tool, producing a built-up edge (BUE). 

The developed BUE can lead to a change in the tool geometry and affect tool life and 

surface integrity [4]. Depending on its condition, the presence of a BUE may decrease or 

increase the cutting tool`s life. The structural stability of a BUE is low and its intermittent 

build up and breakage can cause cracking and damage on the tool surface [5]. At the same 

time, a thin and stable BUE can be used to protect the tool from wear by forming a thin 

protective film reducing the friction at the tool–chip and tool-workpiece interfaces[6]. 

Furthermore, a BUE can act as a burnishing tool, reducing the irregularity of the surface 

and enhancing the surface finish. However, since the BUE is generally not permanently 

attached to the cutting edge, it periodically becomes detached, sometimes adhering to the 

machined surface, and thus reducing the final surface quality for the produced part.  
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At the present stage, few research works have attempted to examine the BUE structures at 

different cutting speeds in any significant detail, particularly to assess the potential 

protective effect of BUE during stainless steel machining. Furthermore, no systematic 

study has been found to monitor and control the stability of the BUE to reduce friction 

during the machining process. Consequently, the current research strives to develop a 

means to monitor and control BUE formation during stainless steel machining to ensure 

high productivity and quality of the machined part. After demonstrating the utility of the 

BUE monitoring system, tools with different texture patterns will be generated on the tool 

rake face to control the adhesion and reduce the friction during the machining process. 

The performance of these tools will be compared to evaluate the advantage of different 

surface textures and to establish a guideline for selecting the most appropriate one. 

1.1.1 Stainless Steels 

Stainless steels do not constitute a single, well-defined material, but instead consist of 

several families of alloys with a characteristic microstructure, composition, and range of 

properties. The common feature of these alloys is the presence of about 11% Cr that 

provides high corrosion resistance, which is the chief characteristic of stainless steel [7]. 

They are called stainless, because, they develop a colorless, thin and hard adhesive 

chromium oxide Cr2O3 film in the presence of air (O2) which retains the metal`s luster [8]. 

This film is self-healing since it is up again after the surface is scratched [7]. Several 

alloying elements such as Ni, Mn, Si, Mo, Cu, S, Se, P, etc., can be added to the Fe-Cr 

matrix to control its microstructure. There are well over 150 different types of stainless 
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steel, of which about 15 grades are the most commonly used [9]. Stainless steel is formed 

into coils, sheets, plates, bars, wire, and tubing. It is used in cookware, cutlery, surgical 

instruments, industrial equipment, automotive and aerospace structural alloy, and as a 

constructional material in large buildings [2].  

Stainless steels can be divided into five families (Figure 1-1). Four of them are based on 

their characteristic microstructures: austenitic, ferrite, martensitic or duplex. The 

remaining family of precipitation-hardenable (PH) alloys are characterized according to 

the type of heat treatment used. All stainless steels have a high corrosion resistance, 

which becomes even better as the Cr content increases. The addition of Ni (and Mo) also 

improves corrosion resistance, making stainless steels suitable for more corrosive 

environments [10]. Based on these properties stainless steel is commonly used in marine 

applications, petrochemical plants, desalination plants, heat exchangers and papermaking. 

Two types of stainless steel are investigated in this thesis, austenitic and superduplex. 

Accordingly, the literature review will focus only on these two families of stainless steel. 

 
Figure 1-1Classification of stainless steels 
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Austenitic Stainless Steels 

Carbon is usually kept at low levels (C < 0.08%) in austenitic grades of steel. The 

chromium content ranges from 16-28% and nickel content from 3.5-32%. This chemical 

composition enables them to maintain an austenitic structure from cryogenic temperatures 

up to the melting point of the alloy. The key properties of these types of stainless steel 

include excellent corrosion resistance, ductility, and toughness [11]. The most commonly 

used austenitic stainless steels contain 18% chromium and 8% nickel. They have 

excellent corrosion resistance, weldability, formability, and ductility. In addition to 

excellent low-temperature properties, they are non-magnetic (if annealed) and hardenable 

by cold work only [8].  

Higher chromium, nickel, molybdenum or copper may be added to improve corrosion and 

oxidation resistance (AISI-316, AISI-309, AISI-310, and 20Cb-3(N08020)). In 20Cb-3 

stainless steel, Ni-level is high enough (38%Ni) to rate this type as a Ni-base alloy 

(serious 300). Titanium or Columbium (Cb) are also added to stabilize the carbon content 

and to prevent intergranular corrosion at high temperatures in alloys such as AISI-321 

and AISI-347. Carbon levels are reduced in AISI-304L and AISI-316L to improve their 

weldability. Another category is the Mn-group (series 200), where a substantial quantity 

of Mn, usually in combination with high levels of Ni and in many cases N, is added. This 

group has lower cost and is deemed to have a somewhat lower quality as well [12]. 
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Duplex Stainless Steels 

In duplex stainless steels, carbon is kept at very low levels (C < 0.03%). They contain a 

relatively high chromium content, ranging from 21 to 26%, and a moderate amount of 

nickel, from 3.5 to 8% [3]. Since there is insufficient nickel to form a fully austenitic 

structure, the resulting combination of ferritic and austenitic structures is known as 

duplex. Most duplex stainless steels are composed of ferrite (50%) and austenite (50%) 

and contain molybdenum in the range of 2.5-4%.  The original alloy of duplex stainless 

steel is AISI-329 (7-Mo) containing Cr, Mo, and sufficient Ni to provide the desired 

balance of both ferrite and austenite [9]. More recent versions such as 7-Mo Plus 

(S32950), Ferralium (S32550), and 2205 (S31803) alloys contain N and exhibit different 

ferrite/austenite balances [12]. Due to their microstructure, duplex stainless steels present 

a good combination of ferritic and austenitic steel properties: increased toughness, high 

mechanical strength, and high corrosion resistance in multiple environments, in addition 

to good weldability and formability. They are magnetic and have higher tensile and yield 

strengths than austenitic stainless steels [3]. 

SuperDuplex Stainless Steels 

The term “SuperDuplex” was first used in the 1980’s to denote highly alloyed, high-

performance Duplex steel with a pitting resistance equivalent of >40 (based on Cr% + 

3.3Mo% + 16N%). With its high level of chromium, SuperDuplex steel provides 

outstanding resistance to acids, acid chlorides, caustic solutions and other environments 

in the chemical/petrochemical, pulp and paper industries, often replacing 300 series 
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stainless steel and nickel-based alloys. The chemical composition. consisting of high 

chromium, nickel and molybdenum content improves intergranular and pitting corrosion 

resistance. The addition of nitrogen promotes structural hardening by interstitial solid 

solution mechanism, which raises the yield strength and ultimate strength values without 

impairing toughness. Moreover, the two phase microstructure ensures higher resistance to 

pitting and stress corrosion cracking compared to conventional stainless steels. 

1.1.2 Machining and Machinability  

Machinability Concepts  

The machinability of a material refers to how easily it can be machined using a cutting 

tool. Machinability is a term that has been suggested for the first time by Taylor [2] in the 

1920s to describe the machining behavior of workpiece materials. Since that time, this 

term has been frequently used in literature, but seldom fully explained. It appears to have 

a variety of interpretations depending upon the viewpoint of the author using it. 

Mechanical and physical properties of the work material play an important role in the 

magnitude of energy consumption and temperature generated during cutting [13]. The 

effective mechanical properties such as tensile strength and ductility give some indication 

of the expected machinability characteristics, but cannot distinguish between the 

machinability of free cutting mild steel and austenitic stainless steel, since they have 

somewhat similar mechanical properties [12]. Material machinability is more or less 

dependent upon the selected machining process and its parameters. A material that is 

rated as having high machinability in one process may not be rated as machinable in 
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another. Moreover, a particular machining process may not be equally efficient for 

machining the same material under other cutting conditions [12]. 

From the previous discussion, the parameters affecting machinability are [12]: 

 Work material preparation and its previous processing history. 

 Tool material and geometry. 

 Type of cutting process. 

 Machining conditions. 

 Type and quantity of cutting fluids. 

Quantifying and Defining Criteria Which Make up Machinability 

The common criteria for comparing material machinability include tool life, cutting 

forces generated and resulting surface integrity such as surface roughness [2]. An 

additional, frequently significant machinability criterion is the chip formation. Long thin 

ribbon chips, unless they can be subsequently broken up, can interfere with the tool and 

the workpiece leading to tool and workpiece damage as well as creating a hazardous area 

for workers [2]. This criterion is of vital importance in highly automated environments.  

Since there is no unit of machinability, it is usually assessed by comparing one material 

with another taken as a reference. The American Iron and Steel Institute (AISI) 

determined machinability ratings for a wide variety of materials by comparing them to 

AISI-B1112, which has an assigned machinability rating of 100%. The machinability 

rating is determined by measuring the weighted averages of consumed power, surface 

finish and tool life for each material. A material with a machinability rating less than 100% 
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will be more difficult to machine than B1112 and one with a value greater than 100% 

would be easier to machine. Table 1-1 lists the relative machinability of some common 

alloys. 

Table 1-1 Relative machinability ratings 

Machinability rating Materials 

Excellent rating (200%-400%) Al-alloys, Mg-alloys 

Good rating (150%-250%) Gray cast iron, brass, free cutting steel 

Fair rating (~100%) Low carbon steel, low alloy steel 

Poor rating (50%-60%) Free cutting 18-8 stainless steel 

Very poor rating (20%-40%) 18-8 stainless steel, superalloys, Ti alloys 

Adapted from [12] 

Machining Challenges  

Stainless steels are considered to be more difficult to machine than carbon steels due to 

their high tensile strength, high work-hardening rate, and low thermal conductivity (Table 

1-2), which lead to a higher tool wear rate, difficulties with chip breakability, and poor 

surface finish [9]. 

Table 1-2 Mechanical properties of stainless steel and carbon steel 

Material Grade 

Tensile strength 

(MPa) 

Elongation 

(%) 

Thermal 

conductivity (W/mK) 

Austenite S30400 516 40 16 
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Stainless Steel S31600 485 40 16 

Duplex 

Stainless Steel 

S32205 655 25 13 

S32003 655 25 13 

Carbon Steel 

Grade 36 400 23 54 

Grade 50 450 21 58 

Although stainless steels are relatively soft in the annealed condition and possess high 

ductility, they undergo extensive work hardening during machining [2]. For this reason, 

machining stainless steel alloys can result in excessive tool wear or breakage. The high 

ductility of these steels also presents an obstacle to efficient machining. Poor chip 

breakage can easily cause a built-up edge (BUE) to form on the cutting tool [15]. 

Additionally, the thermal conductivity of stainless steel is low, as shown in Table 1-2. 

Under these conditions, the heat can easily accumulate at the tool face [15]. Workpiece 

distortion and poor dimensional accuracy during machining can be affected by the high 

thermal expansion of these steels. The combination of these factors makes stainless steel 

difficult to machine [16].  

1.1.3 Machining Performance  

Tool Life and Wear Mechanisms 

Tool wear is an important aspect of machining since it heavily influences manufacturing 

costs and product dimensional tolerance accuracy [15] and final part quality due to 

reduced surface integrity [2]. Tool wear is mainly concentrated in two regions of the 
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cutting tool: the flank face in relation to ‘flank wear’ and the rake face in relation to 

‘crater wear’ [13], shown in Figure 1-2.  

 
Figure 1-2 view of flank wear and crater wear 

Flank wear occurs primarily due to abrasive wear mechanisms and it results in reduced 

dimensional accuracy and poor surface integrity of the machined part. According to ISO 

3685:1993 and ISO 8688-2:1989, the tool life criterion is set to be VBB=0.3 mm of flank 

wear. Figure 1-3 shows the characteristic tool wear curve. Crater wear decreases the 

strength of the cutting edge, enhancing the likelihood of tool breakage. Crater depth, KT, 

is most widely used to evaluate rake face wear, as shown in Figure 1-2. 

 
Figure 1-3 Typical stages in flank wear 
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The performance of a cutting tool is directly related to the condition of the flank and rake 

surfaces. Extensive flank or crater wear will result in either tool failure or poor surface 

integrity [17]. The mechanisms that cause either wear or damage to the cutting tool 

include adhesion, abrasion, diffusion, and oxidation (Figure 1-4). 

 
Figure 1-4 tool wear mechanisms 

Adhesion develops when a built-up edge (BUE) or irregular material flow is present and 

microscopic debris are pulled out from the tool surface and dragged alongside the flow of 

the workpiece material, leaving small cavities on the surface of the tool. The areas worn 

by adhesion have a rough appearance. Abrasion is caused by friction between the hard 

particles of the workpiece material and the tool. The region of the tool worn by abrasion 

generally displays scratches parallel to the cutting direction. Diffusion involves the 

transfer of atoms from one material to another and is strongly dependent on the 

temperature and the chemical affinity between the materials of the workpiece and the tool 

in the region of the chip/tool/workpiece interface. The areas worn by diffusion have a 
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smooth appearance. Oxidation is often encountered on the tool during the development of 

notch wear at the end of the depth of cut region [15]. 

Many researchers have studied the wear mechanisms associated with the machining of 

different types of stainless steel using different coated and uncoated tools. Sobiyi et al. 

[18] studied the wear mechanisms of mixed ceramic and CBN tools during the hard 

turning of AISI 440B martensitic stainless steel (40-44 HRC). Abrasive wear was the 

dominant wear mechanism on the ceramic tools and abrasion and adhesion on the CBN 

tools. Corrêa et al. [19] conducted turning tests on martensitic S41000 and super 

martensitic S4142 steel using CVD TiC/TiCN/TiN tools. The main wear mechanisms 

were found to be diffusion and abrasion, although adhesion and abrasion were generally 

predominant as well. Krolczyk et al. [20] also studied duplex S31803 stainless steel 

machining with TiCN/Al2O3/TiN and found abrasion to be the most common wear 

mechanism. Selvaraj and Chandramohan  [21] performed cutting tests on duplex S32205 

stainless steel at different cutting speeds. The authors discovered that the main wear 

mechanism was abrasion at low cutting speeds and oxidation and diffusion at high cutting 

speeds. Junior et al. [22] studied different tool wear and wear mechanisms during UNS 

S32750 duplex stainless steel machining using PVD TiAlN tools. The authors noted that 

there was a high amount of adhered material on the cutting tool and that notch wear was 

responsible for tool failure. Junior and Eduardo [23] also performed experimental tests on 

precipitation hardened martensitic stainless steels using a milling process and TiAlN 

coated tools. The authors reported that adhesion was the most dominant wear mechanism 
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under a range of conditions including dry machining, minimum quantity level coolant and 

use of conventional flood coolant. They found there was less adhesion of workpiece 

material to the tool under a minimum quantity level coolant, which enhanced tool life. 

Surface Integrity 

The surface integrity of a machined workpiece can be described by three main parameters: 

residual stress, surface roughness, and work hardening in the surface zone. Residual stress 

is present in an elastic body after all external loads are removed. Machining generally 

involves a large amount of plastic deformation with extremely high magnitude and rate of 

strain [15]. Residual stress is induced in the surface layer by three things: the mechanical 

effect leading to severe plastic deformation, the thermal effect that causes thermal plastic 

flow and phase transformation. In most machining processes, the temperature does not 

exceed the phase transformation point, so the latter can be isolated [15]. High mechanical 

properties and severe work hardening of stainless steels, combined with low thermal 

conductivity, generate high cutting forces alongside high localized interfacial 

temperatures and adhesion in the cutting zone, which end up being the main reasons for 

poor surface integrity [1]. 

Few studies were performed on the surface integrity during stainless steels machining. 

Xavior et al. [24] reported that high work-hardening rate, high built-up edge tendency, 

and low thermal conductivity of stainless steels are responsible for poor surface finish of 

304 austenitic stainless steel. Wang et al. [25] reported that BUE was mainly responsible 

for surface roughness deterioration during the cutting of 316L austenitic stainless steel. 
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Krolczyket al. [26] analyzed the microhardness of S322750 duplex stainless steel under 

dry and wet machining conditions. It was observed that wet machining of stainless steel 

reduces the surface integrity hardening depth. Also, Krolczyk et al. [27] investigated 

surface integrity under different cutting parameters during the dry turning process of 321 

austenitic stainless steel. It was observed that an increase in cutting speed led to a 

corresponding increase of surface integrity hardening depth. 

In summary, there are many wear mechanisms associated with machining stainless steel. 

However, based on the literature review, it can be concluded that the most dominant wear 

mechanism is adhesion. Adhesive wear is responsible for tool failure since BUE is 

inherently unstable. It breaks off upon reaching a certain size, causing catastrophic failure 

over time. In addition, sometimes the broken BUE welds on to the machined surface, 

affecting surface integrity. 

1.1.4 Adhesion Mechanism  

Adhesion on the cutting tool is caused by the high tool-chip interface temperature and 

high pressure [15]. Adhesive material formed during cutting is fundamentally important 

in machining processes because it affects the surface integrity, tool wear, dimensional 

tolerances, cutting forces, and chip formation. The workpiece material adheres to the rake 

face of the cutting tool in two different shapes, as shown in Figure 1-5. The first shape is 

known as a built-up edge (BUE), which is the adhesion of the workpiece to the cutting 

edge. The second is called a built-up layer (BUL), where the material adheres over wide 

areas of the tool`s rake face.  
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Figure 1-5 Built-up edge (BUE) and Built-up layer (BUL) 

Built-Up Edge Structure 

The extremely deformed material of the BUE that firmly sticks to the tool surface 

throughout the cutting test, is shown in Figure 1-6 [19]. Compressive stresses are so high 

during machining, that the bonds between the BUE and the tool are strong enough to 

block the material from sliding above the cutting tool. Trent and Wright [28] describe the 

BUE phenomenon: at the beginning of the cut, the material strongly adheres to the tool 

through atomic bonds that increase yield strength. At this stage, the shear stresses are not 

large enough to overcome these bonds. As the strains continue to rise, another layer of the 

workpiece material is formed. The repetition of this process generates a fully developed 

BUE. As the BUE evolves, its yield point also gradually increases until the shear stresses 

become insufficient to break these bonds [15]. Whenever shear stresses exceed the bond 

force of the BUE, the latter breaks off and becomes carried away by the chip or the 

workpiece. A new BUE then emerges, and the process is repeated. This phenomenon may 

also cause the emergence of some microcracks which then contribute to cutting tool 

failure. The hardness of the BUE is about two or three times higher than that of the metal 
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being machined. As a result, it can cut a layer of metal from the workpiece. Since it can 

be seen as an extension of the tool, the BUE also alters the tool geometry. Consequently, 

as it travels together with the tool, the BUE affects tool wear, forces acting on the tool 

and the ensuing surface finish [25]. 

     
Figure 1-6 Built-up edge (BUE) structure 

Factors Affecting Built-Up Edge Formation 

Effect of adhesion: 

The adhesion between the tool and the workpiece material is one of the most important 

factors, affecting the formation of a BUE. The mechanical aspect of adhesion is related to 

the development of large areas of intensive contact between the work material and the 

tool. The work material in the cutting zone, particularly near the cutting edge, is subjected 

to a high temperature and pressure [15]. Measurements of the tool forces indicate that the 

compressive stress on the face surface of the tool is highest at the contact area. It was also 

reported that a typical value of the mean compressive stress is around 3 GPa [15]. when a 

BUE is present, the cutting steel temperature at the tool-chip interface may reach 600
o
C-
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800
o
C. Due to this extreme pressure and relatively high temperature, the workpiece 

material will plastically deform and create a continuous contact with both "hills and 

valleys" on the tool surface. This mechanical interlocking of asperities can certainly be a 

significant factor in adhesion. It has been demonstrated that higher roughness of the 

contact surfaces can promote material transfer or adhesion [25].  

Effect of work material properties: 

Number of researchers has indicated the importance of work hardening on the BUE 

formation. Medina-Clavijoa et al. [29] reported that strain hardening of the workpiece 

material could promote the growth of a BUE. However, Williams and Rollason, [30] 

show that work-hardening is not a sufficient explanation for the generation and growth of 

the built-up material. From a large number of cutting tests, they observed that pure metals 

and single-phase alloys do not normally form built-up edges, regardless of how high their 

work-hardening rates are. The authors showed that built-up material is only formed when 

cutting alloys have more than one phase. The absence of built-up material during the 

cutting of pure metals and single-phase alloys may possibly cause a separation between 

the chip and the tool within the cutting zone due to the homogenous nature of such 

materials. This boundary condition in metal cutting is usually interpreted as sliding.  

Effect of temperature and cutting speed: 

No matter how the BUE process is considered, cutting temperature remains a major factor 

[15]. The emergence and disappearance of the BUE are caused by the variations of the 

cutting temperatures at the tool-chip interface [31]. In practice, the formation and 
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disappearance of BUE is detected from the results of the variations of the cutting 

conditions, such as cutting speed and feed rate. As the cutting speed of the cutting process 

changes, so does the temperature of the cutting zone, tool and the workpiece. The 

literature review indicates that the BUE does not form at very low and high cutting speeds 

[5]. Figure 1-7 shows the variations in BUE dimensions along with the cutting speed. 

 
Figure 1-7 Variation in BUE dimensions as a function of cutting speed, identifying the 

stable and unstable regimens and the critical cutting speed 

Effect of tool geometry, tool material, and cutting fluid: 

A number of other parameters can also affect the formation of BUE, such as tool 

geometry, tool material, cutting fluid, etc. [32]. Tool geometry such as that of edge radius 

and rake angle, has a strong influence on the frictional conditions and consequently, on 

the BUE formation. A tool with a greater edge radius has a higher tendency to form a 

BUE [29]. This can be attributed to the fact that as the cutting edge radius is increased, so 

will the volume of stationary work material, the deformation zone and friction at the 
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cutting edge. Also, an increase of rake angle will reduce the cutting force and 

compressive stress on the rake face, which in turn will reduce BUE formation [31]. The 

thermal conductivity of the tool material also influences BUE formation. Decreasing 

conductivity increases the tool-chip interface temperature and provides favorable 

conditions for  BUE to emerge [15]. Furthermore, Rahim and Sasahara [33] compared dry 

and lubricant machining and concluded that lubrication reduces work material adherence 

on the cutting tool to a greater degree than under the dry condition. Hence, lubrication is 

another parameter that decreases work material adhesion and the subsequent BUE 

formation.  

Effect of the Built-Up Edge on Machining Performance 

The influence of BUE formation on machining performance during the cutting process 

was the subject of several studies. Sukvitfayawong et al. [34] and Oliaei et al. [35] 

concluded that larger BUE sizes increase cutting force components and improve the 

workpiece quality. However, Sivaiah et al. [36] reported that the growth of BUE worsens 

the machined surface finish. The bad surface quality can be due to the instability of the 

BUE effectively changing the tool geometry during the machining process. In addition, 

upon breaking off, some of the BUE particles stick to the machined surface, further 

reducing the surface quality. Also, Kümmel et al. [37] observed that the development of 

BUE has a significant effect on the  residual stresses of the machined workpiece. A 

noticeable increase in tensile residual stress was noticed with the rise of BUE height. 
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Furthermore, the instability of BUE has a significant effect on tool wear behavior; 

sometimes decreasing the tool life and sometimes enhancing it. Kumar et al. [38] noticed 

that high temperature generation during dry turning might intensify the formation of an 

unstable BUE on the cutting tool, which decreases tool life. Conversely, Niknam [39] 

observed that flank wear decreased when the expected BUE develops on the cutting edges 

during machining. BUE influences friction behavior at the tool–chip zone where it 

behaves as a new edge, preventing the chip from directly contacting the tool, thereby 

increasing cutting edge life.  

1.1.5 Control Built-Up Edge 

As discussed earlier, continuous appearance and disappearance of the BUE have a 

significant effect on machining performance. Thus, methods of controlling its size (to 

render it smaller and more stable) during the machining process were thoroughly 

investigated over the years. The different methods used to control the BUE formation are 

discussed in detail below. 

Cutting Conditions 

Nalbant et al. [49] investigated the effects of different cutting speeds on BUL and BUE 

during the machining of an aluminum alloy. They concluded that increasing the cutting 

speed decreased BUL and BUE formation but did not entirely control them. Bilgin [50] 

also found a minimum presence of BUE at higher speeds for AISI 310 austenitic stainless 

steel at a cutting speed range from 50 to 150 m/min. This phenomenon can be attributed 
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to the substantial reduction of the cutting time needed to dissipate the cutting temperature, 

thereby causing the latter to substantially rise. Zhou et al. [51] investigated the effect of 

feed rate on BUE formation during the high-speed turning of Inconel 718. The authors 

found that the BUE has a lower tendency to form at a low feed rate than at a higher feed 

rate due to an increase in the size of the plastic-deformation area at the interface of the 

tool and the workpiece. Chattopadhyay et al. [52] studied the effect of different coated 

tools on BUE formation during machining an aluminum alloy. They observed that a large 

BUE was formed on the uncoated and all the coated carbide inserts, excluding the 

diamond tool. The BUE height was lowest in the diamond-coated carbide tool.  

High Pressure Coolant 

Coolants play a significant role in improving lubrication as well as minimizing 

temperature at the tool–chip and tool-workpiece interfaces, which as a consequence, 

minimizes the formation of built-up during machining. Flood cooling is not effective in 

lowering the cutting temperature when machining stainless steel. The coolant does not 

readily access the tool-workpiece and tool–chip interfaces that are under seizure. 

Application of a high pressure coolant (HPC) jet has emerged as an effective liquid-based 

coolant technology for the machining of difficult-to-cut materials such as stainless steel. 

This system not only provides adequate cooling at the tool-workpiece interface but also 

effectively removes chips from the cutting area. The coolant jet under high-pressure is 

capable of creating a hydraulic wedge between the tool and the chip, deeply penetrating 

the interface at a speed exceeding even that of very high-speed machining. The 
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penetration of the high energy jet at the tool–chip interface reduces the temperature 

gradient and minimizes the seizure effect, offering adequate lubrication at the tool–chip 

interface with a significant reduction in friction and adhesion [53]. 

Several studies concluded that this technique improves machining performance compared 

to the use of a conventional coolant. Naves et al. [54] investigated the wear mechanism of 

coated cemented carbide tools during the turning operation of AISI 316 stainless steel. 

Cutting fluid was applied at various pressures (10, 15, and 20 MPa) between the chip and 

the tool at the rake face. It was observed that the lowest values of flank wear land and 

BUE height were obtained at a cutting fluid concentration of 10% and pressure of 10 MPa. 

Application of a HPC jet is recommended over dry machining during the turning of 

investigated stainless steel. Habak and Lebrun [55] also reported some results regarding 

the role of HPC on tool wear during the machining of AISI 316L stainless steel. Their 

study illustrated that in HPC assisted machining process of stainless steel, adhesive chips 

were not observed while in the dry machining process.  

Surface Texturing 

Various methods have been used to reduce BUE, including cutting conditions, tool 

materials, tool geometry, tool coatings, and HPC. However, cutting conditions can affect 

tool wear and surface integrity and the use of new tool materials is limited by their 

inherent characteristics, such as low impact toughness. Modifications of tool geometries 

can also affect the strength of the cutting tools. Moreover, the development of new 

coating materials usually requires a very long time to pass from the research to 
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application stages. In addition, many of the devices used to apply HPC are expensive and 

difficult to operate. Surface texturing of the cutting tool can be an efficient solution to 

address these issues [59].  

Researchers have investigated nano/microtextures on rake faces of cutting tools. They 

found that by changing the topography of the tool surface, surface textures significantly 

affect the cutting mechanisms, reducing cutting forces, minimizing friction and increasing 

anti-adhesive properties and wear resistance. Applying a textured tool can reduce energy 

consumption, extend tool life, and improve surface finish. 

Methods and classification:  

Surface textures can be obtained using different techniques such as abrasive blasting, 

laser surface texturing (LST), micro-cutting, micro-electrical discharge machining, 

(EDM), micro electrochemical machining (ECM), and etc. [59]. Different techniques that 

can be used to generate a texture are summarized in Figure 1-11.  

 
Figure 1-8 Classification of different texture generation techniques 
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LST is the most common method of applying surface textures. This method uses an ultra-

high frequency impulse laser with high instantaneous power, such as a femtosecond laser, 

that can focus on a small area a few micrometers in size. Wet etching is widely used to 

obtain a nanostructure using photosensitive material to produce desired 2D shapes. The 

structure is then etched in a solution to trace the 2D shape. In micro-EDM and micro-

ECM, the material is eroded by an electrical discharge or electrochemical reaction in an 

electrolyte. Micro cutting normally uses micro tools to micro mill textures on the surface 

of the material. Micro and nano-sized dimples and grooves are used in tool texturing to 

form different textures and different geometric shapes depending on how they are 

arranged. Some surface texture application methods, such as abrasive blasting and micro-

EDM, do not result in a specific geometric shape [60]. 

Effects on adhesion and friction: 

In recent years, surface texturing technology has been introduced to cutting tools with the 

goal of minimizing the friction during metal removal processes. The presence of 

microtextures on the tool surface can reduce the contact length of the chip sliding over the 

tool, which in turn reduces the friction. Reduction in contact length also favors lesser 

material adhesion, thereby improving tool life [61].  

Kümmel et al. [62] found that micro-grooved tools improved the antiadhesion properties 

and machined surface finish during the cutting of AISI 1045. They reported that textures 

on the cutting tool stabilize BUE formation over the course of the machining process, 

leading to a better surface finish. Ling et al. [63] created rectangular shape surface 
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textures on the drill margins to machine a Ti6Al4V plate. The authors observed that 

texturing facilitates the removal of adhered chips, thus extending tool life. Rahim et 

al. [33] inspected the effects of textures on wear resistance of milling cutters. The cited 

study concluded that the micro-grooved tool exhibited the smallest flank wear compared 

to conventional cutting tools. The reduction in flank wear takes place in the micro-

textured tool due to less adhesion between the tool and work material in comparison with 

the conventional milling tool. Ze et al. [64] reported that the coefficient of friction tended 

to decrease with the growth of cutting speed during the dry turning of Ti6Al4V alloy. It 

was observed that the coefficient of friction on the rake face of the textured tool 

decreased to a greater extent than at the  flank face of a conventional tool. Niketh and 

Samuel [56] used micro-textured surfaces to minimize the friction between the contacts 

during the machining of a Ti6Al4V alloy. A micro-textured drilling tool was found to 

have a 16.33% lower friction coefficient than the conventional tool. Thomas and 

Kalaichelvan [65] observed an improvement in the machined surface quality during the 

turning of Aluminium (AA 6351) and mild steel (EN3B) with the textured tool. The 

enhancement in the surface finish was due to lower adhesion tendency during the 

machining process where a 23% and 16% reduction in surface roughness was observed 

following the machining of the mild steel and aluminum alloy.  

Mechanism of better performance: 

Various authors stated that there are basically two mechanisms involved in the 

improvement of the tribological properties between the chip and textured cutting tool 

https://www-sciencedirect-com.libaccess.lib.mcmaster.ca/science/article/pii/S1526612518318437?via%3Dihub#bib0165
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interface during machining. Under dry cutting conditions, the texture can reduce the tool-

chip contact area and serve as a wear debris trap, which reduces friction. Under lubricated 

conditions, the texture enhances the effectiveness of the lubricant, which reduces friction 

and improves the anti-adhesive and wear resistance properties of the cutting tool. Several 

mechanisms contribute to minimizing friction under lubricated conditions. First, the 

texture serves as a storage for the lubricant, reduces the chance of lubricant leakage and 

releases the lubricant during the cutting process to minimize friction. Second, similar to 

dry cutting, wear debris can become trapped within the surface patterns, preventing wear 

debris from scratching and inducing plastic deformation [66].  

1.2 Research Gaps  

A literature review exposes the following three important gaps: 

 There is minimal literature on understanding the machining performance during 

stainless steel machining. This will help to investigate the different wear 

mechanisms associated with machining stainless steels.  

 Very few studies have been made regarding the mechanism of BUE formation 

during the machining process. The possible protective effect of BUE at various 

cutting speeds is not fully examined and the connection between BUE formation, 

tool wear, and machining outputs needs to be studied in more detail.  

 No explanation as of yet has been provided in the literature that accounts for the 

BUE reduction achieved by surface texturing. Although, LST is a commonly 
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recommended method of reducing the size of a BUE, a solid explanation of this 

phenomenon is yet to be provided in the literature. Also, no studies so far 

described how surface texturing can be used to stabilize (control) the BUE 

formation and reduce friction during the machining process. 

1.3 Motivation and Research Objectives 

Stainless steels are commonly used in a large number of applications that range from 

health care to the automotive and chemical industries. Due to their chemical composition 

and microstructure, which provide high mechanical strength and thermal resistance as 

well as high ductility, the machinability of these alloys is generally poor, resulting in long 

production cycles and high tooling costs. A primary long-established issue with the 

machining of stainless steel alloys is they have a high tendency to generate BUE, an 

undesired phenomenon that describes the workpiece material adhering to the cutting tool 

during machining. Unstable BUE can cause machining issues such as poor machined 

surface finish, wider dimensional tolerancing and more importantly, accelerated tool wear. 

However, stable BUE formation can protect the cutting tool from further wear, improving 

the productivity of stainless steel machining. Thus, to maintain high productivity and 

quality of the machined part, it is necessary to control the BUE formation during stainless 

steel machining. 

Motivated by the discussion above, the main objective of this research is to enhance the 

machinability of stainless steel by controlling the friction and adhesion mechanisms 
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during the machining process. Considering the gaps found in the literature review, the 

main research objectives are: 

1. An in-depth understanding of machining performance during stainless steel machining. 

 The tool life and wear mechanisms of uncoated and coated carbide tools are 

investigated during stainless steel turning. In addition, tribological performance is 

evaluated by studying chip characteristics such as thickness, compression ratio, shear 

angle, and undersurface morphology. The surface integrity of the machined surface is 

also investigated to measure surface roughness and to reveal the surface distortions 

created during the cutting process. (Chapter 2) 

 The use of a high-pressure coolant supply (HPC) can lead to a considerable 

improvement in machining performance and process stability during the cutting of 

difficult materials such as stainless steel. For this reason, the chip morphology of 

stainless steel following the application of HPC directed at the tool–chip interface 

is compared to conventional coolant and dry conditions during the cutting tests. 

The influence of tool wear on the chip shape and type of chip segmentation is also 

investigated. (Chapter 3) 

2. Investigation of the role of adhesion mechanisms on tool failure and surface integrity. 

 Continuous appearance and disappearance of built-up edge (BUE) have a 

significant effect on tool wear behavior and surface integrity. For that reason, 

BUE patterns are studied when stainless steels are machined at different cutting 

speeds to assess the potential protective effect of BUE. In addition, microcrack 
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formation is analyzed to understand the mechanisms of BUE formation. The 

effect of cutting speeds and BUE formation on machining performance and 

machined surface quality are explained in further detail. (Chapter 4) 

 The relationship between BUE formation and surface integrity during stainless 

steel machining is investigated in this study. Residual stresses, cutting forces and 

chip formation in the stable state of wear are studied to evaluate the effects of 

BUE formation on the machined workpiece surface. (Chapter 5) 

3. Evaluation of the impact of surface texturing on controlling the friction and adhesion 

mechanisms. 

 Surface textured tools can partially improve cutting performance by decreasing 

the cutting forces, contract length, and BUE formation. Therefore, a 

comprehensive study of the influence of different rake face textures (square, 

parallel and perpendicular) on the tool-chip interface performance is presented. 

In addition, BUE formation during the continuous turning process is investigated 

in-depth to account for the BUE stabilizations.  (Chapter 6) 

1.4 Thesis Organization 

In compliance with the regulations of McMaster University, the main body of this 

dissertation is assembled in a sandwich thesis format composed of seven journal articles 

addressing the objectives outlined above. The structure of the thesis chapters and 

appendices is arranged as follows: 
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Chapter 1: 

This chapter introduces the research area along with the motivation and relevant 

background information to frame the scope of work of this thesis. 

Chapter 2: 

This chapter consists of a journal article that was published in Coatings [67]: 

Yassmin Seid Ahmed, et al. “Investigation of Coated Cutting Tool Performance during 

Machining of Super Duplex Stainless Steels through 3D Wear Evaluations” Coatings 

journal. Volume 7, 2017, pages 127–142, ISSN 0708-0127. 

https://doi.org/10.3390/coatings7080127. 

Preface: This chapter presents a comprehensive description of the machining 

performance experienced during stainless steel machining. Tool life, wear mechanisms 

and tribological performance of different coated and uncoated cemented carbide inserts 

were compared and discussed during the turning of stainless steel. The performance of 

these cutting tools was evaluated in terms of tool life, chip formation, surface integrity 

and cutting forces. This research helps to understand the main reasons for different wear 

mechanisms acting during turning of stainless steels with different coated and uncoated 

tools.  
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Chapter 3: 

This chapter consists of a journal article that was published in The International Journal 

of Advanced Manufacturing Technology [68]: 

Yassmin Seid Ahmed, et al. “Characterization and prediction of chip formation dynamics 

in machining austenitic stainless steel through supply of a high-pressure coolant” The 

International Journal of Advanced Manufacturing Technology, Springer. Volume 102, 

2019, pages 1671–1688, ISSN 0268-3768. https://doi.org/10.1007/s00170-018-03277-7. 

Preface: This chapter analysed the chip forming mechanism and chip breakability of 

stainless steel with a supply of high pressure coolant (HPC) directed at the tool–chip 

interface. The experiments were conducted under different cooling conditions including: a 

dry condition, conventional coolant supply and two pressures of HPC. The chip formation 

mechanism, based on the microscopic images of the chip’s form, was evaluated in terms 

of chip characteristics, segmentation, and free surface. The second part of this chapter 

includes a three-dimensional (3D) theoretical model of chip curl during metal cutting, 

which evaluated the effect of HPC supply on chip geometry. The model was then 

validated with experimental results.  

Chapter 4:  

This chapter consists of a journal article that was published in Tribology International 

[69] : 
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Yassmin Seid Ahmed, et al. “New observations on built-up edge structures for improving 

machining performance during the cutting of superduplex stainless steel” Tribology 

International, Elsevier. Volume 137, 2019, pages 212–227. 

https://doi.org/10.1016/j.triboint.2019.04.039. 

Preface: This chapter features an in-depth examination of the built-up edge (BUE) 

structures at different cutting speeds. This was done to evaluate the potential protective 

effect of a BUE. Also, a comprehensive investigation of the mechanism of BUE and 

microcrack formation was conducted using electron backscatter diffraction (EBSD) and 

nanoindentation methods. The effect of cutting speeds and BUE formation on machining 

performance and machined surface quality was also studied.  

Chapter 5:  

This chapter consists of a journal article that was published in Materials [6]: 

Yassmin Seid Ahmed, et al. “Effect of Built-Up Edge Formation during Stable State of 

Wear in AISI 304 Stainless Steel on Machining Performance and Surface Integrity of the 

Machined Part” Materials Journal. Volume 10, pp 1230–1245. 

https://doi.org/10.3390/ma10111230. 

Preface: This chapter discusses the close link between the BUE formation, surface 

integrity, and cutting forces during the stable state of wear for uncoated cutting tools. In 

this study, an X-ray diffraction (XRD) method was used for measuring superficial 

residual stresses on the machined surface through the stable state of wear in the cutting 
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and feed directions. In addition, surface roughness of the machined surface was 

investigated to reveal the surface distortions created during the cutting process. This was 

combined with chip undersurface analyses to better understand friction and adhesion. 

Chapter 6: 

This chapter consists of a journal article that was published in Applied Surface Science 

[70]:  

Yassmin Seid Ahmed, et al. “ The effect of laser micro-scale textured tools on the tool-

chip interface performance and surface integrity during austenitic stainless-steel turning” 

Applied Surface Science Journal. Volume 510. 

https://doi.org/10.1016/j.apsusc.2020.145455. 

Preface: This chapter considered the potential of using laser surface texturing (LST) to 

control the stability of a BUE and to reduce the friction during the machining process. In 

this chapter, LST was used to apply different texture shapes on the rake face of the 

cutting tool to mitigate the BUE`s tendency to adhere to the cutting tool. A 

comprehensive study of the influence of different rake faces on the tool-chip interface 

performance was also investigated. Furthermore, deformation characteristics and the 

mechanical state of machined workpiece subsurface layers following machining with 

textured and untextured tools under different cutting speeds are discussed in this research.  
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Chapter 7: 

This chapter presents the summary and conclusions drawn from the current research 

studies, along with some suggestions for future work.  

Appendix A: 

Chapter 3 analyses the chip forming mechanism and chip breakability of stainless steel 

with a supply of HPC. Appendix A consists of an unpublished section on the effect of 

HPC on tool life, BUE formation and cutting forces which are not discussed in Chapter 3. 

Appendix B: 

Chapter 8 discusses the influence of different surface features on the rake face on the 

tool-chip interface performance during wet machining of stainless steels. Appendix B 

consists of an unpublished section on the effect of laser micro-scale textured tools on 

tool-chip interface performance during machining stainless steel under dry conditions.  

1.5 Note to the Reader 

Since this thesis consists of a series of journal articles, the repetition of certain material 

might be found during reading. In particular, there is some overlap in the introduction 

section of some chapters. In addition, the sections describing experimental instruments 

and measurement methodology in some of the chapters contain significant repetition 

since the same facilities were used for all experiments. However, the background section 

of each chapter provides more specific references related to the study presented in each 

paper. 
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Abstract 

In this study, the wear mechanisms and tribological performance of uncoated and coated 

carbide tools were investigated during the turning of super duplex stainless Steel - Grade 

UNS S32750, known commercially as SAF 2507. The tool wear was evaluated 

throughout the tests and the wear mechanisms were investigated using an Alicona Infinite 

Focus microscope and a scanning electron microscope (SEM) equipped with energy 

dispersive spectroscopy (EDS). Tribo-film formation on the worn rake surface of the tool 

was analyzed using X-Ray Photoelectron Spectroscopy (XPS). In addition, tribological 

performance was evaluated by studying chip characteristics such as thickness, 

compression ratio, shear angle, and undersurface morphology. Finally, surface integrity of 

the machined surface was investigated using the Alicona microscope to measure surface 

roughness and SEM to reveal the surface distortions created during the cutting process. 

The results obtained showed that the predominant wear mechanism is adhesion for all 

tools investigated and that the AlTiN coating system exhibited better performance in all 

aspects when compared with the other tools; in particular, built-up edge formation was 

significantly reduced. 

https://doi.org/10.3390/coatings7080127
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2.1 Introduction 

Super duplex stainless steels (SDSS) are a specific type of stainless steel alloys that have 

a biphasic microstructure, consisting of approximately 50 % ferrite and 50 % austenite 

by volume. SDSS has a favorable combination of chromium, nickel and molybdenum 

[1] which provides an attractive combination of mechanical and corrosion properties and 

is thus widely applied in aggressive corrosion environments such as chemical, 

petrochemical, and gas and oil industries. These materials are considered difficult to 

machine because they have low thermal conductivity combined with high tensile 

strength and high shear strength and during machining they show a high tendency to 

work-hardening [2-4]. These characteristics make SDSS more difficult to machine than 

standard austenitic stainless steels [5]. The work hardening increases the friction forces 

during the contact between the work piece and cutting tool edge, which increases the 

temperature, causing oxidation [6]. In addition, the high ductility of the stainless steel 

leads to the formation of long continuous chips and to the intensive sticking of the 

workpiece material to the cutting tool surface, which results in an adhesive wear 

enhancement [7]. These conditions promote built-up edge (BUE) formation and tearing 

off during cutting, which results in cutting edge chipping and cutting force 
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instability. This response to the machining process results in severe surface damage to 

the machined part and chipping of the tool cutting edge [8]. Several papers have 

suggested the application of PVD coatings on the cutting tools as a way to reduce 

friction conditions during the cutting process, by reducing heat generation [9]. For 

applications where the cutting process is characterized by high temperatures in the 

cutting zone, for instance, in machining of materials with low thermal conductivity, the 

use of cemented carbide tools coated with self-adaptive PVD coatings is strongly 

recommended. During machining, these coatings form protective, nano-scale tribo-films 

on the tool rake surface, which reduce friction and result in a reduction of the degree of 

BUE formation, leading to wear performance improvement [10, 11]. 

Many researchers have studied the wear mechanisms associated with the machining of 

different types of stainless steels using CVD and PVD coated tools. Corrêa studied the 

machinability of two stainless steels, martensitic S41000 and super martensitic S41426, 

during turning with CVD TiC–TiCN–TiN coated tools. The authors found that abrasion 

and diffusion were the main wear mechanisms in the machining of martensitic stainless 

steel, while for the super martensitic stainless steel, attrition and abrasion were dominant 

[6]. Krolczyk et al. predicted surface roughness in machining of duplex stainless steel 

(AISI S31803) with Ti (C/N)/Al2O3/TiN coated tools. The authors determined that the 

main wear mechanism is abrasion [12]. Selvaraj et al. also investigated machining of 

two types of duplex stainless steel and found that the wear mechanisms changed 

depending on the cutting speed. At low cutting speed, the main wear mechanism was 

abrasion, while diffusion and oxidation wear were predominant at high cutting speed 
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[13]. Carlos et al. performed turning experiments with a super duplex stainless steel 

alloy (S32750) using a PVD multi-coated (TiAlN and TiN layers) cemented carbide 

tool. The authors noted that notch wear at the end of depth of cut was the responsible for 

the end of tool life and that a large amount of the material adhered to the tool wear area 

[14]. Jawaid et al. used CVD Ti(C/N)/TiC/ Al2O3 and PVD TiN coated inserts. The 

authors reported that attrition was the principal wear mechanism at lower speed 

conditions, while abrasion and diffusion wear mechanisms were the failure modes at 

higher speed conditions. They also found that CVD coated inserts exhibited the worst 

performance, owing to the greater effects of thermo-mechanical loads, coarse grain size, 

and higher Co-content (18% Co) of the carbide substrate. In contrast, the PVD coated 

insert gave better performance because of the thermal stability of the alumina coating 

[15].  

The objective of this investigation is to compare the tool life, wear mechanisms and 

tribological performance of coated (PVD AlTiN, CVD TiCN+Al2O3) and uncoated 

inserts during turning of super duplex stainless steel - Grade UNS S32750. The 

performance of these cutting tools will be evaluated in terms of tool life, chip formation, 

surface integrity, and cutting forces. This research will increase understanding of the 

main reasons for different wear mechanisms acting during the cutting process and 

suggest a way to increase tool life for industry. 
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2.2 Experimental procedure 

2.2.1 Workpiece Material 

In this work, cylindrical tubes of super duplex stainless steel - UNS S32750 were 

investigated during turning (roughing operations). The chemical composition and 

mechanical properties of the material are shown in Table 2-1. To reveal the workpiece 

microstructure, samples of the super duplex stainless steel were prepared, polished and 

etched with Beraha’s solution (100 ml H2O + 20 ml hydrochloric Acid (HCl) + 0.3–0.6 g 

of potassium metabisulfite). The microstructure of the SDSS workpiece generated during 

the cutting process was characterized using a Nikon ECLIPSE IV 100 microscope 

equipped with UC30 camera. The microstructure and phase distribution of the material 

were analyzed using NIS Elements imaging software (see Figure 2-1).  

Table 2-1 Chemical composition and mechanical properties of S32750 

Chemical Composition % 

C Si Mn P S Cr Ni Mo N 

0.03 0.80 1.2 0.035 0.02 25 7 4 0.24 

Proof Strength (0.2% 

yield) MPa 

Tensile Strength MPa Elongation Hardness 

HRC 

550 800-1000 15 32 
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Figure 2-1 Microstructure of the SDSS UNS S32750 showing the distribution of each 

phase (Ferrite is continuous phase with 36% while Austenite is second phase with 64%). 

Magnification is 200X 

2.2.2 Cutting Tools and Cutting Fluid 

Cemented carbide inserts coated with PVD AlTiN and CVD TiCN + Al2O3 coatings were 

compared during cutting tests to determine tool life. The coating characteristics are shown 

in Table 2-2. The cemented carbide is WC/6%Co and the ISO code for the cutting inserts 

is CNMG432-SM with the following geometry characteristics: back rake angle, λ0 = 9; 

clearance angle, α0 = 5°; wedge angle, β=76°; edge radius, r=24 µm and nose radius, Rε 

= 0.8 mm. The inserts were manufactured by Sandvik and the tool-holder was an ISO 

PCLNL 45165 12HP, supplied by Kennametal. The machining experiments were carried 

out on an OKUMA CNC Crown L1060 lathe with 15 kW of power and an OKUMA 

OSP-U10L controller. The turning tests were conducted for roughing operations with a 

cutting speed of 120 m/min, feed rate of 0.3 mm/rev, and depth of cut of 1 mm, under wet 

2

00 µm 

200 µm 
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conditions. The cutting fluid was applied at a flow rate of 11 L/min via a nozzle 

positioned directly above the cutting tool and directed toward the tool tip. The cutting 

fluid chosen was semi-synthetic coolant-CommCool 
TM

 8800, manufactured by the 

Wallover Company, at a concentration of 7 %, typically used with stainless steel alloys.  

Table 2-2 Characteristics of coating systems 

Coating Process Layer Structure Residual 

Stresses (MPa) 

Hardness 

(GPa) 

Thickness 

(µm) 

Roughness 

– Ra (µm) 

AlTiN PVD Monolayer Columnar 

nano-

crystalline 

293±88 35 [17] 1.8 0.039 

TiCN+Al2O3 CVD Bi layer Columnar 

micro-

crystalline 

439±20 31 [17] Sublayer 5, 

Toplayer 3 

0.038 

2.2.3 Experimental Machine Techniques 

During the machining tests, the cutting force measurements were performed with a 3D 

component tool holder Kistler dynamometer type 9121 with a data acquisition system. 

The signals of the forces from the dynamometer were transmitted to a Kistler 5010 type 

amplifier, and then recorded on a computer using LABVIEW software. The acquisition 

rate was 300 data points per second, scale was 20 MU/volt and sensitivity was 3.85 

mV/MU. The tool flank wear was measured using a KEYENCE – VHX 5000 digital 
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microscope, equipped with a CCD camera and image analyzer software. The tool life 

criterion was set to a flank wear of 0.3 mm to follow the recommendation of the ISO 

3685 Standard [16]. After the tests, the cutting tools were analyzed by SEM, using a Vega 

3-TESCAN, coupled to EDS. The new and worn inserts were also analyzed using an 

Alicona Infinite Focus G5 microscope, which works by focus variation, to generate real 

3D surface images. This microscope allows for the capture of images with a lateral 

resolution down to 400 nm and a vertical resolution down to 10 nm. In order to measure 

the wear volume and BUE volume of a cutting edge, first a 3D model of a new edge of 

the original insert was measured and then the edge was measured a second time after 

cutting (0.3 mm flank wear). The software used the 3D image of the new edge as a 

reference and compared it with a 3D image of a worn edge. Following these 

measurements, all the inserts were etched using an HCl solution to remove all adhered 

material on the cutting tool to reveal the wear mechanisms. 

The chip compression ratio, the shear angle and the friction coefficient at the tool-chip 

interface were determined using standard methods [17]. The surface roughness of the 

machined workpiece was evaluated by means of an Alicona Infinite Focus which 

conforms to EN ISO standard 25178 [18]. Roughness measurements were taken with a 

cut-off wavelength of 800 μm, a vertical resolution of 100 nm and lateral resolution of 2 

µm.  

The structural and phase transformation at the cutting tool/workpiece interface, as well as 

the chemical nature of the tribo-films formed were determined by X-ray photoelectron 

spectroscopy (XPS) on a Physical Electronics (PHI) Quantera II. The XPS spectrometer 



` 

54 

 

was equipped with a hemispherical energy analyzer and an Al anode source for X-ray 

generation and a quartz crystal monochromator for focusing the generated X-rays. A 

monochromatic Al K-α X-ray (1486.7 eV) source was operated at 50W–15 kV. The 

system base pressure was as low as 1.33 × 10
−7

 Pa with an operating pressure that did not 

exceed 2.66 × 10
−6

 Pa. Before any spectra were collected, the samples were sputter-

cleaned for 4 min using a 4-kVAr+ beam. A 200-μm beam was used for all data collected 

on the samples. A pass energy of 280 eV was used to obtain all survey spectra, while a 

pass energy of 69 eV was used to collect all high resolution data. All spectra were 

obtained at a 45° take off angle. A dual beam charge compensation system was also 

utilized to ensure neutralization of all samples. The instrument was calibrated using a 

freshly cleaned Ag reference foil, where the Ag 3d5/2 peak was set to 368 eV. All data 

analysis was performed using PHI Multipak version 9.4.0.7 software. 

2.3 Results and Discussion 

2.3.1 Tool Life Measurements 

Figure 2-2 shows the plot of flank wear versus cutting length for the uncoated and coated 

cutting inserts tested during machining of SDSS. A significant improvement in machining 

productivity was obtained when machining with a cutting insert coated with PVD AlTiN.  

The results show that the PVD AlTiN coated cutting insert has a cutting length almost 

two times greater than the CVD TiCN+Al2O3 coated cutting insert. The PVD AlTiN 

coating shows the ability to improve the friction at the cutting interface which leads to the 

rapid flow of the chip on the rake surface (Figure 2-3). This happens because the AlTiN 
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coating has the ability to adapt to external stimuli, i.e. to self-organize. During the cutting 

process, a part of the cutting energy is spent on self-organization of the coating layer to 

form a thermal barrier/lubricating tribo-film [11, 19] which reduces the friction at the 

cutting zone and increases the tool life. The tool life obtained by CVD coated cutting 

inserts is shorter due to the intense friction conditions experienced in the cutting zone. 

 
Figure 2-2 Relation between flank wear and cutting length for uncoated and coated 

carbide inserts during machining SDSS. Additionally, the flank surface for each tool is 

presented at the end of tool life 

Images of the chip undersurface collected during machining experiments show high 

intensity flow (Figure 2-3). The high friction conditions at the chip–tool interface reduce 

the chip speeds during the chip flow, increasing area of contact between tool and chip on 

the rake face surface and, therefore, contributing to increase the temperature in the cutting 
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zone. High temperature due to high friction at the cutting zone results in reduced tool life 

for TiCN+Al2O3 coated inserts. 

 
 

 

 

  
Figure 2-3(a) General macrograph aspect of the chips, SEM images obtained with carbide 

inserts with (b) uncoated; (c) TiCN+Al2O3; and (d) AlTiN 

2.3.2 Chip Characteristics 

Following machining, chip types and morphology were determined for each combination 

of workpiece and cutting tool. Figure 2-3 shows SEM images of the chips for the 

uncoated and coated tools; the chips have similar curling for both coatings. However, the 

chip undersurface morphology is better for the PVD AlTiN cutting insert. Usually, the 

type of chip and the undersurface morphology is a direct indicator of frictional conditions 
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at the tool/chip interface [17]. In this case, it is evident from chip characteristic studies 

that the friction conditions in the cutting zone (chip-tool interface) were more favorable 

for the AlTiN coating. The measured values of chip thickness and calculated values of the 

chip compression ratio, shear angle, and coefficient of friction are tabulated in Table 2-3. 

The chip thickness, chip compression ratio, and shear angle are better for the AlTiN 

coated tool compared to the other tools (Table 2-3). These characteristics confirm the 

AlTiN coated tool has lower friction between the chip and tool leading to lower wear of 

the cutting tool. 

Table 2-3 Cutting characteristics during the turning operation of SDSS [17] 

Type of 

coating 

Chip 

thickness 

(mm) 

Chip 

compression 

ratio 

Shear 

angle (°) 

Coefficient 

of friction 

Tool chip 

contact length 

(mm) 

AlTiN 0.433 0.69 36 0.267 0.682 

TiCN+Al2O3 0.560 0.54 29 0.404 0.797 

Uncoated 0.653 0.46 27 0.445 0.903 

A possible explanation of the observed improvement on the metal flow in the case of the 

AlTiN coated insert versus the CVD TiCN + Al2O3 coated and uncoated tools is the 

formation of tribo-films on the rake surface during friction [23]. Smoother morphology of 

the chips (Figure 2-3d) during machining of SDSS using cutting tools with the AlTiN 

coated tool corresponds to better thermo-frictional conditions during cutting. In this case, 

a beneficial heat flow redistribution is taking place: The majority of the heat generated 
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during cutting goes into the chips and dissipates with chip removal [24]. The tribo-films 

generated on the surface of PVD coated tool can change the wear behavior substantially: 

They provide surface protection, some lubricity and improve frictional and wear 

performance, resulting in very beneficial heat flow redistribution at the tool-chip 

interface. The presence of these tribofilms was confirmed by XPS investigation. This 

analysis was performed on the cutting tool (Rake face). Figure 2-4a shows the location 

selected for XPS studies.  

 

Figure 2-4 XPS data for tribo-films formed on the worn surface of AlTiN coating (a) XPS 

spot on the AlTiN tool rake face; (b) AlTiN XPS high resolution spectra line for Ti2p; (c) 

AlTiN XPS high resolution spectra line for AI2s; and (d) AlTiN XPS high resolution 

spectra line for O1s 
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2.3.3 The Composition of Tribo Films and Frictional Conditions 

Figure 2-4(b–d) shows respectively the XPS Ti2p, Al2s and O1s spectra obtained from 

the rake surface of AlTiN coated cutting tool. The rake face was chosen for the analysis 

because of the elevated temperatures typically caused by tool-chip contact on this surface. 

The presence of Al2O3 shows that a partial chemical transformation of aluminum, in the 

AlTiN coating, takes place during cutting (Figure 2-4(c)). The spectra also indicate the 

formation of an amorphous-like structure of the alumina-based tribo-films [25, 26]. 

Titanium in the AlTiN coating (Figure 4(b, d)) forms non-stoichiometric titanium tribo-

oxide and rutile TiO2 (peaks 530.4, 457.4 and 463.8 eV). The formation of these tribo-

films with high chemical stability reduces the adherence of the workpiece material to the 

cutting tool surface (Figure 2-5).  

 
Figure 2-5 Alicona 3D images of the cutting tools after machining of SDSS (a) before, 

and (b) after etching showing the details of the cutting tools with their major wear 

mechanisms 
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In this way, the reduction of adhered material on the rake surface results in constant 

material flow, which leads to lower heat generation at the tool/workpiece interface. Due 

to the improved lubricity of this oxide under elevated cutting temperatures [27], the 

characteristics of the chips formed change critically (Figure 2-3) and the chip flow along 

the chip undersurface is also improved, which improves the chip compression ratio (Table 

2-3). These phenomena serve to enhance the adaptability of the coatings, which thus 

results in a better tool life (Figure 2-2). For this reason, formation of these nano-scale 

tribofilms is very beneficial on the surface of PVD coating in contrast to the microns 

thick alumina layer on the CVD coated tools. To understand further why the PVD AlTiN 

coated tool has a better performance than CVD TiCN + Al2O3 coated tool, the residual 

stresses of new PVD AlTiN and CVD TiCN + Al2O3 coated tools were measured and 

listed in Table 2-2. It was found that the tensile residual stress in CVD TiCN + Al2O3 is 

much higher (439 MPa) as compared to PVD AlTiN coated insert (293 MPa). The reason 

for that is the CVD coating process occurs under much higher temperature typically 

ranging from 200–1600
°
C compared to lower than 500°C in case of the PVD AlTiN 

coating [28]. High tensile residual stress in CVD coating induces internal stresses, which 

increase thermal loads and reduce thermal stability. 

2.3.4 Tool Wear Analysis 

As discussed previously, the main focus of this research is to compare different wear 

mechanisms of coated and uncoated inserts. For this reason, real 3D images of the worn 

tools were studied by means of an Alicona microscope, see Figure 2-5(a). All the tools 
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showed intense chipping, adhesion and flank wear during machining tests, which results 

in reduced tool life. The main reason for these behaviors is the instability in the chip 

formation temperature, combined with strong adhesion at the tool-chip interface resulting 

in high compressive stress; these phenomena are associated with low thermal 

conductivity of SDSS, which leads to high cutting temperature and accelerates the wear 

formation. The presence of test material adhered onto the tools was observed in all tests. 

In order to analyze the wear mechanisms, it was necessary to remove the adhered layers 

of the cutting tools through chemical attack with HCl, see Figure 2-5(b). It can be seen 

that there is no BUE on the surface of the tools, which means that all the adhered material 

was removed, allowing differentiation between wear mechanisms acting on the tools. 

Each tool studied, total wear volume and the volume of BUE before and after etching 

were measured using the Alicona microscope. These results are presented in Figure 2-6. It 

is noted that the PVD AlTiN coated insert has the lowest total wear and BUE volume 

compared with the CVD TiCN + Al2O3 coated and uncoated inserts, indicating that 

AlTiN coating exhibits good performance during machining of SDSS. This conclusion 

agrees with the results obtained from the XPS studies (Figure 2-4), where it is observed 

that the AlTiN coating has the capacity to adapt to external stimuli, i.e., to self-organize. 

In this way, the tribo-film formation can enhance the process of cutting, which provides 

benefits such as reducing the friction conditions in the cutting zone, which leads to 

smoother chip undersurface (Figure 2-3(d)), reduction in BUE formation and increase in 

tool life (Figure 2-2) [11]. 
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Figure 2-6 Comparison of total wear volume and BUE volume for uncoated and coated 

tools (a) before, and (b) after etching 

Different wear mechanisms commonly associated with the machining of SDSS were 

observed during the wear tests, flank wear and chipping being the most significant modes. 

Also, material adhesion was observed in all cutting tools. As was explained in the 

previous paragraph, adhesive wear is the main wear mechanism during the machining of 

stainless steel. However, after etching and at high magnifications, different wear 

mechanisms were observed. In the following paragraphs, the different modes of wear are 

discussed, and associated EDS analysis is summarized in Table 2-4. 

Table 2-4 EDS analysis associated with cutting tools in Figures (2-7)–(2-9) 

Chemical Composition % 

EDS Fe W O Cr Ni C Ti N Al 

1 26.3 7.55 30.37 16.04 4.25 23.49 0.54 – 1.41 

2 0.11 2.10 20.2 1.20 0.30 14.00 2.54 12.50 49.20 
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3 34.06 1.37 13.12 15.9 3.92 24.95 3.00 – 0.75 

4 0.11 0.92 54.45 – 0.10 28.7 0.56 – 29.13 

5 0.11 66.4 13.00 1.13 - 23.00 0.1 – 0.50 

6 44.2 0.8 15.00 18.0 8415 18.2 0.48 – 0.42 

Figure 2-7 shows in detail the wear mechanisms of the PVD AlTiN coated insert. Figure 

2-7(a) shows the tool before etching where the presence of adhered workpiece material 

was confirmed by EDS 1 (high percentage of Fe and Cr). Figure 2-7(b–e) show the same 

tool after etching, where there is no adhered material on the tool, see EDS 2. Figure 2-

7(a) shows areas with a rough aspect on the cutting edge, which is characteristic of the 

adhesive (or attrition) wear mechanism [30]. This mechanism frequently occurs when 

there is chemical affinity between the tool and the workpiece material, and adhesion leads 

to the formation of BUE at the coated tool-chip interface. Another relevant phenomenon, 

which can be related to the tribological system behavior is the high tool-chip interface 

temperature: machining at a speed of 120 m/min generates high temperatures at the tool-

chip interface that can generate adhesion on the tool rake and flank face as evidenced by 

plastic flow of the workpiece material (stick-slip, followed by plucking action). Similar 

results were reported by Corrêa et al. [6] and Junior et al. [31]. Figure 2-7(c) shows a high 

magnification of tool-adhered layer interface where a large crack is observed running 

perpendicular to the flank face. This crack could have been caused by one or a 

combination of the following wear mechanisms [32]: Diffusion, adhesion, abrasion and 

oxidation. These wear mechanisms lead to a continual loss or dislocation of material. 

Also, BUE formation can lead to mass loss or mass dislocation as it grows throughout the 
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cutting process and periodically breaks off, creating cracks on the tool surface and break-

out the cutting edge [11]. Figure 2-7(d) shows intensive chipping developed on the 

cutting edge, which indicates that mechanical fatigue caused by BUE formation caused 

damage to the cutting tool [32]. Above the cutting edge in Figure 2-7(e), there is a smooth 

surface, which is associated with diffusion wear. Diffusion wear is a mechanism that 

involves transport of the atoms from high concentration (cutting tool) to low 

concentration (chip) [Error! Reference source not found.], which depends mainly on 

the cutting temperature, contact time and the solubility of the elements in the secondary 

shear zone [34]. This process takes place in a very narrow area at the interface between the 

cutting tool and chip and causes a weakening of the cutting tool. 

 
Figure 2-7 SEM images of PVD AlTiN coated insert after machining SDSS. (a) cutting 

tool before etching; (b) cutting tool after etching; (c–e) cutting tool with different 

magnifications 
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Figure 2-8 shows the wear mechanisms of the CVD TiCN + Al2O3 coated insert. Figure 

2-8(a) shows the insert before etching and Figure 2-8(b–f) shows the insert after etching, 

see EDS 3 and 4 in Table 2-4. Figure 2-8(c) shows the rake face of the tool where the 

coating was removed from the cutting tool. EDS 5 and 6 results identify two strips of the 

coating (EDS 4) on the substrate of the tool (EDS 5). The coating was exposed along the 

cutting edge, and severe chipping and micro-chipping developed (see Figure 2-8(d)). 

These mechanisms confirm the previous results obtained by X-ray stress analysis (Table 

2-2). Due to high coating temperature, internal stress is induced, increases thermal loads 

and reduces thermal stability, leading to intensive chipping on the cutting edge. Figure 2-

8(e) shows a very smooth surface, which is clearly seen at high magnification, suggesting 

that a diffusion wear mechanism prevailed on the rake face [32]. Figure 2-8(f) shows 

parallel lines in the direction of sliding action, which indicate abrasive wear. The ASTM 

International tool wear standard explains that abrasive wear occurs as a result of hard 

particles forced against and moved along a solid surface [34], which is in this case BUE 

fragments. Selvaraj et al. [13] explained that abrasion wear mechanism is caused by 

grains broken off during the turning process, which become restricted between the chip 

and the tool, creating scratches on the flank face of the tool. The same explanation was 

also suggested by Krolczyk et al. [2] and Jawaid et al. [15]. 
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Figure 2-8 SEM images of CVD TiCN + Al2O3 coated insert after machining SDSS. (a) 

cutting tool before etching; (b) cutting tool after etching; (c–f) cutting tool with different 

magnifications 

 

Figure 2-9 SEM images of uncoated insert after machining SDSS. (a) Flank face after 

etching; (b) cutting tool before etching; and; (c) cutting tool with chipping 

Figure 2-9 shows the different wear mechanisms on the surface of the uncoated insert 

before and after etching. Figure 2-9(a) shows the flank face of the tool after chemical 

etching, where a view of the regular flank wear is shown. Figure 2-9(b) shows the tool 
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before etching where a large BUE is seen on the tool as indicated in EDS 6. After etching 

(Figure 2-9(c)), all the adhered material was removed revealing that severe chipping has 

occurred on the cutting edge. 

In summary, after the turning of SDSS with different cutting tools, it is possible to see 

that, due to the low machinability of SDSS, the tools are easily affected, leading to 

excessive tool wear during machining operations. To ensure good results with SDSS, it is 

necessary to understand how the cutting tool behaves during cutting. Under the cutting 

conditions tested, the cutting tools showed wear from various mechanisms: Adhesion, 

abrasion, and diffusion. It is important for the industry to understand the main reasons for 

these mechanisms in order to reduce its effect on tool life. A summary of the main causes 

of wear observed during cutting SDSS through this research and suggested solutions is 

given in Table 2-5. 

Table 2-5 A summary of the main causes and suggested solutions of different wear 

mechanisms observed for uncoated and coated tools 

Cutting Tool Wear Mechanism Main Causes Suggested Solutions 

PVD AlTiN 

Adhesive wear 

(Attrition)  

High strain 

hardening High 

ductility 

Use very low or very 

high cutting speeds to 

decrease the formation 

of BUE [Error! 

Reference source not 

found.]. 

Chipping BUE formation 

Diffusion 
High cutting 

temperature 

Increase the flow and 

pressure of the coolant 
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to reduce the cutting 

temperature. 

CVD TiCN + 

Al2O3 

Cracks BUE formation Use very low or very 

high cutting speeds to 

decrease the formation 

of BUE [Error! 

Reference source not 

found.]. 

Abrasive wear BUE fragments 

Adhesive wear 

(Attrition) 

High strain 

hardening High 

ductility 

Coating dissipation 
High tensile residual 

stresses Use PVD coated tools. 

Chipping Coating dissipation  

Diffusion 
High cutting 

temperature 

Increase the flow and 

pressure of the coolant 

to reduce the cutting 

temperature. 

Uncoated 

Adhesive wear 

(Attrition) 

High strain 

hardening High 

ductility 

Use very low or very 

high cutting speeds to 

decrease the formation 

of BUE [Error! 

Reference source not 

found.]. 

Chipping Chip jamming 

Use a cutting tool with a 

proper chip breaker to 

be able to break chips 

[36] 
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2.3.5 Machined Workpiece Characteristics 

Surface integrity plays an important role in many areas and has great importance in the 

evaluation of machining accuracy. Many factors affect the surface conditions of machined 

parts, one of them being the cutting tool, which has a significant influence on the surface 

roughness. Stainless steel is a material generally used for applications requiring the 

greatest reliability, and therefore, and any damage to the subsurface layers must be 

controlled [37]. 

For this reason, small pieces of the machined workpiece were cut off to be analyzed using 

the SEM to reveal the surface distortions created during the cutting process and Alicona 

microscope to measure the surface roughness. Figure 2-10 shows three-dimensional and 

SEM images of the machined workpiece along with cutting force data collected at the 

beginning of the turning process and the values of surface roughness measured after the 

cutting tests. In Figure 2-10(a, b) the machined surfaces obtained with uncoated and CVD 

TiCN + Al2O3 coated inserts show cracks and distortions. It can be seen that minor cracks 

were found and bad surface finish with low distortion was accomplished. As a result of 

intensive BUE formed on the uncoated insert (Figure 2-5(a)) and high friction generated 

during cutting, some of the chips welded onto the surface of the workpiece (227 µm). 

Zhou et al. [38] and Alabdullah et al. [39] observed the same phenomenon during 

machining of difficult-to-cut materials. 

Chip sticking on the machined workpiece is consistent with the high cutting forces 

measured during cutting. In addition, there is a high variation of the values of cutting 
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forces for the uncoated insert (Figure 2-10(a)), which indicates that high frictions 

conditions in the cutting zone were generated during the cutting process with the 

uncoated insert. This phenomenon is strongly diminished for the coated tools: The 

variations of cutting forces are smaller, surface roughness is lower and there is no chip 

sticking on the machined surfaces (Figure 2-10(b, c)), which is a significant 

improvement. 
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Figure 2-10 Three dimensional and SEM images of the machined surface obtained by (a) 

uncoated insert; (b) TiCN + Al2O3; (c) AlTiN insert and corresponding cutting forces 

and surface roughness values 

2.4 Conclusions 

The tool life results, analysis of wear mechanisms and tribological performance of 

different coated and uncoated tools during the turning of SDSS allowed the following 

conclusions to be drawn: 

 Substantial improvement in tool life was achieved with the AlTiN coated insert: Tool 

life was approximately twice that of the CVD TiCN + Al2O3 coated insert and three 

times than uncoated insert. 

 The chip thickness, chip compression ratio and shear angle values are better for the 

AlTiN coated tool, compared to the CVD TiCN + Al2O3 coated and uncoated tools, 

and the chip undersurface is smoother without any defects, indicating lower friction 

between the chip and tool rake face, which results in a constant chip flow over the 

tool rake surface. 

 XPS analysis revealed that the underlying cause of the high performance of the 

AlTiN coating is the formation of aluminum oxide tribo-films at the tool-chip 

interface. 
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 The AlTiN coated tool had the lowest value for both BUE and total wear volume 

compared with the CVD TiCN + Al2O3 coated and uncoated tools, indicating that 

PVD AlTiN coated tool performs very well with SDSS. 

 Adhesion wear and chipping are the predominant wear mechanism for all the cutting 

tools studied. When turning with the PVD AlTiN coated tool, adhesion and diffusion 

were present in different places on the worn area of the tools. Machining with the 

CVD TiCN + Al2O3 coated tool shows diffusion, abrasion, chipping and adhesion 

wear mechanisms while sever adhesion wear and chipping were the main wear 

mechanism with the uncoated insert. 

 The machined surface obtained using the AlTiN coated tool had the lowest surface 

roughness value. The machined surfaces obtained with the CVD TiCN + Al2O3 

coated and uncoated inserts show minor cracks and distortions, and there is some 

chip sticking on the machined workpiece obtained by the uncoated insert, as a result 

of intensive BUE formation and high friction generated during cutting. Spikes in 

cutting forces at the beginning of the cutting process were highest for the uncoated 

cutting tool, which is directly related to chip sticking on the surface of the workpiece. 
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Abstract 

Use of a high pressure coolant supply (HPC) can lead to a considerable improvement in 

machining performance and process stability during the cutting of difficult materials such 

as stainless steels. Due to the high pressure of coolant jet, a hydraulic wedge was formed 

at the tool–chip interface and thus reduced tool–chip contact length and friction behavior.  

Moreover, the cutting stability can be enhanced as a result of efficient chip breakability. 

The goal of this work is to evaluate how chip morphology is influenced by three thin jets 

of pressurized coolant directed into the tool–chip interface during machining of AISI 304 

austenitic stainless steel and compare the resulting performance of the tool with dry and 

conventional coolant conditions. Furthermore, this research evaluates the influence of tool 

wear on the chip forming mechanism during the turning process. An analysis of the chip 

generated under machining emphasizes the hypothesis that variations in the cutting tool 

wear directly affect the chip shape and type of chip segmentation. Finally, a theoretical 

model was developed to predict chip upcurl radius under HPC machining. This model is 

based on shear plane and structural mechanical theories which evaluate plastic strain and 

the bending moments along the length of the curled chip. The chip upcurl radius values 

from the developed theoretical model were found to be in good agreement with those 

measured in the machining tests. 
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Nomenclatures 

 High pressure coolant  HPC 

 Feed rate  f 

 Chip thickness ratio r 

 Chip thickness tc 

 Undeformed chip thickness t 

 Coefficient of friction μ 

 Natural chip upcurl radius Rn 

 Initial chip upcurl radius  Ri 

 Final chip upcurl radius Rf 

 Tool–chip contact length  Lc 

 Average flank wear VBB 

 Adiabatic shear band  ASB 
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 Maximum and minimum chip thickness, respectively h1, h2 

 Distance between chip segments w 

 Degree of chip segmentation Gs 

 Plastic strain ε 

 Fracture strain εfr 

 Chip strain  εchip  

 Chip upcurl strain εup 

 Shear angle  ϕ 

 Rake angle γ 

 Normal strain in X, Y, Z directions, respectively εx, εy, εz 

 Shear strain in X, Y, Z directions, respectively γxy,γyz, γxz 

 Normal strain components in ab coordinate system εa, εb 

 Shear strain in ab coordinate system γab 

 Rotation angle around the third axis ψ 

 Rotation angle in XYZ system θ 
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 Spiral angle 𝛿 

 Stress invariants I1, I2, I3 

 HPC force R1  

 Reaction forces acting on chip body  R2, R3 

 Angle between vertical line and R1 and R2, respectively  ω1, ω2 

 Angle between R3 and horizontal line σ 

 HPC force components  F3, Fn3 

 Bending moment M 

3.1 Introduction 

Machining of austenitic stainless steel are considered as a difficult-to cut materials due to 

high strain hardening, high ductility, and low thermal conductivity. These properties 

promote high cutting temperature and continuous chips which can cause serious problems 

during machining [1]. In this context, High Pressure Coolant (HPC) is a modern 

technology that has significant potential to improve the process which satisfy the 

industry’s demand [2]. HPC system delivers sufficient cooling at the tool–workpiece 

interface and effective chip evacuation from the cutting area [3]. The adequate 

penetration of HPC into the tool–chip interface reduces the machining temperature and 

consequently the seizure effect which minimizes the friction at the cutting zone [4]. In 
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addition, the coolant jet is able to create a coolant wedge under high pressure, which 

forms between the cutting tool and the chip to bend upwards, thus enhancing chip 

formation process and chip control [5]. 

Several studies have concluded that this machining technique improves chip 

characteristics compared to conventional coolant. Furthermore, HPC can be used to break 

apart chips during machining [6]. Kubala et al. [7] used a high pressure water jet in their 

investigation to study its effect on the machining performance. The authors found that the 

chip thickness and chip compression ratio were decreased, consequently improving 

machining performance. Kaminski and Alvelid [6] investigated the impact of HPC and 

the conventional coolant system on chip shape and friction behavior during turning 

process. The authors showed that conventional coolants are ineffective due to their low-

pressure at the interface, which contributes to extreme friction conditions at the cutting 

zone. Moreover, Courbon et al. [8] and Palanisamy et al. [9] compared the effect of both 

conventional coolant and HPC on tribological performance. Their investigation showed 

that HPC was able to reduce chip thickness and increase shear angle compared to the 

larger chip thickness and smaller shear angle under a conventional coolant. 

Despite a high number HPC application studies, few papers discuss the advantages of 

HPC for chip control during stainless steel machining, and there is no study on the 

prediction of chip breakability under HPC. Chip control during machining of stainless 

steel is gaining wide attention due to its vital role in increasing machining productivity 

[10]. Due to the lack of theoretical methods which can quantify HPC chip breakability, it 
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becomes difficult to control chip breakability with a good level of accuracy [11, 12]. 

Henriksen [13] and Okushima et al. [14] reported that the undeformed chip thickness and 

the chip upcurl radius affect the chip breakability. It was concluded that the chip fracture 

increased either in reverse relation to the chip upcurl radius or with an increase in the 

undeformed chip thickness.   

Considering the gaps in the literature review, this research aims to investigate the chip 

forming mechanism and chip breakability of AISI 304 stainless steel with a supply of 

HPC directed to the tool–chip interface. The experiments were conducted at different 

cooling conditions: dry condition, conventional coolant supply, and two pressures of 

HPC. The chip formation mechanism, based on the microscopic images of the chip’s 

form, is evaluated in terms of chip characteristics, segmentation, and free surface. The 

second part of this study includes a three-dimensional (3D) theoretical model of chip 

curling during metal cutting, which evaluates the effect of HPC supply on chip geometry. 

Finally, the experimental results are used to validate the theoretical model.  

3.2 Experimental procedure 

3.2.1 High pressure coolant and machining system  

Experimental trials were performed on a CNC lathe model using a Nakamura-Tome Sc-

450. The cutting fluid used in the cutting processes was a semi-synthetic coolant at a 

concentration of 6% that was employed by conventional coolant system at a pressure of 

0.7 bar and flow rate of 2.7 L min
-1

. Uncoated cemented carbide tools (WC 6%Co) were 
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used for the experiments and the ISO code for the cutting inserts is WNMG 06 04 08-SM 

1105. These inserts are recommended by the manufacturer [15] and Koyee, et al. [16] for 

machining stainless steels. The cutting tool holder has ISO specification PWLNR 16-

4DHP, supplied by Sandvik. This tool holder is specially designed for use with HPC. The 

tool holder has three cooling nozzles (1.5 mm in diameter) to deliver HPC very close to 

the cutting zone, as shown in Figure 3-1.  

 

 
Figure 3-1 The HPC tool holder; (b) direction of HPC on the cutting tool; (c) drawing of 

tool holder showing the geometry of nozzles [46] 

The nozzles make an 18° angle with the rake face and the distance between the nozzles 

and the tooltip is around 25 mm which helps reach the proximity of the tool–chip contact 
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zone and eliminate the possible interference between the nozzle and the removed chips. 

Figure 3-2 presents the machining system including an external high pressure pump and 

workpiece/cutting tool setup system. The pump is able to provide a coolant with pressures 

from 0.1 bar to 70 bar and flow rate of 90 L min
-1

.  Four trials were performed: (a) using 

HPC (with 35 and 70 bar); (b) using conventional coolant system, and (c) dry condition. 

The choice of 35 and 70 bar is based on the output pressure limit of the HPC supply 

system. 

 
Figure 3-2 The machining process used in the experimental work with the high pressure 

coolant supply 
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3.2.2 Workpiece material characterization 

The workpiece was an AISI 304 austenitic stainless steel round bar with a length of 500 

mm and a diameter of 120 mm. Table 3-1 shows the mechanical and chemical 

compositions of the AISI 304 as provided by the material manufacturer. A sample of the 

AISI 304 was cut from the round bar and then cold mounted and polished. Glycergia 

solution (20 mL HNO3 + 1 mL Glycerol + 20 mL hydrochloric Acid (HCl)) served as 

etching fluid to show the microstructure, and the microstructure observation was 

conducted using a Nikon ECLIPSE IV 100 microscope, equipped with a UC30 camera. 

On Figure 3-3, it is possible to see the microstructure of the material.  

Table 3-1 Chemical composition and mechanical properties of AISI 304 stainless steel 

Chemical composition % 

C SI Mn P S Cr Ni N 

0.08 0.75 2.0 0.045 0.03 20.0 0.50 0.10 

Proof Strength 

(0.2% yield) MPa 

Tensile 

Strength MPa 

Elongation 

% 

Modulus of 

Elasticity GPa 

Shear Modulus 

GPa 

Hardness 

HRC 

215 505 70 200 86 70 



` 

89 

 

 
Figure 3-3 The microstructure of AISI 304 with an austenitic structure 

3.2.3 Cutting tests 

According to the recommendations of the manufacturer [15], the cutting conditions were 

formed with a feed rate of 0.1 mm/rev, depth of cut of 0.5 mm, and cutting speed of 60 

m/min. These parameters are commonly applied in industry for machining austenitic 

stainless steel. During the experiments, average tool flank wear (VBB) was measured with 

an optical microscope (KEYENCE – VHX 5000). Each test was repeated at least three 

times. The tool failure criteria can be estimated by a maximum VBB of 0.3 mm [17]. 

Moreover, the cutting tools were investigated with a scanning electron microscope (SEM) 

facility (Vega 3-TESCAN). 

The chips obtained after machining with the new and worn tools (VBB =0.1, 0.2, and 0.3 

mm) at different cooling conditions (Dry, Conventional coolant, HPC (35 and 70 bar)) 

were mounted with epoxy so that the chip cross section could be seen. After appropriate 

preparation, the cross sections were observed with SEM and EBSD to analyze chip 

morphology and to conduct an adiabatic study of the shear bands and cracks formation. 
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No etching treatment was used on the samples for EBSD analysis. The SEM images were 

acquired under high current, 10 mm working distance, and 60 µm aperture operating at 20 

kV accelerating voltage. EBSD scans were performed in a JEOL 6610LV high-resolution 

scanning electron microscope (JEOL solutions for innovation, Peabody, Massachusetts, 

USA), operating at 20 kV and 60 µm aperture size. A CCD detector was used at a 176 

mm insertion distance. The sample was positioned at a 70 degrees tilt angle and working 

distances ranged between 8 and 12 mm. The BUE cross sections were phase-mapped 

using Tango-Maps software (Oxford Instruments HKL, Hobro, Denmark) and processed 

using Chanel 5HKL 

Average chip thickness and chip upcurl radius, obtained with different cooling conditions 

and flank wear values, were measured. Next, the chip thickness ratio, the friction 

coefficient and the shear angle at the tool–chip interface were calculated according to 

M.Shaw [18]. The chip free surface and chip undersurface under the same conditions 

mentioned above were also analyzed using SEM to understand the chip forming 

mechanism and the friction behavior at the tool–chip interface. The average surface 

roughness of the chip undersurface was evaluated using white light interferometry 

(Alicona Infinite Focus) [19].  
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3.3 Experimental results and discussion 

3.3.1 Chip morphology: effect of high pressure coolant 

3.3.1.1 Chip form and segmentation 

The chips produced throughout the turning experiments were collected to investigate their 

morphology (shapes, structures, geometry) and to provide an in-depth study of chip 

formation under HPC use. Figure 3-4 gives an overview of the resultant chip types 

depending on the coolant conditions. It can be shown that the turning of stainless steel 

under dry and conventional coolant produced continuous chips, whereas HPC produced 

smaller segmented chips. HPC conditions help to break up chips, producing shorter 

segmented chips [20]. In contrast, dry and conventional coolant did not show the distinct 

effect on chip formation. Under dry and conventional coolant, chip fracture occurs 

because of the force generated by an obstruction-type chip breaker [10, 13, 21-23]. 

However, enhanced chip breaking occurring under HPC, is a consequence of the high 

force created by the HPC system [24]. The 35 and 70 bar coolant pressures are large 

enough to break the chip, before it comes in contact with an obstruction [21]. 
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Figure 3-4 Chip formation at different cutting conditions; (a) dry, (b) conventional 

coolant, (c) HPC (35 bar); HPC (70 bar) 

Furthermore, the HPC supply can remove the chips beyond the deformation zone, 

reducing the tool–chip contact area and improving the friction conditions at the interface 

[22] which helps to enhance chip undersurface morphology as well as chip fragmentation 

[25]. To confirm this behavior, the chip undersurface morphology showing the chip flow 

and the surface roughness is presented in Figure 3-5. A substantial difference in chip 

undersurface morphology is evident: HPC application results in smoother chip 

undersurface (Ra=0.54 μm) compared to dry cutting, (Ra=0.89 μm) where a clear stick-

slip phenomenon is present. This means that the application of HPC improves tribological 

conditions as a consequence of the smaller contact area [26]. 
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Figure 3-5 Chip breaking under various cooling conditions, associated with chip 

undersurface obtained with (a) dry; (b) conventional coolant; (c) HPC of 35bar; and (d) 

HPC of 70 bar 

To investigate the role of the HPC system on chip form, the chip cross sections were 

analyzed using SEM and EBSD analysis, and their data presented in Figure 3-6. As 

shown, continuous chips obtained with dry and conventional coolants were compared to 

serrated chips with a supply of HPC, where periodic adiabatic shear bands (ASBs) and 

cracks were observed. Adiabatic shear bands result from thermo-mechanical instability, 

which increases shear deformations in small areas [27]. This high localized strain leads to 

a considerable increase in temperature, and in turn, ASBs [23]. It is commonly known 

that materials with low strain rates do not show ASBs because heat expansion creates a 

uniform temperature in the workpiece [28]. Under HPC, the high positive bending 
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moment contributes to the growth of ASBs`frequency, which leads to an increase of the 

plastic strain in the formed chip (Figures 3-6(c) and 3-6(d)) [29]. Once the chip strain 

exceeds the chip breaking strain, cracks develop on the ASBs that separate the adjacent 

segments [30]. As indicated in Figure 3-6, under HPC conditions, the degree of serration 

in the chip as well as the crack size (the crack depth is around 20 μm) depend on the 

strength of the shearing action caused by HPC. Also, although no segmentation can be 

seen in the dry and conventional coolant (Figures 3-6(a) and 3-6(c)), very well-defined 

segmented chips are generated under HPC conditions (Figures 3-6(e) and 3-6(g)). In 

order to examine the shear bands differences in greater detail, EBSD analysis was used to 

investigate the highly deformed shear regions within each chip. The resulting orientations 

maps of the regions taken from the chips in Figures 3-6(a), 3-6(c), 3-6(e), 3-6(g) are 

shown in Figures 3-6(b), 3-6(d), 3-6(f), and 3-6(h), respectively. As shown, it can be 

observed that the grains are more elongated in case of HPC conditions which conforms 

the sever plastic deformation caused by HPC application. Here, the shear bands formed 

by dry and conventional coolant have very equiaxed grains (~1 μm) compared with a 

mixture of equiaxed grains (~3 μm) and very elongated grains. 
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Figure 3-6 SEM and BSE images of chip cross sections associated with orientations maps 

obtained under different cutting conditions (a-b) Dry; (c-d) Conventional coolant; (e-f) 

HPC of 35 bar; and (g-h) HPC of 70 bar 
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Figure 3-7(a) Parameters of chip serration, (b) the values of maximum and minimum chip 

thickness for different cooling conditions, (c-f) micrographs of serrated chip cross 

sections showing the average distance between segments at (c) dry; (d) conventional 

coolant; (e) HPC of 35 bar; and (f) HPC of 70 bar  

In addition, the chip thickness was also evaluated. The data that characterize chip 

serration are presented in Figure 3-7a. In this figure, h1 and h2 represent, respectively, the 

highest and lowest chip thickness, and w represents the distance between segments. The 
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values of h1 and h2 at distinct cooling conditions were measured, and the results are 

presented in Figure 3-7b. The difference between h1 and h2 is observed, and the values 

decrease under the supply of HPC.  

This also agrees with the previous conclusion that the HPC can enhance chip 

segmentation during the machining process. On the other hand, there is no noticeable 

difference between the values of h1 and h2 in case of dry and conventional coolant; these 

results confirm the previous conclusion that no segmentation can be observed under the 

use of dry and conventional coolant.  

Furthermore, the distance between segments (w) was measured and presented in Figure 3-

7(c-f). The distance between segments is 0.15–0.155 mm and 0.140–0.145 mm for 35 and 

70 bar, respectively (Figure 3-7 (e, f)) compared with 0.17–0.175 mm and 0.160–0.165 

mm for dry condition and conventional coolant, respectively, as shown in Figure 3-7 (c, 

d). The distance between segments was found to decrease under HPC, which promotes 

greater    shear formation during the turning process of stainless steel [25]. 

3.3.1.2 Chip characteristics 

The thickness of the chips (tc) and the tool–chip contact length (Lc) were measured 

according to the different cutting conditions proposed in this work. An example of 

measured tool chip contact length is shown in Figure 3-8.  
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Figure 3-8 Tool-chip contact length 

Table 3-2 Cutting characteristics at various cooling conditions 

Cooling 

condition 

Chip 

thickness 

(mm) 

Chip-tool 

contact 

length (mm) 

Chip 

thickness 

ratio 

Shear 

angle (°) 

Theoretical 

Coefficient 

of friction 

Dry 0.263 0.33 0.38 20.8 0.56 

Conventional 

coolant 

0.192 0.27 0.52 27.4 0.416 

HPC (35 bar) 0.135 0.22 0.74 36.2 0.234 

HPC (70 bar) 0.126 0.21 0.79 38.3 0.206 

From the chip characteristic results illustrated in Table 3-2, it is possible to see that there 

is an apparent difference in shear angle and coefficient of friction values for both the dry 

coolant and HPC. In this case, the chips obtained by HPC produced larger shear angles 

and a lower coefficient of friction. This phenomenon is a response to the effect of HPC 
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jets directed onto the cutting zone. As a consequence of better fluid access into the cutting 

zone, the tool–chip contact length is improved, resulting in lower chip thickness 

compared to dry and conventional conditions. Therefore, machining of AISI 304 under an 

HPC system produces a short shear area, which leads to thinner chips [8-11, 31] and 

lower cutting forces and friction coefficient [32].  

3.3.2 Chip morphology: effect of tool wear 

3.3.2.1 Chip segmentation frequency 

The degree of chip deformation was obtained for five different continuous chip segments 

and the mean value was used. Based on the measured parameters shown in Figure 3-7a, 

the degrees of chip segmentation can be calculated from Equation 1. 

𝐺𝑠 =
ℎ1 − ℎ2

ℎ2
 

(1) 

The graph in Figure 3-9 presents the relation between the degree of tool wear and chip 

segmentation. The measurements show that during the initial phase (new cutting tool 

insert), a continuous chip is generated in dry condition. Once a particular tool wear degree 

is reached (Fw=0.2 mm), the chip forming mechanism switches to produce a saw–tooth 

chip form. On the other hand, no clear variation was found in the degree of segmentation 

at different flank wears under HPC conditions, which indicates that flank wear did not 

affect the chip segmentation when HPC is used. 
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Figure 3-9 Correlation between tool-wear degree and chip-segmentation degree 

associated with SEM of chips 

Also, the variations in segmented chip features under increasing flank wear for dry 

conditions and HPC are summarized in Table 3-3. As in the dry condition, h1 and h2 

significantly increased along with the flank wear: these results confirm the previous 

conclusion that the chip’s structure is changed from continuous to saw-tooth form. In 

contrast, no significant difference in h1 and h2 values was found upon an increase in flank 

wear in the case of HPC due to high plastic deformation generated by HPC during the 
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cutting process. Furthermore, a slight increase of the chip width was observed around the 

flank wear in both conditions: dry and HPC. This condition is related to high wear and 

results in an unsharpened cutting tool, which consequently leads to a rough chip edge 

formation.  

Table 3-3 Chip characteristics at various cooling conditions and various flank wear value  

Cooling 

condition 

Flank wear 

(mm) 

Maximum chip 

thickness (mm) 

Minimum chip 

thickness (mm) 

Distance between 

segments (mm) 

Dry 0.1 0.251 0.248 0.175 

0.2 0.255 0.253 0.185 

0.3 0.259 0.251 0.198 

Conventional 

Coolant 

0.1 0.185 0.183 0.165 

0.2 0.189 0.185 0.173 

0.3 0.191 0.189 0.185 

HPC (35 bar) 0.1 0.137 0.122 0.160 

0.2 0.137 0.122 0.168 

0.3 0.138 0.122 0.172 

HPC (70 bar) 0.1 0.128 0.115 0.150 

0.2 0.129 0.117 0.163 

0.3 0.129 0.116 0.178 
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As discussed, the transformation from continuous chip to saw-tooth chip under dry and 

conventional coolant is accompanied by an increase in flank wear. Investigation of the 

chips’ free surface obtained under dry condition reveals two distinct structures, the most 

frequently observed of which is the lamellar structure (Figure 3-10(a)). A difference in 

the chips’ free surface geometry was investigated just prior to the formation of chip 

segments caused by an increase in flank wear. These new geometries, shown in Figure 3-

10(b), have been termed as folds. Further increase in flank wear leads to more 

deformation, which in turn can enhance the formation of saw-tooth chips (Figure 3-10(c)). 

 
Figure 3-10(a) Lamellae on the free surface of a continuous chip; (b) folds formed on the 

free surface of a continuous chip produced under the same conditions as the chip in a; (c) 

saw-tooth form chip under the same conditions as the chips in a and b 

3.3.2.2 Free surface of chips 

Figure 3-11(a, b) shows the free surface of typical chips obtained with new and worn 

tools under dry and HPC conditions. A lamellar structure is evident on the underside of 

the chips obtained under dry conditions and HPC (Figures 3-11(B, G)). At high 

magnification, it is observed that each segment of the free surface has slipping and 



` 

103 

 

undeformed surfaces, (Figures 10(a-C, b-C)). With the new tool, the slipping surface 

features a high number of dimples (Figures 3-11(C, H)), as a result of high plastic 

deformation during chip segmentation. As shown, the incidence of dimples in case of 

HPC is greater compared to the dry condition, which confirms that HPC is capable of 

increasing the plastic deformation during cutting and consequently, the fracture 

mechanism. On the other side, it can be seen that there are sliding lines on the 

undeformed surface, as described in Figures 3-11(C, H), which were produced by high 

friction between the cutting tool and the chip (the frequency of sliding lines is less in HPC, 

since the tool–chip contact length is lower (Table 3-3)).  

When the cutting tool reaches its maximum wear (Fw=0.3 mm) under the dry condition, 

the frequency of undeformed surfaces is greater than that of the new tool because the 

chips are transformed from continuous into segmented types, as described in Figure 3-9. 

Also, the deformation on the slipping surface shows an obvious viscous behavior (Figure 

3-11(a-E)), which indicates that the cutting temperature is much higher at tool failure 

compared to that of a fresh tool. In contrast, at the end of tool life with HPC, no viscous 

behavior is observed (Figure 3-11(b-E)), which indicates that the HPC is capable of 

significantly decreasing the cutting temperature even at a greater flank wear. 
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Figure 3-11 Chip morphology obtained in (a) dry and (b) HPC; (A-D) and (F-I) images 

of free chip surface, generated with new tool and (E-J) with worn tool 
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3.4. Understanding the chip breaking process  

During the machining operation, the penetration of the coolant at the tool–chip interface 

affects the chip formation and its removal from the cutting area [33]. Since machining 

involves a great deal of chip formation processes, their breaking mechanisms have been 

studied for many years [5, 7, 17, 18]. The mechanisms of chip breaking are found to be 

affected by different parameters, such as machining conditions, workpiece material, tool 

insert geometry, cutting fluid and pressure level [6, 9]. In this section, the theory of chip 

breaking will be discussed in general and then the influence of HPC on chip breakability 

will be investigated. Following the chip breaking theory, the chip upcurl radius will be 

measured at different cooling conditions to study the impact of different cooling 

conditions on the chip curling behavior. 

3.4.1 Chip breaking theory 

Chip curling mainly depends on the direction of chip flow [23]. The chip curl geometry is 

defined by three parameters, side curling, upcurling, and twisting [34] (Figure 3-12(a-c)). 

The chip upcurl radius (Rf) has an important influence on chip breakability where upcurl 

is dominant [11]. The chip breaking process occurs when strain on chip body exceeds the 

maximum strain of chip material which is mainly the result of forces generated by HPC 

[36]. These contact forces will generate a moment leading up to chip fracture [35], and 

this is expressed as: 
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휀𝑐ℎ𝑖𝑝 =
𝑡𝑐

2
[

1

𝑅𝑓
−

1

𝑅𝑛
] ≥ 휀𝑓𝑟 

(

2) 

Where tc is the chip thickness, Rn is the natural chip radius, and 휀𝑓𝑟is the breaking strain. 

 
Figure 3-12 (a-c) Parameters of chip curl radius; (a) chip up side radius; (b) Chip up curl 

radius; (c) twisting. [45], and (d) the formation of segmented chips under HPC supply 

[15] 

Mathematical equations utilizing the above formula were characterized by Nakayama et 

al. [37]. The formulations of chip curl are qualitatively defined, and they have been used 

for many years to predict the chip breaking behavior. However, these equations miss the 

linkage between HPC and chip curling. Thus, understanding the role of HPC on the chip 

upcurl radius is necessary to predict chip breakability during machining. 
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To understand the relation between HPC and chip curling, Figure 3-12 (d) illustrates how 

HPC can affect the chip curling process. As shown, the mechanism of chip curling 

through the HPC system is a continuous process. After deformation occurs at the primary 

shear plane, the chip starts to grow and curl due to the high pressure of the HPC system 

[38]. Then, due to high force of the HPC, the chip further grows until it reaches the limit 

of chip material strain [5]. The most probable point of breakage is where the HPC is at its 

maximum strength, forcing the chip away from the cutting tool [12]. Meantime, a new 

chip is formed, and the process repeats itself [39].  

3.4.2 Chip upcurl radius measurement 

The final chip upcurl radius was measured to quantify the above observations and relate 

them to the cutting conditions. The main part of this study focuses on the capability to 

employ chip upcurling as a method to verify the theoretical model of chip breaking in the 

machining operation.  

After each test, the chips were collected and scanned using SEM to measure the chip 

upcurl radius. The variation of chip radius with respect to the cooling conditions is shown 

in Figure 3-13. It seems that the final chip upcurl radius depends on the coolant 

conditions. Firstly, under dry and conventional coolant, the chips showed a large radius 

which corresponds to the shape of the chip space of the cutting tool [5]. The larger tool-

chip contact length, results in a greater tendency of material sticking on the cutting tool, 
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restraining further chip movement [22]. In contrast, under HPC conditions, the chips 

become smaller, reducing chip length as well as the final chip upcurl radius [40]. 

  

  
Figure 3-13 Chip upcurl radius under different cooling conditions; (a) dry; (b) 

conventional coolant; (c) HPC of 35 bar; and (d) HPC of 70 bar 

3.5 Theoretical modelling of chip curling 

In this section, a 3D theoretical model will be developed to predict chip upcurl radius 

under HPC. To derive the model, the effect of plastic strain on chip free surfaces will be 

derived individually in section 5.3. Next, the effect of HPC on the chip body will be 

investigated in section 5.4. The model is based on the shear plane and structural 
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mechanical theories involving plastic strain and bending moments along the length of the 

curled chip caused by HPC. 

3.5.1 Theory 

In the theoretical model, it is assumed that the cutting tool is rigid with rake angle (γ) and 

the undeformed and formed chip thicknesses are denoted t and tc, respectively. Merchant 

[41] applied the shear plane theory (Figure 3-14(a)) to derive an expression for the plastic 

strain as: 

휀 =
𝑐𝑜𝑠𝛾

𝑐𝑜𝑠(𝛷 − 𝛾)𝑠𝑖𝑛𝛷
 

(

3) 

Where Φ is shear angle 

Astakhov and Shevets [42] modified Equation 3 and used a von Mises yield criteria to 

derive the plastic strain on the chip free surface during 3D chip formation and the derived 

equation is as follows: 

휀 =
√2

3
[(휀𝑥 − 휀𝑦)

2
+ (휀𝑦 − 휀𝑧)

2
+ (휀𝑧 − 휀𝑥)2 + 6(𝛾𝑥𝑦

2 + 𝛾𝑦𝑧
2 + 𝛾𝑧𝑥

2 )]
0.5

 
         (4) 

Where εx, εy, εz, γxy, γxz, γyz are the strain components of the strain tensor. 

From literature, there are many authors who used the plastic chip strain as a method for 

predicting the chip breaking process. They showed that by decreasing the chip upcurl 
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radius, the tendency of chip failure increases by enhancing the chip plastic strain [5.7]. 

Nakamura [37] presented a relation of the plastic chip strain, which developed from the 

initial chip upcurl radius to the final chip upcurl radius (Equation 2).  

However, there are many researches in this field, the scarcity of basic theory for 3D 

plastic flow and study the effect of HPC on chip breakability make it difficult to develop 

a 3D oblique cutting model. Here, the objective of introducing these parameters to make 

the model simpler to develop. A 3D oblique process can be treated as a modification of a 

2D orthogonal cutting process. Therefore, the fracture mechanism of 3D process can be 

described by the 2D bending of a curved beam. The only difference here between 

Nakamura equation and Equation 5 is that the used parameters should be replaced by their 

corresponding parameters, i.e: 

휀𝑢𝑝 =
𝑡𝑐

2𝑅𝑓
 

(5) 

Where tc is the maximum chip thickness, Rf is the radius of chip fracture, and 휀𝑢𝑝is the 

chip strain. 

However, few authors derived theoretical models that show the effect of plastic strain on 

chip curling. A clear understanding of the mechanism of chip breakability under HPC use 

is yet to be found. The bending moment and forces acting on the chip body through HPC 

play a key role in the chip curling and breaking process [38]. The chip’s formation out of 

the cutting tool edge’s meeting point with the workpiece is considered to be a plastic 
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deformation process [45]. After this process occurs, the material of the chip shows 

obvious strain hardening. Thus, it is assumed that the chip generated after HPC has no 

further plastic deformation [38]. The chip is presumed to move with an angular speed as a 

static structure. By understanding how the forces and bending moments affect the chip 

body, the chip breakability will be investigated. 

In summary, chip upcurling plays a vital role on chip breakability. The impact of HPC on 

chip upcurling behavior still merits further investigation, which may help to develop a 

more effective system with favorable chip breaking properties. 

3.5.2 Model assumptions 

The machining operation is a sophisticated process; thus, several assumptions were made 

to predict the chip upcurl radius. The theoretical model thus assumes the following holds 

true: 

(1) Tool edge radius is neglected; 

(2) Chip formation is continuous; 

(3) Volume is constant;  

(4) No material separation;  

(5) The chip forming after the application of HPC has no further plastic deformation; 
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(6) The cutting tool and the machining system are rigid during the cutting operation. 

3.5.3 Derivation based on shear plane theory 

As discussed in the previous section, the chip plastic strain (εup) is a function of both tc 

and Rf (Figure 3-14a). εup is proportional to the tc and inversely proportional to Rf 

(Equations 5). To predict the value of Rf, it is necessary to predict the values of εup and tc. 

tc can be calculated from Equation 6. 

𝑡𝑐 =
𝑡

𝑟
 

(6) 

Where thickness ratio, r, is assumed to be 0.05 [42]. Thus, tc can be assumed to be 0.05t. t 

can also be calculated from Equation 7. 

  
Figure 3-14(a) Graphical representation of shear plane model and (b) deformation axes 

for chip curling phase [42] 

𝑡 = 𝑓𝑐𝑜𝑠𝛷 (7) 

To be able to define the tensor of the chip strain, the tensor is conducted around the 

rotation angle (θ) (Figure 3-14(b)). This tensor can be described using Mohr’s circle 

(b) (a) 
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relationship. Equation 8 relates the transformation of a strain tensor from the unrotated 

ab-coordinate system. Here, the tensor is assumed to be rotated around the third axis (ψ). 

휀𝑢𝑝 = ⌊
휀𝑎 𝛾𝑎𝑏

𝛾𝑏𝑎 휀𝑏
⌋ (8) 

Considering the deformation axes and volume constancy, εa, εb, and γab=γba can be 

calculated as follows:  

휀𝑎𝑥 =
휀𝑥𝑥 + 휀𝑧𝑥

2
+

휀𝑥𝑥 − 휀𝑧𝑥

2
𝑐𝑜𝑠(2𝜓) + 𝛾𝑥𝑧𝑠𝑖𝑛(2𝜓) (9) 

휀𝑎𝑦 =
휀𝑥𝑦 + 휀𝑧𝑦

2
+

휀𝑥𝑦 − 휀𝑧𝑦

2
𝑐𝑜𝑠(2𝜓) − 𝛾𝑥𝑧𝑠𝑖𝑛(2𝜓) 

(10) 

휀𝑏𝑥 =
휀𝑥𝑥 + 휀𝑧𝑥

2
+

휀𝑥𝑥 − 휀𝑧𝑥

2
𝑐𝑜𝑠(2𝜓) + 𝛾𝑥𝑧𝑠𝑖𝑛(2𝜓) (11) 

휀𝑏𝑦 =
휀𝑥𝑦 + 휀𝑧𝑦

2
+

휀𝑥𝑦 − 휀𝑧𝑦

2
𝑐𝑜𝑠(2𝜓) − 𝛾𝑥𝑧𝑠𝑖𝑛(2𝜓) 

(12) 

𝑅 =
−휀𝑎 − 휀𝑏

2
𝑠𝑖𝑛(2𝜓) + 𝛾𝑎𝑏𝑐𝑜𝑠(2𝜓) (13) 

휀𝑎 =
휀𝑎𝑥 + 휀𝑎𝑦

2
 

(14) 

휀𝑏 =
휀𝑏𝑥 + 휀𝑏𝑦

2
 

(15) 

휀𝑎 =
휀𝑥 + 휀𝑧

2
+

휀𝑥 − 휀𝑧

2
𝑐𝑜𝑠(2𝜓) (16) 
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휀𝑏 =
휀𝑎 + 휀𝑏

2
−

휀𝑎 − 휀𝑏

2
𝑐𝑜𝑠(2𝜓) (17) 

𝛾𝑑𝑐 =
−휀𝑎 − 휀𝑏

2
𝑠𝑖𝑛(2𝜓) (18) 

Thus, the chip upcurl strain tensor can be expressed in the XYZ coordinate system as 

follows: 

휀𝑢𝑝 = ⌊

휀𝑥 + 휀𝑧

2
+

휀𝑥 − 휀𝑧

2
𝑐𝑜𝑠(2𝜓) + 𝛾𝑎𝑏𝑠𝑖𝑛(2𝜓) 0

−휀𝑥 − 휀𝑧

2
𝑠𝑖𝑛 (2𝜓) + 𝛾𝑎𝑏𝑐𝑜𝑠(2𝜓)

0 휀𝑦 = 휀𝑧 0
−휀𝑥 − 휀𝑧

2
𝑠𝑖𝑛 (2𝜓) + 𝛾𝑎𝑏𝑐𝑜𝑠(2𝜓) 0

휀𝑥 + 휀𝑧

2
−

휀𝑥 − 휀𝑧

2
𝑐𝑜𝑠(2𝜓) − 𝛾𝑎𝑏𝑠𝑖𝑛(2𝜓))

⌋ 

(

(19) 

To solve the tensor, I1, I2 and I3 can be calculated as follows: 

−휀3 + 𝐼1휀2 − 𝐼2휀 + 𝐼3 = 0 (20) 

𝐼1 = 휀𝑥 + 휀𝑦 + 휀𝑧 (21) 

𝐼2 = 휀𝑋휀𝑦 + 휀𝑦휀𝑧 + 휀𝑥휀𝑧 − 𝛾𝑥𝑦
2 − 𝛾𝑥𝑧

2 − 𝛾𝑦𝑧
2  (22) 

𝐼3 = 휀𝑥휀𝑦휀𝑧 + 2휀𝑥𝑦휀𝑥𝑧휀𝑦𝑧 − 휀𝑥𝑦
2 휀𝑧 − 휀𝑥𝑧

2 휀𝑦 − 휀𝑦𝑧
2 휀𝑧𝑥 (23) 

By knowing the values of I1, I2 and I3, εup can be obtained from Equation 19 and Rf from 

Equation 5. 
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3.5.4 Derivation based on structural mechanics theory 

HPC used with continuous chip production may strike the chip, creating a reactive force 

on it, causing a bending moment to act along the chip body, which in turn, bends the chip 

[46]. In this case, the curved chip can be considered to be a statically d’eterminant curved 

beam as shown in Figure 3-15(a). To analyze the force system on the curled chip, the chip 

may be regarded as a free body held in static equilibrium and the force system acting on it 

(Figure 3-15(b)) [47].  

 

 
 

  

Figure 3-15 (a) The force model for HPC, hitting chip and (b) the free body diagram of 

chip curling 

𝑅1 + 𝑅2 + 𝑅3 = 0    (24) 

By using the vector equilibrium relationship of forces (Equation 24), the equation can be 

expressed as follows: 

−𝑅1𝑠𝑖𝑛ῳ1 + 𝑅2𝑠𝑖𝑛ῳ2 + 𝐹𝑛3𝐶𝑜𝑠𝜎 + 𝐹3𝑐𝑜𝑠(90 − 𝜎) = 0 (25) 

(b) (a) 

F3 

𝜹 

 

 F3 

Fn3 

σ 
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𝑅1𝑐𝑜𝑠ῳ1 − 𝑅2𝑐𝑜𝑠ῳ2 − 𝐹𝑛3𝑆𝑖𝑛𝜎 − 𝐹3𝑠𝑖𝑛(90 − 𝜎) = 0 (26) 

The friction force (F3) can be expressed as 𝐹3 = μ𝐹𝑛3, where µ is the friction coefficient, 

thus µ can be expressed by: 

μ =
𝐹3

𝐹𝑛3
 

(27) 

From Equations 25, 26 and 27, R2 can be expressed as follows:  

𝑅2 =
𝐹𝑛3

𝑠𝑖𝑛ῳ2
(𝑐𝑜𝑠σ+µsinσ) + 

𝑅1 sin ῳ1

𝑠𝑖𝑛ῳ2
 (28) 

Substitution of Equation 27 into Equation 28, F3 and Fn3 can be expressed as follows: 

𝐹𝑛3 =
𝑅1(𝑐𝑜𝑠ῳ1𝑠𝑖𝑛ῳ2 − 𝑐𝑜𝑠ῳ2𝑠𝑖𝑛ῳ1)

𝑐𝑜𝑠ῳ2𝐶𝑜𝑠𝜎 − 𝑠𝑖𝑛ῳ2𝑆𝑖𝑛𝜎 + μ(𝑠𝑖𝑛ῳ2𝑐𝑜𝑠𝜎 + 𝑐𝑜𝑠ῳ2𝑆𝑖𝑛𝜎)
 

         (29) 

𝐹3 =
μ𝑅1(𝑐𝑜𝑠ῳ1𝑠𝑖𝑛ῳ2 − 𝑐𝑜𝑠ῳ2𝑠𝑖𝑛ῳ1)

𝑐𝑜𝑠ῳ2𝐶𝑜𝑠𝜎 − 𝑠𝑖𝑛ῳ2𝑆𝑖𝑛𝜎 + μ(𝑠𝑖𝑛ῳ2𝑐𝑜𝑠𝜎 + 𝑐𝑜𝑠ῳ2𝑆𝑖𝑛𝜎)
 

         (30) 

Therefore, based on the force equilibrium principle, the bending moment M at any cross 

section along the curved chip length located at the spiral angle δ, can be determined from 

the following:  

𝑀 = 𝐹3𝑅𝑓(1 − 𝐶𝑜𝑠𝛿) − 𝐹𝑛3𝑅𝑓𝑆𝑖𝑛𝛿      (31) 

Or, 𝑀 = 𝐹𝑛3𝑅𝑓(μ − μ𝐶𝑜𝑠𝛿 − 𝑆𝑖𝑛𝛿)      (32) 
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From the values of Fn3, M, µ, and spiral angle (σ), final chip upcurl radius can be 

calculated: 

𝑅𝑓 =
𝑀

𝐹𝑛3(μ − μ𝑐𝑜𝑠𝛿 − 𝑠𝑖𝑛𝛿)
 (33)                                                                                                            

From Equations 5, 19, and 33, final chip upcurl radius obtained by HPC is: 

𝑅𝑓𝐻𝑃𝐶 = |
𝑡𝑐

2휀𝑢𝑝
−

𝑀

𝐹𝑛3(𝜇 − 𝜇𝑐𝑜𝑠𝛿 − 𝑠𝑖𝑛𝛿)
| (34) 

Where, tc, εup, and μ, Fn3, M are determined by Equations 5, 19, 27, 29, and 32, 

respectively. 

3.5.5 Model validation 

The theoretical model established above to predict the resultant chip upcurl radius was 

evaluated for its credibility. The experimental values of chip upcurl radius were compared 

to the predicted values obtained from the theoretical models (Figure 3-16). Figure 3-16(a) 

and 3-16(b) show the average prediction errors at different feed rates for HPC (35 bar) 

and HPC (70 bar), respectively. As shown, the resultant chip upcurl radius values 

generated by the model gave results very close to the experimental values of the resultant 

chip upcurl radius with an error of 5 – 6 %.  
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Figure 3-16 Comparison between the average values of theoretical and experimental chip 

curl radius with (a, b) HPC of 35 bar and (c, d) HPC of 70 bar 

In addition, in Figure 3-16(c) and 3-16(d), the average prediction errors at different 

cutting speeds are 8% and 9% for HPC (35 bar) and HPC (70 bar), respectively. This 

indicates that the proposed model is reliably able to predict the chip upcurl radius even at 
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different cutting speeds. From these comparisons, it can be concluded that the theoretical 

model can make a very good predictions for chip upcurl radius at different HPC 

conditions as well as at different cutting conditions.   

Table 3-4 Validation of Experiment 

 

HPC Cutting speed 

(m/min) 

Feed rate 

(mm/rev) 

Average 

experimental 

value (µm) 

Average 

theoretical 

value (µm) 

Error 

% 

35 bar 60 0.1 920 966 5 

0.2 2130 2282 7 

0.3 3250 3434 5.6 

100 0.1 950 912 4 

0.2 2250 2115 6 

0.3 3122 2915 6.6 

150 0.1 910 846 7 

0.2 2232 2101 5.9 

0.3 3015 2880 4.5 

70 bar 60 0.1 807 742 8 

0.2 2091 1950 6.7 

0.3 2930 2850 2.7 

100 0.1 790 740 2 

0.2 1998 1820 6.3 

0.3 2710 2513 7.2 

150 0.1 720 665 7.6 

0.2 1807 1730 4.2 

0.3 2520 2320 7.9 

(b) 
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Table 3-4 shows the exact percentage of error between the results obtained from 

experimental and theoretical model values for the two different HPC conditions at 

different cutting conditions. This shows that the theoretical model can be used in the 

future to monitor chip breakability under HPC supply at different cutting conditions. 

3.6 Conclusions 

In this research, multiple experiments were conducted to investigate the chip morphology 

and the chip forming mechanism during machining of AISI 304 stainless steel with an 

HPC system, and to compare the results with those of dry and conventional coolant. From 

the experimental results and theoretical model, the specific conclusions can be drawn: 

1. HPC conditions help to break up chips, producing shorter segmented chips, which 

in turn enhance the process efficiency. However, dry and conventional coolant did 

not show a distinct effect on chip breakability. 

2. HPC conditions produce more regular serration in the chips, compared with absent 

segmentation observed in dry and conventional coolant. 

3. Tribological performance was improved with HPC. Lower chip thickness and 

higher shear angle are obtained under HPC conditions, compared to dry and 

conventional coolant, which in turn leads to decrease cutting forces and increase 

chip curl to improve chip control.  
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4. The chip undersurface is smooth and has no observable defects under HPC 

conditions, indicating low tool-chip contact length and consequently lower friction 

between the chip and the cutting tool.  

5. The variation of flank wear affects the chip forming mechanism and its 

segmentation. Machining with new tool inserts under dry and conventional 

coolant, generated continuous chips, and upon increasing flank wear, the type of 

generated chip transitions from continuous to saw-tooth. This is due to high 

friction between the worn cutting edge and chip, leading to significant shear on 

the machined surface in the chip. 

6. No significant difference was found in the degree of segmentation in the case of 

HPC at different flank wears, which indicates that the flank wear did not affect the 

chip segmentation whenever HPC is used. This is due to sever plastic deformation 

caused by HPC application. 

7. Lastly, a 3D theoretical model was developed to predict chip upcurl radius under 

HPC machining and the results were found to be in good agreement with actual 

measurements taken from a machining experiment with AISI 304 stainless steel. 
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Abstract 

This work features a comprehensive investigation of built-up edge (BUE) formation 

during machining of superduplex stainless steel (SDSS), grade UNS S32750. To visually 

investigate BUE formation during the machining test, a detailed examination of BUE 

structures obtained at different cutting speeds was performed. The BUE geometries were 

determined by scanning electron microscope (SEM) and 3D white light interferometry. In 

addition, various BUE adhesion patterns were analyzed through electron backscatter 

diffraction (EBSD) and nano-indentation methods. The examined BUE revealed a high 

level of grain refinement and elongation for both ferrite and austenite structures, as well 

as a tool protection effect at specific cutting speeds. Finally, the influence of BUE on the 

machining process in terms of chip formation and surface integrity was studied in detail. 

Considerable improvements could be made to the frictional conditions and workpiece 

surface integrity at low cutting speeds. 

Keywords 

built-up edge, machining of SDSS, tool wear, surface integrity, friction condition

4.1 Introduction 

A phenomenon known as a built-up edge (BUE) may happen in the cutting zone during 

machining of dual phase materials such as super duplex stainless steel (SDSS) [1]. The 
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BUE is an extremely deformed material which firmly sticks at the tool-chip interface 

throughout the cutting test [2]. Compressive stresses are so high during machining which 

make the bonds between the BUE and the tool are strong enough to block the material 

from sliding above the cutting tool [3, 4]. Trend and wrights [5] describes the BUE 

phenomenon: at the beginning of cut, the material strongly adheres to the tool through 

atomic bonds which increases yield strength. Therefore, the shear stresses are not large 

enough to overcome these bonds. As the strains continue to rise, another layer of 

workpiece material is formed. The repetition of this process generates a fully developed 

BUE. As BUE evolves, its yield point also gradually increases until the shear stresses are 

not high enough to break these bonds [6]. Whenever the shear stresses exceed the bond 

force of the BUE, the latter breaks off and becomes carried away by the chip or the 

workpiece [7, 8]. A new BUE then emerges, and the process is repeated. This 

phenomenon may also develop some microcracks which may contribute to cutting tool 

failure [2, 9]. 

The highly deformed material on the cutting tool may cause a variation in cutting edge 

geometry and affect process outputs, especially surface quality [9]. Oliaei et al. [10] 

concluded that larger BUE sizes lead to higher cutting force components and better 

workpiece quality. However, Sivaiah et al. [11], Wika et al. [12], and Medeoss et al. [13] 

reported that the growth of BUE causes a reduction in machined surface finish. The bad 

surface quality can be due to the instability of BUE during the machining process, and, 

when it breaks off, some particles of BUE stick on the machined surface, reduce the 

surface quality. Also, Ahmed et al. [9] observed that the development of BUE has a 
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significant effect on the machined workpiece residual stresses, where a noticeable 

increase in tensile residual stress was noticed with a rise in BUE height. Furthermore, 

continuous appearance and disappearance of BUE have a significant effect on tool wear 

behavior; sometimes decreasing the tool life and sometimes enhancing it [14]. Kumar et 

al. [15] noticed that the high temperature generation due to dry turning might cause 

higher and unstable BUE formation on the cutting tool, resulting in a decrease in tool life. 

While Niknam [16] and Kümmel et al. [17] observed that tool life improves when 

intended BUE develops on the cutting edges during machining. BUE influences friction 

behavior at the tool–chip zone where it behaves as a new edge, preventing the chip from 

directly contacting the cutting tool, which increases cutting edge life [18]. In our earlier 

investigation [9], the positive impact of BUE on tool wear was investigated during the 

cutting of AISI 304 material. It was found that sometimes the BUE is capable of 

minimizing friction at the tool-chip interface, reducing the cutting tool wear. However, 

upon reaching a particular size, the BUE tears off completely, damaging the tool surface. 

It is well known from the literature that various significant factors affect BUE formation, 

such as machining temperature, cutting speeds, work hardening, etc. [19]. The relation 

between these parameters is independent and predicting their influence on BUE evolution 

is exceedingly tricky. Medina-Clavijoa [20] reported that strain hardening of the 

workpiece material could promote the growth of a BUE; however, it's not necessary to 

expect every material with high strain hardening to form BUE because BUE does not 

exist under all cutting conditions [4,6]. Bilgin [21] studied BUE behavior at different 

cutting conditions, and the author found that cutting speed has a more significant effect 
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on BUE size than feed rate and depth of cut. In an earlier study, Trent [22] reported the 

change in BUE formation at different cutting conditions for a particular workpiece 

material. Charts were drawn in this investigation, from which conditions for BUE 

emergence could be predicted. Although this type of data is beneficial for industry, there 

are still many parameters that can affect the formation of BUE, making prediction 

difficult. 

Most recent machining studies related to BUE [14, 21, 23] concentrated only on the study 

of BUE formation at different machining conditions. However, few research studies [14, 

24] were conducted to examine the structure of the BUE itself during the machining 

process. In the current work, an in-depth study of BUE structure was performed to 

understand the mechanism of BUE and microcrack formation. The protective effect of 

BUE is anticipated in this study, therefore the tool wear will be inspected at different 

cutting lengths throughout the machining process. According to the discussed litrature, 

this research addresses the following aspects:  

(i) Examination of BUE structures at different cutting speeds and study of the 

potential protective effect of BUE,  

(ii) Understanding the mechanisms of BUE through an in-depth investigation of 

microcrack formation and EBSD analysis, 

(iii) Ascertaining the effect of cutting speeds and BUE formation upon machining 

performance and machined surface quality.  
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4.2 Experimental work 

4.2.1 Workpiece material and cutting conditions  

In this study, turning experiments were implemented on SDSS—type UNS S32750. 

cylindrical pipes. The chemical composition and the mechanical properties of the 

workpiece are presented in Table 4-1.  

Table 4-1 Chemical composition and mechanical properties of S32750 [36] 

Chemical Composition % 

C Si Mn P S Cr Ni Mo N 

0.03 0.80 1.2 0.035 0.02 25 7 4 0.24 

Proof Strength (0.2% yield) MPa Tensile Strength MPa Elongation % Hardness HRC 

550 800–1000 15 32 

SDSS samples were cut, cold mounted and polished. A Beraha etching solution (50 mL 

H2O + 20 mL hydrochloric acid + 0.4 g of potassium metabisulfite) was used to reveal 

the microstructure. The microstructure of the SDSS sample was captured using a Nikon 

ECLIPSE LV 100 microscope. Figure 4-1 presents the phase distribution of each phase of 

the workpiece material, where ferrite content is 36% and austenite 64%. 
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Figure 4-1 Microstructure of the SDSS UNS S32750 at 100× showing the distribution of each 

phase 

The cutting experiments were performed on a CNC lathe machine (OKUMA Crown 

L1060), under wet conditions, using a semi-synthetic cutting coolant CommCool™ 8800. 

As suggested by [6], a coolant flow rate of 12 L min
-1

 with a concentration of 6% was 

selected in the cutting tests. Uncoated carbide tools manufactured by Sandvik 

(CNMG432-SM) were chosed to perform the cutting experiments. The tool geometry 

data and cutting parameters used in cutting trials are summarized in Table 4-2. 

Table 4-2 Tool geometry and cutting parameters used in cutting experiments 

Tool geometry 

Rake angle (°) 9 

Clearance angle (°) 5 

Wedge angle (°) 76 

Nose radius (mm) 0.8 

Edge radius (µm) 24 

Cutting parameters 

Cutting speeds (m/min) 60, 110, 150  

Feed rate (mm/rev) 0.3 mm/rev 

Depth of cut (mm) 0.5 mm 
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4.2.2 Cutting tests and characterization methods 

Average flank wear (VBB) was measured during the machining tests using an optical 

microscope with each experiment conducted thrice. The cutting tests were stopped at 

VBB of 0.3 mm, as recommended by the ISO 3685 Standard [25]. Comprehensive 

characterization of the cutting tool was performed at different cutting lengths and flank 

wear values using a scanning electron microscope (SEM), model- Vega 3-TESCAN. 

Also, the height of BUE and its area were measured during the cutting process using a 

white light interferometry microscope (Alicona Infinite Focus). This investigation was 

conducted with a 50X magnification and the measurements were performed three times 

for each cutting tool. 

For a more detailed investigation of the mechanism of BUE formation, a wire EDM was 

used to separate the BUE samples into sections. The reason for choosing wire EDM 

technique is the ability to cut hard materials like stainless steels very smoothly without 

any burrs on the surface [26]. The region from which the samples were prepared is shown 

in Figure 4-2. BUE samples were polished using MD-Mol pads down to 0.025 µm and no 

etching solution was applied for the Electron Backscatter Diffraction (EBSD) analysis. 

EBSD analysis was carried out on a JEOL 6610LV scanning electron microscope with 

the sample being placed at a 70 degrees tilt. The phase and orientation mapping was 

performed by Tango-Maps software and processed with Chanel 5HKL. Also, nano-

indentation tests were conducted in a Micro Materials NanoTest indentation testing 

platform to measure the hardness differences in the BUE samples obtained at various 

cutting speeds. All the measurements were done at room temperature using a diamond 
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Berkovich indenter, with the indentation load of 100 mN being applied at a constant rate 

throughout the test.  

 
Figure 4-2 (a) and (b) cutting tool cross section, c) the mounted tool showing the position of 

built-up edge, and (d) backscattered image of the cutting tool cross section 

To understand the impact of BUE size on machining outputs, a tool holder dynamometer 

(Kistler–-type 9121) was used to measure cutting forces during the machining process. 

Next, chip thicknesses obtained at different cutting speeds were measured at least three 

times with the average value being taken. Then, according to M.Shaw [27], both the chip 

thickness ratio and the shear angle were calculated. The chip undersurface was also 

analyzed using SEM to examine the friction condition in the cutting zone at varied 

machining parameters. Average surface roughness (Ra) of the chip undersurface and the 

machined workpiece were studied using an Alicona microscope with a profile roughness 

module [28]. Finally, the microhardness of the workpiece was determined after the 
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machining test. The measurements were performed using a microhardness tester with an 

applied load of 0.05 kgf for 20 s. 

4.3 Results and discussions 

4.3.1 Investigation of BUE formation 

4.3.1.1 Variations in BUE dimensions 

In the first section of the results, BUE produced on the new cutting tools (after a short 

pass) at different cutting speeds is investigated. Figure 4-3 presents the flank and rake 

faces of the cutting tools obtained at 60, 100, and 150 m/min, respectively. As shown, the 

most significant BUE height and area can be seen at 60 m/min on the flank and rake faces 

(Figure 4-3(a)). However, the height and area of BUE diminish (Figure 4-3(b, c)), as 

cutting speed is increased (100 and 150 m/min). It is also evident from the rake face 

images that only adhesion is present at all investigated cutting speeds; here the BUE has a 

different distribution on the cutting tools. Most BUE material generates quite close to the 

tool edge (Figure 4-3(c)) at high cutting speeds, whereas BUE (Figure 4-3(a, b)) covers a 

large area at lower cutting speeds.  
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Figure 4-3 Flank face and rake face of the cutting tools for the cutting speeds of (a) 60 m/min, 

(b) 100 m/min, and (c) 150 m/min 

Figure 4-4 (a) reports the BUE height and area measurements for various cutting speeds 

and Figure 4-4 (b, c) shows examples of BUE height and area measurements. It can be 

clearly seen in Figure 4-4 that BUE height and area diminished as cutting speed increased 

(BUE height reduced from 70 μm to 35 μm for vc=60 m/min and vc=150 m/min, 

respectively whereas the BUE area decreased from 325000 μm² to 215000 μm² for vc=60 

m/min and vc=150 m/min, respectively). These results entirely agree with those obtained 

by Bilgin [21] for AISI 310 austenitic stainless steel at vc= (50–150) m/min. The author 

also found no presence of BUE at higher speeds. This can be attributed to the reduction of 

the time it takes for temperature to be dissipated, causing a significant increase in the 

cutting temperature [29, 30]. 
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Figure 4-4 (a) height and area measurements of the BUE at different cutting conditions, (b) and 

(c) Alicona images, showing the measurements of BUE height and area, respectively 

4.3.1.2 Positive influence of BUE  

Different wear experiments were performed to understand the potential protective impact 

of BUE on the edge life. The cutting process was paused every 200 m and the cutting tool 

was observed with optical microscopes and SEM. Figure 4-5a presents the flank wear 

variation with cutting speed and length. Figure 4-5(b-d) shows SEM images of the cutting 

edges obtained at various cutting speeds (60-150 m/min) and after cutting 2000 m. The 

results shown in Figure 4-5 clarify that as cutting speed increases, flank wear on the cutting 

tools correspondingly increases as well. Low flank wear is present (Figure 4-5(b)) at a 60 

m/min cutting speed, compared with high flank wear at 150 m/min (Figure 4-5(d)). Also, it 

is evident that chipping and crater wear are the main wear types present at a high cutting 

speed (150 m/min). No evidence of crater wear or chipping can be seen at lower cutting 

speeds (60 and 100 m/min), which indicates that BUE could benefit tool life by preventing 
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the tool from chipping and catastrophic failure. In general, the high cutting pressure and 

force during machining tends to cause cracks and chipping on the tools [31, 32]. As shown, 

the BUE formed at lower cutting speeds (Figure 4-5(b, c)) covers a larger area of the rake 

face compared to the higher cutting speed (Figure 4-5(d)). This gives the BUE a greater 

chance to protect the cutting tool from wear, since the new chip forms above the cutting 

edge that is altered by the adhering BUE (Figure 4-5(b, c)). Thus, the cutting tool featured 

lower wear at a lower cutting speed compared to the higher cutting speeds.  

 

 

Figure 4-5(a) relation between flank wear, cutting speed, and cutting length, (b-d) SEM 

images of the cutting tools after cutting length of 2000 m at different cutting speeds 

  

 

 

 

Fig. 5. (a) relation between flank wear, cutting speed, and cutting length, (b-d) SEM images of the cutting tools after cutting length of 

2000 m at different cutting speeds. 
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To validate this explanation, real-time monitoring of BUE formation was performed 

using a high speed camera (HSC) during the cutting process. It is worth mentioning that 

the experimental setup of HSC is shown in Figure 4-6(a).  

 
Figure 4-6(a) setup of high speed camera, (b) and (c) micrographs of built-up edge obtained at 60 

m/min and 150 m/min, respectively 

The HSC captured the cutting temperature at a frame rate of 20000 fps and 8ms time. 

Figures 4-6(b, c) illustrate representative examples of the BUE image captured at the 

lowest and highest cutting speeds (60 m/min and 150 m/min), respectively. As can be 

seen at a lower cutting speed, the BUE situated between the cutting tool and the chip, 

protects the cutting tool from direct contact with the chip. However, no BUE can be 
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noticed at 150 m/min, causing intense friction during the chip formation process and 

consequent increase in flank wear. Identical conclusions were drawn by Kümmel et al. 

[17], Ikuta et al. [33] and Armendia et al. [34]. They noticed that tool wear increased 

quickly at high cutting speeds as a result of the removal of the protective layer. 

In addition, the reduced cutting tool edge may also reduce the stability of the BUE 

throughout the machining test and increase the possibility of the protective layer 

becoming removed at higher speeds. This phenomenon can be clearly observed in Figure 

4-7(a), where the geometry of the cutting tools was analyzed using the 3D Alicona 

microscope. In Figure 4-7(a), the profiles of the cutting tool edge after cutting 1000 m 

with different cutting speeds are investigated to understand the influence of tool wear on 

the cutting edge. As flank wear increases (due to increase in cutting speed), cutting edge 

radius is reduced from 37.36 µm at vc=60 m/min (VBB=0.06 mm) to 35.22 µm, to 34.13 

µm at 100 m/min (VBB=0.13 mm) and to 150 m/min (VBB=0.21 mm), respectively. In 

this case, cutting edge radius decreases with the growth in cutting tool wear, contributing 

to BUE instability. To further emphasize the protective effect of BUE, the cutting tool 

obtained at 60 m/min (Figure 4-7(a)), was etched with HCL for more than six hours to 

remove the adhesion layer. Figure 4-7(b) shows the flank and rake faces after etching. 

Low flank wear and no sign of crater wear was observed, which emphasizes the 

protective impact of BUE. Also, Figure 4-7(c) illustrates the profile of the cutting edge 

after the BUE was removed, where a reduction in cutting edge radius can be seen (edge 

radius of 37.36 µm before etching and 37.006 µm after etching:). This phenomenon 

confirms that BUE may increase the edge radius of the cutting tool, also increasing the 
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cutting forces during the machining process (which will be discussed further in section 

3.3). The results presented in this section are in agreement with those of Gómez-Parra et 

al. [35] and Kummel et al. [17]. 

 
Figure 4-7(a) profiles of cutting tool edge after cutting length of 1000 m at different cutting 

speeds, (b) flank and rake faces of the cutting tool after removing the adhesion layer, and (c) 

corresponding cutting edge profile after removing the a adhesion layer 

4.3.2 In-detail evaluation of BUE structures 

4.3.2.1 BUE morphology and microcrack formation 

Study of BUE morphology requires its structure to be examined in detail. Figure 4-8 

shows the structure of a BUE obtained with 60 m/min and 150 m/min, respectively. The 

BUE was found to consist of shear lamellae in both cases (Figure 4-8 (a, b)). 

Accumulation of the shear lamellae was caused by slipping mechanisms, shearing, and 
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fracturing behavior throughout the cutting process. However, the adhesive wear caused 

by BUE formation may lead to flank wear and chipping as the machining process 

progresses, since the BUE particles are unstable and can easily break off during the 

cutting experiments [31, 36]. Also, by comparing the lamellae structure at low and high 

speeds (Figure 4-8 (a, b)), the structure obtained at the higher speed is rougher than the 

structure obtained at the lower speed which is due to the elevated cutting temperatures 

present in the machining process, according to Refs. [17, 37]. 

 
Figure 4-8 Morphology of the BUE samples obtained at different cutting speeds 
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In general, a high cutting temperature between 500°C-800°C can be present in the cutting 

zone [32.38]. In this investigation, the cutting temperatures are 520°C at 60 m/min and 

700°C at 150 m/min, which are high enough to generate BUE on the cutting tool. The 

images of the cutting temperature profile during cutting at 60 m/min and 150 m/min are 

captured with an infrared camera and presented in Figures 4-9(a) and 4-9(b), respectively. 

 
Figure 4-9 Temperature distribution on the tool and chip during machining SDSS at (a) 60 

m/min and (b) 150 m/min 

 

 

 

 

  

 

 

 

Fig. 9. Temperature distribution on the tool and chip during machining SDSS at (a) 60 m/min 

and (b) 150 m/min. 
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The BUE cross sections obtained at various cutting speeds were also studied in detail 

using the backscatter detector (Figure 4-10). In Figure 4-10(a-e), two types of crack 

formation can be observed at 60 m/min. One type is formed inside the BUE and develops 

in the direction of the shear deformation zone (Figure 4-10(b)) whereas the other emerges 

on the rake face of the cutting edge (Figure 4-10(c)). The second crack occurs due to 

strong adhesion in the cutting zone, restricting the material flow. As a result, a high 

amount of shearing occurs between the tool and BUE, producing a crack away from the 

cutting edge at a distance of around 15 µm (Figure 4-10(c)). Another possible cause of 

these cracks are high compressive stresses along the cutting edge, which decrease with 

distance from it [17]. Furthermore, Figure 4-10(d) shows the microscopic cutting tool 

particles adhered on the edge of the formed BUE. EDS analysis of these tool particles 

was confirmed in Figure 4-10(e), where tungsten could be clearly observed in the EDS 

map. These small particles separated from the substrate and adhered to the formed BUE. 

When the chip flows against the cutting tool, the adhered particles cause cratering on the 

tool through abrasion [9]. 

Moreover, Figure 4-10(f-i) shows the BUE cross section obtained at 150 m/min. As 

shown, compared with the BUE cross section obtained at 60 m/min, only one type of 

cracks is observed inside the BUE (Figure 4-10(h, i)). There is no sign of microcracks on 

the rake face of the tool (Figure 4-10(g)), which means that the adhesion at the tool-chip 

interface is not strong enough to produce cracks during machining [39]. Moreover, the 

normal stress along the rake face is not as high as that generated at a low cutting speed. 

Thus, no big difference in normal stresses can be observed at a distance from the cutting 

edge during machining with high cutting speed. This behavior was also reported to Ref. 
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[27]. To prove this explanation, cutting forces were measured at both 60 m/min and 150 

m/min at the same cutting conditions listed in Figure 4-10. It is found that the forces at 60 

m/min (100 N) are twice greater than those obtained at 150 m/min (50 N), which 

indicates that normal forces captured at higher speeds are lower than those obtained at 

low speeds. 

 
Figure 4-10 Backscattered images of the BUE cross section obtained at (a-e) 60 m/min and (f-i) 

150 m/min, showing cracks formation 

In addition to that, nanoindentation tests were carried out to examine the nanohardness of 

the BUE cross sections. Figure 4-11(a, c) illustrates the locations of the individual indents 
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and the resulting nanohardness maps for the BUE formed at 60 m/min and 150 m/min, 

are demonstrated in Figure 4-11(b, d), respectively. As shown, the range of obtained 

nanohardness is between 2–8 GPa which is twice higher than the received material 

(microhardness of ferrite 4.28 ± 0.26 GPa, microhardness of austenite: 4.75 ± 0.25 GPa). 

These conclusions agree with the results obtained in Ref. [17]. Here, hardness 

measurements of the BUE samples consist of 64 values, whereas  hardness values of 

austenite and ferrite phases are taken from 80–100 measurements on the received 

material. 

 
Figure 4-11Nanohardness results of measurements done on the built-up edge cross sections after 

machining with different cutting speeds. (a, c) BUE sketch, showing the locations of the 

individual indents, and (b, d) nanohardness distribution maps 
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4.3.2.2 Phase characterization 

To explore the main reasons for BUE structural differences at low and high cutting 

speeds, the BUE cross-section specimens shown in Figure 4-10 were prepared for EBSD 

analysis. The scans were captured with a step size of 100 nm and included an area of 50 × 

50 μm. The resulting EBSD phase mapping images of the regions taken from the BUE 

cross sections are shown in Figure 4-12(a, b) where both ferrite (red) and austenite (blue) 

phases can be seen for both cutting speeds.  

 
Figure 4-12 Phase maps of (a) built-up edge obtained at 60 m/min, (b) built-up edge obtained at 

150 m/min, and (c) original material before the machining test 
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The average grain size of the BUE samples shown in Figure 4-12(a, b), generated by 

Channel 5 HKL software grain size Statistics-Tango-maps software, is presented in Table 

4-3. Here, ASTM standard E112 was used to determine the average grain sizes [40]. 

Accordingly, the strain values for each phase of the BUE samples at different cutting 

speeds were measured by comparing the BUE sample grain size to the grain size of the 

original material (Figure 4-12(c)). In Figure 4-12 and Table 4-3, it can be generally 

observed that the BUE sample grains are remarkably refined compared to the raw 

material used in the present paper. In addition, ferrite possessed higher strain levels at 

both cutting speeds compared to austenite which may be because the ferrite phase is 

considerably softer [24]. 

Table 4-3 Average grain size values of BUE samples obtained at different cutting speeds in 

comparison with the original material 

Phase Original BUE obtained at 60 

m/min 

Average 

strain 

BUE obtained at 150 

m/min 

Average 

strain 

Average 

grain size 

(µm²) 

Phase count Average 

grain size 

(µm²) 

Phase count Average 

grain size 

(µm²) 

Ferrite 10.365 25320/687

84 

0.076 4.915 53191/68784 0.0945 4.697 

Austenite 6.243 9836/6878

4 

4.025 0.438 15623/67874 0.0774 4.390 
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By comparing the strain values at various cutting speeds, it can be noted that austenite 

maintains an almost constantly high strain at an increasing speed, whereas the ferrite 

strain grows along with cutting speed, reducing the strain difference between these two 

phases. As reported, the austenite strain value was found to be very close to the value of 

the ferrite strain at higher cutting speeds (vc =150 m/min). Therefore, low plastic strain 

recovery at high speeds corresponds to the low BUE formation [14, 24, 41]. These 

conclusions are consistent with the results obtained in section 3.1. 

Microstructure and texture evolutions of BUE samples were examined by EBSD which 

detects both the orientations and structure of the grains. Figure 4-13 presents the 

orientation maps as well as the pole figures maps of the BUE obtained at various cutting 

conditions. In general, the overall grains were significantly refined (Figure 4-13 (a, b)) 

when compared to the initial workpiece (Figure 4-12(c)), especially for the BUE sample 

collected at high cutting speed (Figure 4-13(b)). As the cutting speed decreased to 60 

m/min, the grains became remarkably coarser, as shown in Figure 13a. These conclusions 

agree with data obtained in Table 4-3. Meanwhile, the majority of grains within the ferrite 

phase in the BUE obtained at 60 m/min, exhibit a Cube {1 1 1} (001) texture (Figure 4-

13(c)), while the grains within the austenite phase mainly show a Goss {1 1 0} (001) 

texture (Figure 4-13(d)). Most of the grains obtained at 150 m/min (ferrite and austenite) 

possess an orientation close to the Cube {1 0 0} (001) texture as shown in Figure 4-13(e, 

f). Yang et al. [42] showed that the plasticity of the Cube texture is higher than that of the 

Goss texture. The authors observed that the cube texture is more liable to deformation 

compared to other textures, since it contains more slip systems and as such, better 
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plasticity. Accordingly, there is low plastic strain recovery at high cutting speeds because 

both ferrite and austenite phases feature cube textures compared to two different textures 

(Cube texture for ferrite phase and Goss texture for austenite one) obtained at a low 

cutting speed. This conclusion agrees with the calculated strain values (Table 4-3). 

 
Figure 4-13 Microstructure of built-up cross sections obtained at different cutting speeds (a) and 

(b) orientation maps of BUE obtained at 60 m/min and 150 m/min, respectively, (c) and (e) are 

representative pole figures for ferrite phase and (d) and (f) are representative pole figures for 

austenite phase 
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4.3.3 Inspection of machining outputs for existence of BUE 

 In the previous sections, an in-depth consideration of the BUE mechanism was studied 

alongside the possible protective effect of BUE. However, further study is needed to 

examine the impact of BUE formation on process outputs such as cutting force 

components, chip characteristics, and surface integrity.  

4.3.3.1 Cutting force measurements 

Figure 4-14(a) shows force component measurements at different cutting speeds during 

SDSS machining until tool failure (VBB=0.3 mm). At the beginning of the cutting 

process, the cutting force components sharply increased due to the rapid increase in flank 

wear [43], demonstrating a change in the friction conditions between the cutting edge and 

BUE. Furthermore, the rise in cutting forces values along with cutting length is attributed 

to an increase in flank wear. According to Ref. [22], when a cutting tool is subjected to a 

wear experiment, the flank wear will change with cutting length. The rate of flank wear is 

high at the beginning of the process, causing a sharp increase in the cutting forces 

components. After that, the wear is quite stable in the stable state region, resulting in very 

predictable cutting force components. 

Also, it should be noted that the thrust force (Ft) is also influenced by the formation of 

BUE. The presence of a BUE can cause an increase in edge radius, as shown previously 

in Fig. 4-7 and a consequent increase of the contact area. Thus, higher thrust forces are 

acquired at a 60 m/min cutting speed compared to higher cutting speeds (Fig. 4-14a) [44].  
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 Figure 4-14 (a) Relation between cutting force components and contact length for 

different cutting speeds, (b) and (c) cutting forces variations collected at 60 m/min and 150 

m/min, respectively, and (d) and (e) thrust force variations collected at 60 m/min and150 m/min, 

respectively 

Additionally, it is worth stating that BUE formation agrees with the extensive cutting and 

thrust force values. Fig. 4-14(b-e) shows the variations of cutting force components 
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collected after cutting 400 m. As shown, significant changes of the cutting and thrust 

force values are observed at vc=60 m/min (Fig. 4-14b, d), which demonstrates that 

intensive friction conditions were obtained as a result of high BUE formation (low cutting 

speed). This phenomenon is less prominent at a higher cutting speed (low BUE), see Fig. 

4-14c, e: The variations of cutting force components are smaller. 

 
Figure 4-15(a) General macrograph aspect of the chips, and chip undersurface obtained at (b) 60 

m/min, (c) 100 m/min, and (d) 150 m/min 

4.3.3.2 Chip characteristics 

Figure 4-15 presents the chip types and morphologies produced at various cutting speeds. 

Although the chips have similar curling at different cutting speeds (Figure 4-15(a)), the 

chip undersurface is rougher at low cutting speeds (Figure 4-15(b)) compared to the other 

speeds (Figure 4-15 (c, d)). The intensive friction conditions in the cutting zone obtained 
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at 60 m/min (Figure 4-15(b)) can be due to the considerable tool-chip contact area 

causing unstable BUE formation. The BUE formed at higher cutting speeds is lower and 

more stable because of the less severe friction conditions in the tool-chip interface 

(Figure 4-15(c, d)).  

Commonly, chip characteristics also help understand frictional conditions at the tool-chip 

interface [70]. Figure 4-16 shows the measurements of maximum and minimum chip 

thickness, as well as the shear angle at different cutting speeds, and their values are 

reported in Table 4-4. Analysis of chip characteristics presents more favorable 

conclusions at a lower BUE - chip thickness and shear angle are better at 150 m/min (low 

BUE) than 60 m/min (high BUE). These measurements confirm that BUE size can 

significantly affect the friction behavior in the cutting zone. 

 
Figure 4-16 Chip microstructure obtained at (a) 60 m/min and (b) 150 m/min 

 

 

 

 

 

 

 

 

Fig. 16. Chip microstructure obtained at (a) 60 m/min and (b)150 m/min. 
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 Table 4-4 Chip characteristics obtained at different cutting speeds 

4.3.3.3 Machined material characteristics 

SDSS is known by its high strain hardening effect during the machining process, which in 

turn may negatively affect the machining performance of stainless steels, causing severe 

chipping and tool failure. In this research, two sets of microhardness tests were used to 

inspect the influence of both cutting speed and BUE formation on induced work 

hardening of the workpiece. First, concise cutting tests (where no significant tool wear 

was observed) were implemented to investigate only the impact of various cutting speeds 

on the surface work hardening. In Figure 4-17(a), microhardness measurements of the 

workpiece after the machining test are shown. In general, it can be concluded that 

microhardness values increase alongside the cutting speed. This is because an increase in 

the cutting temperature (Figure 4-9) during the machining process causes a significant 

rise in the machined surface temperature. These changes in temperature contribute to a 

surge in plastic formation, resulting in a higher microhardness value. 

To estimate the impact of BUE on the induced microhardness of the workpiece sublayer, 

it was necessary to keep all the cutting conditions constant. For this reason, the 

microhardness profile was measured at cutting speed (60 m/min) and a constant tool wear 

Cutting speed 

(m/min) 

Ma imum chip 

thickness (mm) 

Minimum chip 

thickness (mm) 

Chip thickness 

ratio 

Shear 

angle (°) 

60 0.225 0.178 0.75 35.75 

100 0.212 0.168 0.71 37.01 

150 0.205 0.150 0.68 43.06 
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(around 0.13 mm) and in two different cases with high and low BUE (Figure 4-17(b)). 

The results in Figure 4-17(b) illustrate a noticeable decrease in the strain hardening of the 

machined surface with high BUE compared to the one with low BUE. These results 

confirmed that BUE formation could have a beneficial effect on strain hardening of the 

workpiece which in turn may considerably improve SDSS machining performance. These 

conclusions agree with the results obtained in section 3.1. 

 
Figure 4-17 Microhardness profile of the machined surface after machining (a) with different 

cutting speed and (b) high and low BUE 

The machined workpiece surfaces were investigated by the Alicona microscope at the 

beginning of cut where no significant wear can be observed. Here, the average surface 

roughness (Ra) of the workpiece was analysed at a cut-off value of 80 µm. Figure 4-18(a) 
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illustrates real 3D workpiece topologies obtained at different cutting speeds. From the 

surface roughness values, it can be reported that the lowest surface roughness is present at 

the most significant BUE height and cutting forces (lower cutting speed). A possible 

reason for the considerable enhancement of the workpiece’s surface quality is that BUE 

acts like a burnishing tool, reducing the irregularity of the surface. In general, it can be 

indicated from Figure 4-18(b) that the machined surface obtained at 60 m/min (highest 

BUE) is the smoothest, and no defects can be observed compared to the lower BUE (high 

cutting speeds). A similar conclusion was made by Gómez-Parra et al. [35]. 

 

Figure 4-18 (a) Three dimensional and (b) SEM images of the machined surface obtained at 

different cutting speeds, associated with surface roughness values 

4.4  Conclusions 

The BUE formation phenomenon was investigated with uncoated cemented carbide tools 

during the machining of SDSS-UNS S32750 stainless steel. This research aims to analyze 

in detail BUE morphologies obtained at different cutting speeds. In addition, the 
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connection between BUE formation, tool wear, and machining outputs was examined. 

The following conclusions can be made from the results presented in this research;  

1. Low BUE formation during SDSS machining can be attributed to the strain 

difference between the austenite and ferrite phases. The most significant strain 

difference was related to the highest BUE size during the formation process. At high 

cutting speeds, the austenite strain values were quite similar to the ferrite strain 

values, resulting in the reduction of plastic strain recovery and consequently, BUE 

dimensions. 

2. Analysis of BUE patterns over the cutting tools reveal that the BUE consists of shear 

lamellae at different cutting speeds. However, the structure obtained at the higher 

speed is thinner than the one at the lower cutting speed. This is caused by high strains 

and temperatures generated at a higher cutting speed.  

3. Examination of the BUE’s protective effect at various cutting speeds reveals an 

enhancement of tool life at low cutting speeds, where only low flank wear is 

observed compared to various wear types (flank wear, chipping) found at high 

cutting speeds. These results highlight the beneficial impact of BUE in terms of 

increasing tool life and lowering tool breakage probability. 

4. The effect of different cutting speeds on BUE formation is characterized by several 

friction behaviors in the cutting zone. The tool-chip interface exhibits more 

beneficial friction conditions, which result in diverse BUE patterns forming at 

various cutting speeds. This phenomenon affects workpiece surface integrity, and a 
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consequent improvement in surface finish and noticeable reduction in the workpiece 

work hardening layer are observed. 
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Abstract 

During machining of stainless steels at low cutting speeds, workpiece material tends to adhere to 

the cutting tool at the tool-chip interface, forming built-up edge (BUE). BUE has a great 

importance in machining processes; it can significantly modify the phenomenon in the cutting 

zone, directly affecting the workpiece surface integrity, cutting tool forces, and chip formation. 

AISI 304 stainless steel has a high tendency to form an unstable BUE, leading to deterioration of 

the surface quality. Therefore, it is necessary to understand the nature of the surface integrity 

induced during machining operations. Although many reports have been published on the effect 

of tool wear during machining of AISI 304 stainless steel on surface integrity, studies on the 

influence of the BUE phenomenon in the stable state of wear have not been investigated so far. 

The main goal of the present work is to investigate the close link between the BUE formation, 

surface integrity and cutting forces in the stable sate of wear for uncoated cutting tool during the 

cutting tests of AISI 304 stainless steel. The cutting parameters were chosen to induce BUE 

formation during machining. X-ray diffraction (XRD) method was used for measuring 

superficial residual stresses of the machined surface through the stable state of wear in the 

cutting and feed directions. In addition, surface roughness of the machined surface was 

investigated using the Alicona microscope and SEM was used to reveal the surface distortions 

created during the cutting process, combined with chip undersurface analyses. The investigated 

BUE formation during the stable state of wear showed that the BUE can cause a significant 
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improvement in the surface integrity and cutting forces. Moreover, it can be used to compensate 

for tool wear through changing the tool geometry, leading to the protection of the cutting tool 

from wear. 

Keywords 

stable state of wear; built-up edge; tool wear; surface integrity; cutting forces; AISI 304 stainless 

steel 

5.1 Introduction 

Austenitic stainless steels are widely used in chemical industries and nuclear power industries 

because they have a good combination of high mechanical strength and corrosion resistance. 

However, the residual stresses induced by machining operations can affect their ability to 

withstand loading conditions such as stress concentration, corrosion, cracking, and fatigue [1, 2]. 

Austenitic stainless steels are considered difficult-to-machine materials because of their low 

thermal conductivity and high strain hardening rate during cutting [3]. Their low thermal 

conductivity leads to heat concentration in the cutting zone that results in high localized 

temperatures. In addition, their high work hardening leads to high adhesion of the workpiece 

material to the cutting tool, resulting in unstable chip and BUE formation [4]. 

A BUE consists of highly deformed material layers, which are bonded to the tool surface and can 

lead to change the tool geometry and the mechanics of the process [5]. BUE is not permanently 

situated on the cutting edge, but periodically becomes detached, sometimes adhering to the 

machined surface, and sometimes to the chip [6]. The stability of a BUE as a structure is low and 
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the breakage of it can cause cracks and damages on the tool surface. At the same time, a thin and 

stable BUE can be used to protect the tool from wear by reducing the friction between the cutting 

tool and workpiece [7]. The demand of high quality products during the production has its 

attention in the workpiece surface properties, especially in the surface finish and the residual 

stress of the machined surfaces, due to its effects in the acting of the components and reliability 

[8, 9]. Fatigue, creep, and stress cracking leads to product failure. Therefore, it is of extreme 

importance to characterize the influence of the BUE formation in surface integrity [10]. 

Furthermore, the high residual stress can cause deformations, accelerate phase transformations 

and corrosion processes and it is one of the crucial factors in the superficial quality determination. 

Machining of austenitic stainless steels with BUE formation is a very complex tribological 

phenomenon [11]. To understand the effect of BUE formation on machining forces and surface 

integrity, it was necessary to study its effect in the stable state of wear (steady state zone) to 

isolate the effect of tool wear and ensure that all the conditions are the same.  

Surface integrity of a machined workpiece can be described by three main parameters: the 

residual stresses, the surface roughness, and the work hardening in the surface zone [12]. The 

residual stress is defined as the stress that exists in an elastic body after all the external loads are 

removed [13]. Machining generally involves a large amount of plastic deformation with 

extremely high strain and strain rate [8]. The residual stress in the surface layer originates from 

three effects: mechanical effect, which leads to severe plastic deformation, thermal effect, which 

causes thermal plastic flow, and phase transformation. In most machining processes, the 

temperature does not exceed the phase transformation point, so the phase transformation can be 

isolated [14]. High mechanical properties and severe work hardening of austenitic stainless steels 
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during the chip formation process, combined with low thermal conductivity, generate high 

cutting forces along with high localized interfacial temperatures and adhesion in the cutting zone, 

which are the main reasons for high level of residual stresses [15–20]. XRD method of residual 

stress determination measures the angles at which the maximum diffracted intensity takes place 

when a crystalline sample is subjected to x-rays [21]. The residual stresses in the surface layer 

are an important factor in determining the performance and fatigue life of components. Reducing 

residual stresses determines mainly dimensional changes in the shape and mutual position of 

surfaces that can change the functional conditions of the assembly to which the workpiece 

belongs [22]. XRD can also provide detailed information about lattice parameters of single 

crystals, phase, and texture. Analysis of XRD peak profiles indicated that full-width at half-

maximum (FWHM) is sensitive to the variation in stress–strain accumulation in the material [20]. 

Few studies on surface integrity induced in the machining of AISI 304 stainless steel have been 

performed. Xavior et al. [23] reported that high work-hardening rate, high built-up edge tendency, 

and low thermal conductivity of AISI 304 stainless steel are responsible for the poor surface 

finish and high tool wear. Moreover, Selvam et al. [24] observed that the BUE is continually 

growing during machining AISI 304 and digging into the workpiece and when built-up edge 

reaches a critical size, it breaks and welds on the machined surface, leading to increase surface 

roughness. Arunachalam et al. [25] reported that high tensile residual stress values were obtained, 

as a result of BUE deposition on the machined surface. The authors noted also that these BUE 

fragments deteriorated the surface integrity under loading conditions by their effect on the 

fatigue crack growth. Nagawaka et al. [26] found that the cutting stresses were greater than those 

in the longitudinal direction and the thickness on the tensile layer was found to be 150 µm. 
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Wiesner et al. [27] reported that stresses decrease in-depth direction becoming zero at 300 µm 

from the surface and the tensile residual stresses were found to penetrate deeper into the 

workpiece when the cutting speed decreases. The authors also concluded that the mechanical 

effect not only produces compressive residual stresses but can also contribute to tensile residual 

stresses. It is also stated that the strong work hardening of the work material and a considerable 

increase in the microstructural defects close to the machined surface can also contribute to tensile 

residual stresses. Jang et al. [8] reported that the residual stresses in the circumferential direction 

are tensile (close to + 600 MPa) and are greater than the compressive residual stresses 

predominant in the longitudinal direction. The circumferential residual stresses increase slightly 

with the cutting speed and decrease dramatically with the depth of cut.  

A small number of papers are available concerning the interaction of worn cutting tools on the 

residual stress state in the machined surface of stainless steel [8, 28]. However, a detailed 

analysis of residual stress depth profiles in the regime of built-up edge formation in the stable 

state of wear has not been carried out yet. The main objective of this study is to investigate the 

close link between the BUE formation process and surface integrity when machining austenitic 

stainless steel AISI 304. To allow evaluation and optimization of the effects of BUE formation 

on the machined surface, hoop and axial components of residual stresses, cutting forces and chip 

formation in the stable state of wear have been investigated. These investigations are supported 

by Alicona microscope, SEM, EDS and XRD analyses. 
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5.2. Experimental Procedures 

5.2.1 Work material, Cutting Tool, and Cutting Parameters 

In this research, a round bar (120 mm diameter by 500 mm length) of an austenitic stainless 

steel AISI 304 was investigated during turning (finishing operation). The chemical 

composition and mechanical properties of the material are shown in Table 5-1. To reveal the 

workpiece microstructure, a sample of the AISI 304 was prepared, polished and etched with 

Glycergia solution (1 mL Glycerol + 20 mL hydrochloric acid (HCl) + 20 mL HNO3). The 

microstructure of the AISI 304 workpiece was characterized using a Nikon ECLIPSE IV 

100 microscope (Nikon Canada Inc., Mississauga, ON, Canada) equipped with UC30 

camera, see Figure 5-1.  

Table 5-1 Chemical composition and mechanical properties of AISI 304 [29] 

Elements 

Chemical 

Composition % 

Proof Strength 

(0.2% yield) MPa 

Tensile 

Strength MPa 

Elongation% 

Hardness 

HRC 

C 0.08 

215 505 70 70 

Si 0.75 

Mn 2.0 

P 0.045 

S 0.03 

Cr 20.0 

Ni 0.50 

N 0.10 
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Figure 5-1 The microstructure of AISI 304 with an austenitic structure 

The turning process was performed using an OKUMA CNC Crown L1060 lathe (OKUMA, 

Charlotte, NC, USA) with 15 kW of power and an OKUMA OSP-U10L controller. The 

cutting tool (Manufacturer: Kennametal) used for the experiments was an uncoated 

cemented carbide insert with WC/6%Co, which promotes BUE formation due to adhesion 

tendency to stainless steels. The designation of the insert is ISO CNGG432FS with the 

following geometry characteristics: back rake angle, λ0 = 5°; clearance angle, α0 = 7°; 

wedge angle, β=78°; edge radius, r=10.5 µm and nose radius, Rε = 0.8 mm. The turning 

tests were conducted for finishing the operation with a cutting speed of 60 m/min, feed rate 

of 0.1 mm/rev, and depth of cut of 0.5 mm. The cutting speed vc= 60 m/min was selected to 

ensure BUE formation. Higher cutting velocities (vc> 60 m/min) lead to less provoked BUE 

formation, whereas lower cutting velocities(vc< 60 m/min) result in wear rates, which are 

too low for reasonable wear tests. The cutting tests were performed under wet conditions to 

reduce friction and heat generation during the cutting process. The cutting fluid was applied 

at a flow rate of 11 L/min via a nozzle positioned directly above the cutting tool and directed 

toward the tooltip. The cutting fluid chosen was semi-synthetic coolant-CommCool ™ 8800, 

100 µm 
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manufactured by the Wallover Company (Harrow, ON, Canada), at a concentration of 7%, 

typically used with stainless steel alloys. 

5.2.2 Experimental Machine Techniques 

The tool flank wear was measured using a KEYENCE – VHX 5000 digital microscope (Keyence 

Corp., Osaka, Japan), equipped with a CCD camera and image analyzer software. The tool life 

criterion was set to flank wear of 0.3 mm according to the recommendation of the ISO 3685 

Standard [30]. During the tests, the cutting tools were analyzed by SEM, using a Vega 3-

TESCAN (Vega 3-TESCAN, Brno, Czech Republic), coupled to EDS. The new and worn insert 

were also analyzed using an Alicona Infinite Focus G5 microscope (Alicona Manufacturing Inc., 

Bartlett, IL, USA), which works by focus variation, to generate real 3D surface images. This 

microscope allows for the capture of images with a lateral resolution down to 400 nm and a 

vertical resolution down to 10 nm. In order to measure the BUE volume of a cutting edge 

through steady state zone, first a 3D image of a new edge of the original insert was obtained and 

then the edge was measured a second time after cutting. The software used the 3D image of the 

new edge as a reference and compared it with a 3D image of a worn edge. 

To evaluate the influence of BUE formation in the steady state zone on surface roughness, the 

surface roughness of the machined workpiece was measured across the tool feed direction by 

means of an Alicona Infinite Focus-with the Profile roughness module. The procedures of 

surface roughness measurements were performed according to EN ISO standard 25178 [31]. 

Roughness measurements were taken with a cut-off wavelength of 800 μm, a vertical resolution 

of 100 nm and a lateral resolution of 2 µm. Accuracy for roughness measurement of the 
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microscope in terms of uncertainty was U = 25nm at Ra =100nm. The surface roughness used in 

this study is the arithmetic mean surface roughness value (Ra), which is generally used in the 

industry. This evaluation was conducted three times and the average reading was considered. 

Throughout the steady state region of tool wear, small pieces of the machined workpiece were 

cut using a water jet to evaluate any changes in machining induced residual stresses, which might 

be affected by BUE formation. X-ray stress data was collected using the Bruker D8 DISCOVER 

with DAVINCI.DESIGN diffractometer (Bruker, Burlington, ON, Canada), equipped with 

Cobalt Sealed Tube Source (λavg= 1.79026 Å) and Power settings: 35kV, 45mA. Residual 

stresses were analyzed in Diffrac.Leptos version 7.8 (Bruker, Burlington, ON, Canada), and the 

parameters used for analysis are summarized in Table 5-2. The residual stresses are measured on 

the machined surface and the sub-surface, in the direction of primary motion (along the cutting 

direction, Rc) and the direction of feed motion (along the feed direction, Rf) as shown in Figure 

5-2.  

Table 5-2 Parameters for X-ray residual stress analysis 

Young`s 

modulus (GPa) 

Poisson 

ratio 

Radiation 

Bragg 

Angle (2Ф) 

Filter 

X ray elastic constant 

½ S
2
 [MPa

-1

] 

X ray elastic 

constant s
1
[ MPa

-1

] 

193 0.275 kα 118 Cr 7.036 10
-6

 -1.597 10
-6

 

  

 

 

 

Figure 5-2 Method of sample preparation for XRD analysis 
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To determine the in-depth residual stress profiles, successive layers of material with a step of 20 

µm were removed by electro etching to avoid the reintroduction of additional residuals stresses 

[1]. In addition, in-depth peak half width (FWHM) in feed and cutting direction was determined 

to estimate material work hardening like microhardness [14]. 2D frames were collected with 

DIFFRAC. Measurement Centre Version 3.0 software (Bruker, Madison, WI, USA) integrated to 

1D using DIFFRAC.EVA Version 4.0 (Bruker, Madison, WI, USA), and displayed and analyzed 

in Topas Version 4.2 (Bruker, Madison, WI, USA). Moreover, the machined workpiece was 

investigated during steady state zone using SEM to reveal the surface distortion created by BUE 

formation. 

During the machining tests, the cutting force measurements were performed with a 3D 

component tool holder Kistler dynamometer type 9121 (Kistler Instrument Corp., Amherst, NY, 

USA) with a data acquisition system. The signals of the forces from the dynamometer were 

transmitted to a Kistler 5010 type amplifier and then recorded on a computer using LABVIEW 

version 14.0 software (National Instruments, Austin, USA). The acquisition rate was 1000 data 

points per second, the scale was 20 MU/volt and sensitivity was 3.85 mV/MU. 

5.3 Results and discussion  

5.3.1 Investigation of the BUE in the steady state zone 

As discussed previously, the focus of this research is to understand the effect of BUE formation 

on surface integrity and cutting forces. To understand this idea in more detail, a wear 

performance of the uncoated cemented carbide cutting tool during machining AISI 304 stainless 
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steel associated with progressive SEM images of BUE formation is presented in Figure 5-3. It 

can be shown that the BUE formation is unstable, and it gradually increases layer by layer and 

when it has reached a certain size, it tears off. This causes cracks and damages on the tool 

surface and eventually results in a cutting edge break out [7].  

The BUE increases the contact between the workpiece and cutting tool and it engages the 

material being deformed in the same way as a punch [5]. Therefore, a large force is required to 

deform a material and cut the workpiece, and this force may to separate the BUE from the tool. 

When the BUE is not strongly attached to the tool, the friction force fractures it, and it is 

removed by the chip. After a fracture, a new BUE is produced in the same place and the same 

order of events is repeated. The BUE continuously appears and disappears as long as the cutting 

forces increase on the tool [6]. The lack of a constant height of the BUE is characteristic of this 

unstable state. Therefore, the BUE changes critically the friction conditions at the tool–chip and 

tool-workpiece interfaces, affecting thus surface integrity of the workpiece and tool wear 

behavior. 

We have seen similar behavior in the steady state zone, as shown in Figure 5-3. The BUE is not 

stable at all: the built-up forms, accumulates, and eventually breaks off, akin to an avalanche [7], 

and then a new BUE is formed again. The instability of BUE may cause cracks and damage on 

the tool surface and eventually leads to a cutting edge break-out [11], as it is shown in failure 

region (Figure 5-3) where a large-sized built up is broken and it tears off the tool edge and results 

in a catastrophic failure of the cutting tool. The BUE is compressed from three sides, by the chip, 

the tool and the component being machined. These three forces balance each other and the BUE 

is held on the tool. The BUE is pressed against the tool so strongly that it sticks to it, forming a 
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strong junction that is capable of removing chips. Under excessive pressure, the BUE becomes 

so work hardened that it cut the material from which it has been produced instead of the tool and 

in this way, it prevents the tool from wear [6]. 

 
Figure 5-3 Relation between flank wear and cutting length for the uncoated carbide insert during 

machining AISI 304 stainless steel, combined with progressive SEM studies showing the BUE 

formation 

Figure 5-4(a) shows the real 3D images of cutting tool profiles obtained with the Alicona 

microscope where the shapes of BUE at different cutting lengths through the steady state zone 

can be seen in orange and the associated values of BUE volume are shown in Figure 5-4(b). To 

understand more about how the BUE is formed through the steady state zone, it was necessary to 

measure its average height during cutting. The average height of BUE in the steady state zone 
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was measured using the KEYENCE microscope and plotted in Figure 5-5. It is seen that 

gradually BUE is formed gradually for a while and when it reaches a certain magnitude, pushed 

by the chip along the rake face, the edge is partially uncovered, and new BUE begins to form. 

 
Figure 5-4(a) Alicona 3D images of the cutting tool during steady state zone showing BUE 

propagation, combined with (b) BUE volume 

 

 

 

 

 

Figure 5-5 Relation between BUE height and cutting length for uncoated insert during steady 

state zone. Additionally, the flank surface presented for some points in the steady state zone 
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In order to investigate the chemical composition of the tool and BUE, an EDS analysis was 

performed and the results are shown in Figure 5-6. An SEM image of the BUE region in the 

steady state zone (at cutting length=4043 m) can be seen in Figure 5-6(a). EDS of the BUE 

region was performed and the spectrum illustrated in Figure 5-6(b). The presence of elements 

that are not part of the composition of the tool, such as Iron, Chromium, and Nickel were found, 

which indicates the tendency of workpiece material to cause intensive adhesion. EDS analysis of 

the tool surface shown in Figure 5-6(c) reveals a tungsten signal that comes from the cemented 

carbide substrate. The chemical composition of BUE region and the tool are given in Table 5-3. 

A color map of Iron and Chromium elements on the BUE region and tool surface are shown in 

Figure 5-6(d) (Fe in red and Cr in green). The EDS analysis was performed on the cutting tool 

for all the cutting lengths in the steady state zone and similar results were observed. The 

influence of BUE on machining forces and surface quality is investigated in the next sections.  

 
Figure 5-6 (a) SEM image of BUE region, (b) EDS spectrum analysis of the BUE zone on the 

rake face, (c) EDS spectrum analysis of the tool surface and (d) color map of the Fe and Cr 

elements on the BUE region 
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Table 5-3 EDS analysis of surface on the tool 

Analysis of BUE Analysis of insert surface 

Fe%70.90 

Cr%29.10 

W% 94.87 

Co% 5.13 

5.3.2 Effect of BUE formation on machined surface and chip undersurface 

One of the main factors contributing to natural surface roughness is the occurrence of the BUE. 

In the steady state zone, the BUE is continually building up and breaking down, which may lead 

to the fractured particles being carried away on the surface of the chip and the workpiece surface. 

Thus, it would be expected that the larger BUE, the rougher would be the surface produced. 

However, another phenomenon is observed here: Figure 5-7 shows the surface roughness and 

BUE values in the steady state zone where it is observed that the roughness increased when BUE 

increases and vice versa. After 4420 m cutting length, the opposite phenomenon is observed: 

roughness decreased with increasing the BUE and then after 5069 m surface roughness increased 

with increasing BUE. To understand the main reasons for the two opposite phenomena, SEM 

tests were conducted on the machined surfaces and the chip undersurface. The results show in 

general that the machined surface presented different types of defects, such as tearing, micro-

pits, grooves, and scratches. It must be highlighted that these defects were less significant when 

the tool presented lower BUE, see points 1 and 4 in Table 5-4. 



` 

185 

 

 
Figure 5-7 Relation between surface roughness and cutting length during steady state zone  

Table 5-4 Machined surface and chip undersurface of five selected points in the steady state zone 

 

BUE is an unstable structure; during cutting the highly strain hardened fragments of BUE were 

torn off, may adhere to the workpiece and/or chips surface, leading to increase surface 

roughness. A number of different phenomena are occurring simultaneously within the steady 

state zone.  
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1. At the beginning of the steady state zone (from point 1 to point 2), BUE is continuously 

growing and engaging the machined surface, leading to the production of deep grooves, lowering 

the quality of surface finish, see point 2 in Table 5-4. When the BUE reaches a certain size, it 

tears off and new BUE is formed. 

2. Before a new BUE is formed, the previous one is removed by the chip to the back of the tool 

rake face (Point 3 in Table 5-4), leading to improved surface finish. 

3. Then, BUE is growing again and adheres strongly to the tool edge. Here, as shown in Point 4 

in Table 5-4, the adhesion layer prevents sliding at the interface, protects the workpiece surface 

from scratching and improves the surface finish. 

4. Finally, the friction force reaches a certain magnitude, overcomes the adhesion of the BUE to 

the tool, and plucks it off the tool. The nose of the BUE is broken off and presses into the cut 

surface, while the remainder is carried away by the chip. Point 5 in Table 5-4 shows some bright 

spots on both of the workpiece and the chip. This confirms the proposition of Kuzentsov [6] that 

the bright spots on the machined surface are caused by the reminders of the fractured BUE [1]. 

5.3.3 Effect of BUE formation on residual stresses and peak half width 

As discussed before, the residual stresses induced are very important parameters that should be 

considered in the design of mechanical parts. The stresses will be tensile or compressive 

depending on the balance between the mechanical and thermal loads [32]. Therefore, it is 

necessary to understand how the BUE affects induced residual stresses. In this section the BUE 

formation can be related to a gradual evolution of the friction conditions at the tool–chip 

interface during the chip formation process in the steady state zone, which leads to the different 

results for residual stress distribution (Figure 5-8). As observed, all the values of surface residual 
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stresses are tensile, meaning that the thermal effect is more significant than the mechanical 

effect, and their magnitude varied, depending on the height of BUE. As it is shown in Figure 8, 

tensile residual stresses decreased with increasing of BUE, which can be attributed to the high 

cutting temperature, leading to softening of the material, and eventually, a decrease in the 

residual stresses [1]. Figure 5-8 also shows that the values of hoop stresses were higher, ranging 

from 240 to 550 MPa, than those of axial stresses, varying between 270 and 450 MPa. The high 

level of tensile residual stress both in the hoop and axial directions is due to high mechanical 

properties and severe work hardening of austenitic stainless steel, combined with low thermal 

conductivity. 

 
Figure 5-8 Relation between surface residual stresses and cutting length during steady state zone 

in cutting and feed directions 

Residual stress profiles measured in the cutting and feed directions, respectively, are shown in 

Figure 5-9. It can be seen that tensile residual stresses at the near surface drop to compressive 

residual stresses within a shallow layer until a maximum compressive peak value is reached, and 

after that residual stresses are stabilized at a level corresponding to the state of the material 

before machining. Also, it is observed from residual stress profiles in the cutting direction that 
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the maximum residual stress and its depth are approximately the same for all the selected points 

of steady state because all the points have the same flank wear (stable state of wear).  

  

Figure 5-9 In-depth residual stresses profiles for five selected points in the steady state zone in 

(a) cutting direction and (b) feed direction 

The work hardening and defect density gradient beneath the machined surface were evaluated 

using X-ray peak half width measurement. The peak half width is determined by the distribution 

of the randomly oriented lattice plane distances. Figure 5-10(a) shows the distribution of peak 

half width in the steady state zone, the results obtained on the same points as in Figure 5-9. As 

seen, the peak half width is influenced considerably by the BUE height. The peak half width is 

reduced when the BUE height increases because of high cutting temperature, which leads to the 

softening of the machined surface and, consequently, reduced peak half width. 

Figure 5-10(b) shows the in depth evolution of the peak half width in feed and cutting directions 

for one of the samples in the steady state zone (Point 1). As shown, the highest value of about 

1.3° is measured directly at the surface, and this value decreases continuously to 1° for the 

unaffected workpiece. The depth at which the peak half width stabilizes corresponds to the 

thickness of the work hardening layer due to machining [6]. For the all specimens, this layer was 

-250

-150

-50

50

150

250

350

450

550

650

750

0 100 200 300

H
o

o
p

 R
es

id
u

al
 S

tr
es

se
s,

 M
P

a 

Depth, µm  

1

2

3

4

5

-300

-200

-100

0

100

200

300

400

500

600

0 100 200 300

A
xi

al
 R

es
id

u
al

 S
tr

es
se

s,
 M

P
a 

Depth, µm 

1

2

3

4

5

(b) 

(b) 

(a) 



` 

189 

 

found to be around 250 µm. Peak half width profile was performed on all the selected points of 

the steady state zone and similar results were observed. 

  

Figure 5-10 (a) Relation between Peak Half width and cutting length during steady state zone 

and (b) In depth peak half width profiles in cutting and feed directions for the first point of 

steady state zone 

5.3.4 Effect of BUE formation on cutting forces and chip formation 

To better understand the correlation between the BUE formation and the resulting residual 

stresses, it was decided to measure the cutting force components while machining the workpiece 

for the previous discussed residual stress tests. The cutting forces play a significant role in the 

formation of the residual stresses, although the influence is lower than that of cutting temperature 

[1]. Figure 5-11(a) shows the mean values of the cutting forces in the steady state zone. As 

shown, as a result of unstable BUE, the cutting force varies greatly, increasing instantly when a 

BUE is torn off, and decreasing as a new BUE is formed (Figure 5-5). An increase or decrease in 

cutting forces may depend on wedge angle; when a BUE increases, the wedge angle is reduced, 

resulting in a reduction of the work of cutting, cutting temperature and, consequently, cutting 

force and chip formation [6]. Moreover, the SEM image in Figure 5-11(a) shows that the chips 
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formed by the cutting tool with low BUE are curlier than the chips from high BUE, which means 

that the contact length between the tool and the chip is shorter. Reduced contact length is 

beneficial in lowering the friction between the chip and the tool [33]. 

It is also observed that the cutting force oscillations are connected with the formation and 

disappearance of BUE: the oscillations are gradually reduced when the BUE is more stable, see 

Figure 5-11(b). Figure 5-11(c) shows SEM images of chip undersurfaces for the two selected 

points in the steady state zone (Points 3 and 5), they show that the chips formed with large BUE 

are rougher than those formed with low BUE. As the BUE grows, it becomes unstable and parts 

of it get removed while cutting. The removed portions of BUE adhere partly to the chip 

undersurface and partly to the machined surface. This causes the chip undersurface to be rough, 

and friction at the chip-tool interface increases, leading to a reduction in the chip speeds during  

the chip flow and an increase in the area of contact between tool and chip on the rake face 

surface [34].  

Figure 5-11 (a) Relation between cutting force and cutting length during steady state zone 

combined with SEM image of chip formation, (b) Cutting force variations and (c) Chip 

undersurface for two selected points in Figure 5-11(a) 
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5.4 Conclusions 

The influence of BUE was investigated in wet machining of the austenitic stainless steel- type 

AISI 304 with the uncoated cemented carbide tool (WC-Co). Specifically, the effect of the 

variation of BUE height in the steady state zone on process outputs was studied. Surface 

roughness, residual stresses, cutting forces were examined in order to evaluate the BUE 

formation. The following conclusions can be drawn from this research: 

1. BUE formation is an unstable process; it gradually increases layer by layer and when it has 

reached a certain size, it tears off. This causes cracks and damage on the tool surface, leading to 

a cutting edge break out. However, sometimes the BUE prevents sliding at the interface, 

protecting the tool from wear. 

2. BUE growth is responsible for a decrease in surface roughness of the machined surface as the 

BUE is an unstable structure, and when it is broken off, some of the BUE particles detach from 

the surface and reduce surface finish. However, in some situations, broken BUE was removed by 

chips, leading to improved machined surface finish. 

3. Tensile residual stresses were found on the surface of the machined workpiece; these stresses 

were decreasing when the BUE height increased, as the machined surface was softened as a 

result of high cutting temperature, eventually decreasing the residual stresses. Residual stresses 

were measured in both feed and cutting directions and it was found that that the hoop residual 

stresses are larger than the axial component ones, and the maximum compressive stresses and 

their depth are the same because tool wear remains the same in the steady state zone. 

4. The peak half width reduced when the BUE height increased because of high cutting 

temperature, which leads to the softening of the machined surface, causing a reduction in peak 
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half width. Its value was the highest on the surface and then decreased continuously for the 

unaffected workpiece, whereas the thickness of the work hardening layer was found to be 250 

µm. 

5. The cutting force varied greatly, increasing when a BUE was torn off, and decreasing as a new 

BUE was formed. When a BUE increased, the wedge angle was reduced, resulting in a reduction 

in cutting force. It was also reported that the cutting force oscillations were gradually reduced 

when the BUE is more stable. 

Finally, it is important to emphasize that the BUE formation always follows the same scenario, it 

forms, accumulates, and breaks off and then a new BUE is formed again. However, its form and 

intensity change under the same cutting conditions. This study is useful to investigate the 

beneficial effect of BUE on tool life and understand how the BUE affects surface integrity and 

cutting forces. 
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Abstract 

Demand for stainless steels is rapidly increasing, especially in the oil and gas industries. 

Stainless steel offers a number of key advantages such as high tensile strength, toughness, and 

excellent corrosion resistance. However, stainless steel machining still poses some serious 

difficulties. At low cutting speeds, workpiece material and chips tend to adhere to the cutting 

tool surface, forming a built-up edge (BUE). Unstable BUE can cause tool failure and 

mailto:ricardo.torres@pucpr.br


` 

199 

 

deterioration of the workpiece surface quality. However, stable BUE formation can protect the 

cutting tool from further wear, improving the productivity of AISI 304 stainless steel machining. 

In this work, a femtosecond laser was used to apply different shaped textures on the rake face of 

the cutting tool (square, parallel, perpendicular) to understand the effect of different texture 

shapes and orientations on tool-chip interface performance, BUE stabilization  and process 

efficiency, when turning AISI 304 austenitic stainless steel with a (WC + 6%Co) cemented 

carbide cutting tool. It was found that: the maximum reductions of 58%, 100%, and 24% in the 

respective cutting force, feed force, and coefficient of friction were obtained with the square 

textured tool; BUE formation was lower and more stable with square textured tools, reducing 

flank wear by 41-78% and enhancing surface finish by 54-68% in comparison to the untextured 

tool; the thickness and hardness values of the heat-affected zone were lower in the workpiece 

machined by the tools with the square textured pattern. 

Keywords 

Built-up edge, Laser texturing, Friction, Machining, AISI 304 stainless steel 

6.1 Introduction 

Austenitic stainless steel-type 304 is commonly used in different applications due to its notable 

anti-corrosion properties, excellent mechanical strength, and high toughness [1]. However, this 

material is known for its poor thermal conductivity, high work hardening rate, as well as poor 

tribological performance due to high friction coefficient, high cutting temperature and formation 

of a strong built-up edge (BUE) [2]. Any combination of these factors can reduce tool life and 

increase tool costs. The BUE consists of highly deformed material that promptly adheres to the 
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cutting tool during cutting, altering the cutting edge geometry [3]. The unstable state of BUE 

during the machining process can hamper the surface quality and reduce tool life [4]. When the 

BUE reaches a specific size, it breaks off completely, damaging the tool surface. BUE particles 

can adhere to the workpiece material, reducing the surface finish [5]. However, the BUE can 

sometimes inhibit sliding at the tool-chip interface, thereby preventing further wear on the 

cutting tool [5, 6]. As such, it was important to introduce a new approach of controlling the BUE 

formation and reducing the friction at the tool-chip interface during the cutting process to 

guarantee higher productivity and ensure high quality in the machined part [7]. 

In view of these problems, several methods were proposed to alleviate the tool wear and increase 

tool life, such as the use of new tool materials [8], tool geometries [9], tool coatings [10] and 

new lubrication methods such as high pressure coolant (HPC) [11]. However, the use of new tool 

materials is limited by their inherent characteristics, such as low impact toughness [12]. 

Modifications of tool geometries can also affect the strength of the cutting tools [13]. Moreover, 

the development of new coating materials usually requires a very long time to pass from the 

research to application stages [14]. In addition, many of the devices used to apply lubricants are 

expensive and difficult to operate [15]. Surface texturing of the cutting tool can be an efficient 

solution to address these issues [16, 17]. 

Surface texturing was used in different industrial applications to enhance the anti-adhesion, anti-

wear properties of the tool, as well as to provide better lubrication, thus enhancing machining 

capability [18, 19]. In this regard, it was considered that the best cutting performance can be 

achieved through the use of surface textures combined with lubricants. In cutting tools, the 

sticking areas at the tool-chip interface exert extreme pressures and temperatures on the tool 
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[15], since it is very difficult for the cutting fluid to permeate into the contact zones. The textures 

on the cutting tool rake face can be used as micro channels or pools to transport or supply 

lubricant, reducing the temperature in the cutting zone [20]. Micro-texturing on the cutting tool 

surface can also reduce the tool-chip interface length, increase the heat transfer area, and entrap 

wear debris [21, 22]. For these reasons, surface texturing of a cutting tool can be a feasible 

method of enhancing the machining performance of stainless steel. 

Recently published studies are concerned with improving the performance of cutting tools by 

creating textures on their cutting surface using femtosecond laser techniques. Micro-scale 

texturing on the cutting tool has been used for reducing cutting forces and friction at the tool-

chip interface and consequently reducing adhesion or BUE formation, which benefits tool life 

and overall surface finish. Vasumathy and Meena [23] developed micro-textures on a carbide 

tool and the authors found that cutting forces and wear performance are better than those 

obtained by untextured tools during the machining of austenitic stainless steel. They concluded 

that a net reduction of 10-15% in cutting forces and machining energy consumption could be 

achieved by this process, compared to untextured tools. Arulkirubakaran et al. [24, 25] created 

different micro-textures on the cutting tools and the authors reported 20% reduction in the mean 

friction coefficient along with a 30% reduction in the contact length of the chip on the tool. 

Similar observations were made by Zhang et al. [26] for AISI 316 L stainless steel cutting. 

Kümmel et al.  [27] also found that micro-grooved tools improved the antiadhesion properties 

and machined surface finish during the cutting of AISI 1045. They reported that textures formed 

on the cutting tool surface stabilize BUE formation over the course of the machining process, 

leading to a better surface finish. Jesudass Thomas and Kalaichelvan  [28] observed an 

improvement in the machined surface quality during turning of Aluminium (AA 6351) and mild 
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steel (EN3B) with the use of a textured tool. The enhancement in surface finish was attributed to 

lower adhesion tendency during the machining process where a 23% and 16% reduction in 

surface roughness was noticed following the machining of a mild steel and aluminium alloy. 

Texture orientation also played an important role in machining performance [27, 29, 30]. 

Grguraš and Pušavec [29] observed that the wear performance of parallel micro-grooved tools 

was higher, but Kawasegi et al. [31] and Xing et al. [32] concluded that perpendicular micro-

grooved tools gave lower cutting forces. Kümmel et al. [27] also compared the effects of dimple 

and groove textures on the tool rake face and reported that the use of micro-grooves is better than 

dimples at inhibiting BUE formation. Nonlinear texture patterns were also studied by [33] and 

based on their observations they concluded that the elliptical grooves reduced both cutting forces 

and temperature. From the above discussion, it becomes clear that micro-textures can enhance 

machining performance, but an exact method of finding the optimum textures ‘shape and 

orientation is yet to be found. 

Considering past research, an in-depth investigation of tool-chip interfaces was conducted to 

understand the effect of different texture shapes and orientations on machining performance and 

process efficiency. The textured and untextured cutting tools were inspected and compared at 

different cutting lengths and cutting speeds during the cutting test. This research addresses the 

following points: (i) a comprehensive study of the influence of rake face textures (square, 

parallel and perpendicular) on the tool-chip interface performance; (ii) an-depth investigation of 

BUE formation during the continuous turning process to understand the underlying reasons for 

the BUE stabilization; and (iii) an assessment of the deformation characteristics and mechanical 

state of the machined workpiece subsurface layers following machining with textured and 

untextured tools at different cutting speeds. 
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6.2 Material and methods 

6.2.1 Tool and workpiece material 

Uncoated cemented carbide with 6% Co was used as the cutting tool material. Table 6-1 shows 

the mechanical properties of uncoated carbide. The workpiece material was AISI 304 austenitic 

stainless steel with a diameter of 150 mm and a length of 300 mm. Before machining a 2 mm 

depth was removed from the surface to eliminate workpiece inhomogeneities. The chemical 

composition, mechanical properties and the microstructure of the workpiece used in the 

experiments are presented in Table 6-2. 

Table 6-1 Mechanical properties of uncoated cemented carbide tool  

Density 

(g/cm3) 

Hardness 

(GPa) 

Fle ural 

strength (Mpa) 

Fracture 

toughness 

(MPa m
1/2
) 

Thermal 

conductivity 

(W/mK) 

Thermal e pansion 

coefficient (10
-6/
K) 

14.6 16.0 2300 14.8 75.4 4.51 

Table 6-2 Chemical composition, material properties and microstructure of AISI 304 stainless 

steel 

Element Weight % Proof 

Strength 

(MPa) 

Tensile 

Strength 

(MPa) 

Elongation 

(%) 

Modulus 

of 

Elasticity 

(GPa) 

Shear 

Modulus 

(GPa) 

  

Hardness 

(HRC) 

C 0.08 215  505 70 200  86  70 

Si 0.75  
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Mn 2.0 

 

P 0.045 

S 0.03 

Cr 20.0 

Ni 0.50 

N 0.10 

6.2.2 Textured tools preparation 

6.2.2.1 Fabrication of micro-textures 

Different micro-textures were shaped by a femtosecond laser on polished cemented carbide 

tools. The femtosecond laser system was Ti: sapphire model "PRO 400" from Femtolasers 

Produktions GmbH, amplified by a "Femtopower Double 10 kHz" system. The output laser 

beam was polarized, with an emission centered at 800 nm, pulse length of 30 fs, maximum 

energy per pulse of 200 µJ and a repetition rate of 10 kHz. The laser beam was injected into the 

workstation model during machining. The motions were programmed using Mastercam 2018 - 

Mill software with post-processing connected to the laser system. A doublet lens with a focal 

length of 20 mm was used to focus the laser beam and the calculated focal point diameter was 

around 3.6 μm. The experimental setup, as well as the main parameters of the laser system, are 

presented in Table 6-3.  

100 µm 
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Table 6-3 Experimental setup and machining parameters used for laser system 

Laser system parameters Experimental setup 

Pulse length  30 fs 

 

Energy/pulse 200 µJ 

Repetition rate 10 KHz 

Focal length 20 mm 

Focal dimeter 3.6 µm 

Beam positioning Linear stages 

Polarization state Linear 

6.2.2.2 Selection of the texturing area of textured tools 

Micro texturing of the cutting tool was fabricated by a femtosecond laser, where micro-textures 

in the form of parallel, perpendicular, and square patterns were created on the rake face of the 

cutting tool, as shown in Figure 6-1(a). Before making the surface textures on the cutting tools, a 

turning experiment was carried out with an untextured cutting tool to obtain the maximum 

affected rake face area for a cutting length of 50 m at vc = 60 m/min. Figure 6-1(b) shows the 

rake face of the untextured cutting tool, where the adhesion and chipping region is clearly 

identifiable (approximately in the area of 700 x 700 µm²).  The region on the cutting tools that 

was selected to undergo texturing, comprises the potential wear zone at a distance from the 

cutting edge such that the strength of the tool was not significantly affected (Figure 6-1(c)). The 

femtosecond laser was employed to produce surface texturing over an area of 700x 700 µm² on 

Laser source 

Cutting tool 

XYZ stage 
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the tool rake face, at a distance of 50 µm from the main cutting edges of the cutting tools (Figure 

6-1(c)). The texture dimensions were selected according to the literature [33, 34]: width of 5 μm, 

pitch of 20 μm and depth of 2 μm. Following laser surface texturing, the cutting tools were 

polished with sandpaper to remove any edges at the textures. An untextured cutting tool was also 

used to establish the benchmark performance for comparison purposes. 

 
Figure 6-1(a) Different shapes of textures and an example of sectional-profile of textures, (b) 

rake face region for mechanical micro-texturing, and (c) fabricated rake face mechanical micro-

textured cutting tool 

Figure 6-2(a) shows the SEM images of different micro-textured cutting tool shapes and the 

atomic force microscope (AFM) three-dimensional (3D) topography of the enlarged micro-

textured area as well as their depth profile, Figure 6-2 (b, c). Figures 6-2 (a, b) show that micro-

textures on the rake face of the different cutting tools were very smooth and there were few 

 

   

 

(a) 

  

(b) (c) 

Figure 1. (a) Different shapes of textures and an example of sectional-profile of textures, (b) 

rake face region for mechanical micro-texturing, and (c) fabricated rake face mechanical micro-

textured cutting tool.  

Selected area for texturing 

Rake face Rake face 

Sectional-profile 

Parallel 
Perpendicular Square 

Pitch 

Depth 
Width 

Cutting edge 

Cutting edge Cutting edge Cutting edge 

Rake face 

10 µm 10 µm 10 µm 

200x                                        200 µm 200x                                        200 µm 
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residual deposits of melted material. A square microtexture area of 700×700 µm
2
 was produced 

and located 50 μm from the main cutting edge of the cutting tools. In the depth profile shown in 

Figure 6-2(c), the generated grooves have the following dimensions: width of 5 ± 0.2 μm, 20 ± 

0.3 μm pitch and depth of 1.5±1 μm. The variation in depth was greater than that of width and 

pitch due to the presence of carbide particles in the cutting tool, which alters the laser intensity 

during the fabrication process. The morphology of the cutting tool surfaces was evaluated by 

AFM. The cutting tools` arithmetical mean height (Sa) values obtained in the 3D model within a 

scan size of 21 × 21 μm
2
 are presented in Figure 6-3. The Sa of the untextured tool was 55 nm, 

whereas the respective Sa of the textured tools was 95 nm, 85 nm, and 100 nm for the parallel, 

perpendicular, and square textures. As shown, the surface roughness of the textured tools was 

higher than the untextured tool which was due to the micro-scale textures applied to the tool.  

 
Figure 6-2 (a) SEM images of textured tools before machining, (b) the three-dimensional atomic 

force microscope image and (c) the corresponding two-dimensional profile of different textured 

tools with 5 ± 0.2 μm in width, 20 ± 0.3 μm in pitch, and 1.5±1 μm in depth. 

 

  
  

 
   

 
   

 

Parallel 

Perpendicular 

Square 

200x                       200 µm 

200x                        200 µm 

1000x                       50 µm 

1000x                       50 µm 

1000x                     50 µm 

200x                        200 µm 
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Figure 6-3 Atomic force microscope images of surface topography of (a) square, (b) 

perpendicular (c) parallel, (d) untextured tools, and (e) the corresponding average surface 

roughness values 

 6.2.3 Testing and characterizations 

Cutting experiments involving both untextured and textured carbide tools were conducted on a 

Nakamura-Tome Sc-450a CNC machine, equipped with a piezoelectric dynamometer (Kistler-

type 9121) to measure machining forces components. A constant depth of cut (0.5 mm), feed rate 

(0.1 mm/rev) and four cutting speeds (60, 100, 120, and 150) were performed under wet 

conditions throughout the machining tests. A 6% semi-synthetic coolant with a flow rate of 2.7 

L/min was used during the cutting process. Table 6-4 summarizes the machining parameters, as 

well as the tool geometry data.  

 

 
 

 

(a) (b) 

  

(c) (d) (e) 

 

Figure 3. Atomic force microscope images of surface topography of (a) square, (b) 

perpendicular (c) parallel, (d) untextured tools, and (e) the corresponding average surface 

roughness values. 
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Table 6-4 Tool geometry and cutting parameters used in cutting experiments 

Tool geometry  

Rake angle (°) 7 

Clearance angle (°) 5 

Wedge angle (°) 78 

Nose radius (mm) 0.8 

Edge radius (µm) 28 

Cutting parameters 

Cutting speeds (m/min) 60, 100, 120, 

150 

Feed rate (mm/rev) 0.1 

Depth of cut (mm) 0.5 

Several levels of characterization were performed in this work. An optical microscope (VHX-

2000, Keyence) was used to measure the flank wear width (VBB) of the cutting tool, with an 

average flank wear value of 300 μm serving as the end of tool life criterion. The wear modes of 

the cutting tools were analyzed using a scanning electron microscope (SEM Vega 3-TESCAN), 

equipped with an energy dispersive spectrometer analysis system (EDS). Five measurements of 

each sample were performed at a minimum to ensure the reliability of results. White light 

interferometer (Alicona infinite focus G5 microscope) and atomic force microscope (AFM 

TOSCATM 400) were used to investigate the topographies of the different textured and 

untextured tools. Detailed examination of the interface between the BUE and different textures 

was conducted by a focused ion beam microscope (FIB Zeiss NVision 40). Measurements were 
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taken of the chip up curl radius produced by different textured and untextured tools under 

different cutting speeds. The chip`s free (top) surface, undersurface (bottom), and cross-section 

were also analyzed using the backscatter electron microscope (BSE/SEM) to investigate the chip 

formation and understand the friction behavior between the contact bodies.  

To investigate the influence of the tool state on surface integrity, the average surface roughness 

(Ra) of the machined workpiece surface was measured using an Alicona microscope with a 

roughness profile module [35]. In addition, electron backscatter diffraction (EBSD) 

measurements were performed on polished cross-sections of the machined samples. The 

polishing steps were performed according to [6]. An EBSD study was conducted by an SEM 

(JEOL 6610LV) microscope, and the EBSD orientation mapping, as well as representative pole 

figures were respectively analyzed by Tango-Maps and Mambo-Pole figure software. Finally, a 

nano-indentation tester (Anton Paar NHT3-indentation platform) was used to measure the 

nanohardness profiles of the workpiece layers were generated by a nano-indentation tester. The 

measurements were performed at a load of 50 mN and indentation depth of 30 µm. 

6.3 Results and discussion 

6.3.1 Cutting force components and average friction coefficients 

To assess the friction conditions on the tool-chip interface of various untextured and textured 

tools, the cutting force components were investigated. Figure 6-4(a) shows the average of each 

tool’s cutting force at different cutting speeds obtained from three cutting experiments. A 

downward trend in the cutting force can be observed for both the untextured and textured tools 

with the increase of cutting speed. At greater cutting speeds, the higher temperature can fully 
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soften the workpiece material [11]. In this case, the deterioration of the workpiece’s strength is 

more rapid than that of the tool material, which facilitates material removal. This is why the 

cutting forces gradually decrease with increasing cutting speed. Additionally, the textured tools 

have lower cutting forces at all cutting speeds than the untextured tools. The cutting forces in the 

tools with perpendicular, parallel and square textured areas were approximately 14%, 20%, and 

31% less than those of the untextured tools. This reduction in the cutting forces can be due to the 

decrease of the contact length (Figure 6-4(b)) achieved by the micro-textures created on the 

sliding surfaces. As can be seen in Figure 6-4(b), the tool–chip contact length was decreased by 

30.2%, 50.5%, 65.1% in the perpendicular, parallel and square textured tools compared to the 

untextured one.  

 
Figure 6-4(a) cutting force variation with cutting speeds, (b) tool-chip contact length, (c) feed 

force variation with cutting speeds, and (d) coefficient of friction with cutting speeds for 

different textured and untextured tools 

 

 
 

(a) 

  

  

 (b) 

 
 

(c) (d) 

Figure 4. (a) cutting force variation with cutting speeds, (b) tool-chip contact length, (c) feed 

force variation with cutting speeds, and (d) coefficient of friction with cutting speeds for 

different textured and untextured tools. 
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It can be observed in Figure 6-4(c) that the average feed force of all tools decreased with the 

growth in cutting velocity, which was a similar trend for the cutting force. The feed force of the 

untextured tool was greater than that of the textured tools. The feed force of the square textured 

tool had the lowest value among all the cutting tools at all cutting speeds. The feed force of the 

square textured tool showed the highest (53-100%) reduction in feed force compared to the 

untextured tools. 

The average coefficient of friction (COF) at the tool-chip interface was derived from the cutting 

and feed force values [15], according to Equation 1. 

μ =
𝐹𝑓 + 𝐹𝑐𝑡𝑎𝑛𝛼

𝐹𝑐 − 𝐹𝑓𝑡𝑎𝑛𝛼
 

(1) 

Where α, Fc, and Ff  are the rake face, cutting force, and feed force, respectively. 

Figure 6-4(d) presents the average COF values obtained with untextured and textured tools at 

different cutting speeds. It should be noted that the average COF of the cutting tools showed a 

tendency of decreasing with the growth of cutting speed. In addition, the untextured tools always 

had the highest average friction coefficient followed by the tools with the perpendicular, parallel 

and square textures when used at the same cutting speeds. Compared to the untextured tools, the 

average COF of the square textured tool was decreased by 20-24%. This confirms that the square 

textured tool was able to reduce the contact length and improve the friction behaviors, which 

may lead to lower tool wear and enhanced chip formation.  

To confirm the improved cutting efficiency of the textured tools, the tool wear and chip 

morphology will be discussed in detail in the following section.
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6.3.2 Wear examination of textured tools 

6.3.2.1 Tool wear morphology 

Figure 6-5(a) presents the wear morphology of the untextured tool’s rake face after a cutting 

length of 1000 m at a cutting speed of 60 m/min. Considerable wear was present on the 

untextured tool rake face. Due to the high pressure and temperature in the cutting zone, the chips 

can adhere to the cutting tool and then detach with the cutting tool. The continuity of this process 

will increase tool wear, thereby causing the tool to fail. In Figure 6-5a (A), a severe area of 

chipping emerges on the rake face due to the high intensity of workpiece adhesion on the cutting 

tool, Figure 6-5a (B). The EDS element analysis of the marked area C on the tool rake face 

(Figure 6-5a (C)), reveals the high content of Fe and Cr, indicating the severe adhesion of 

workpiece material to the tool. 

Figure 6-5b shows the rake face morphology of the perpendicular textured tool at the same stage 

of machining. In Figure 6-5b (A), a smaller chipping area was observed on the main cutting edge 

compared to the untextured tool. A consistent adhesion layer was also present in the worn area of 

the textured tool rake face (Figure 6-5b (A)). The EDS composition analysis (Figure 6-5b (C)) of 

the highlighted region C showed that the percentage of Fe was lower than that on the untextured 

tool. Thus, it can be concluded that the perpendicular textured tool has better machining 

performance than the untextured one. 
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Figure 6-5 SEM images of (a) untextured, (b) perpendicular, (c) parallel, (d) and square 

textured tools after cutting length of 1000 m at cutting speed of 60 m/min and (e) SEM 

images of untextured and textured tools at cutting speed of 150 m/min 
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A similar observation was also conducted for the parallel textured tool, as shown in Figure 6-

5(c). The intensity of wear in the parallel textured tool (Figure 6-5(c)) was lower than in the 

perpendicular textured tool (Figure 6-5(b)), showing that a parallel textured tool can provide a 

better anti-adhesion property. Figure 6-5c (A, B) presents the wear morphology of the tool rake 

face. No chipping was noticeable on the main cutting edge. An adhesion area was still present 

near the cutting edge, which was lower than in the perpendicular textured tool (Figure 6-5(b)). In 

addition, the chemical compositions of the region C shown in (Figure 6-5c (C) indicates that both 

the components of the workpiece material and the cutting tool material were present in the worn 

area. To some extent, this indicates that the direction of the applied textures affects the intensity 

of adhesion wear. 

Figure 6-5(d) depicts the morphology of the square textured tool rake face. Figure 6-5d (A, B) 

shows that the wear rate of the tool was quite small, the surface of the tool rake face was 

smoother than that of the other tools. The EDS chemical composition in Figure 6-5d (C) 

indicates high amounts of W and low amounts of Fe present on the highlighted area C, which 

shows lower adhesion of the material to the tool rake face. Consequently, it can be concluded 

that the square textured tool featured lower adhesion compared to the other textured tools. 

To understand the effect of cutting speed on adhesion in different textured and untextured tools, 

the rake face of the cutting tools was investigated at a higher cutting speed (150 m/min), Figure 

6-5(e). Severe chipping occurred only with the untextured tool, confirming the better tool 

performance of the textured tools. Minor adhesion was present on the surfaces of all cutting tools 

compared to that occurring at low cutting speeds. This can be attributed to the lower tool-chip 
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contact length at the higher cutting speed, which reduces the adhesion of the material to the 

cutting tool [36]. However, the adhesion of the workpiece material on the square textured tools 

was significantly less than that on the untextured tool. 

The superior machining performance of the square textured tool may be due to the formation of a 

stable adhesion layer on the tool-chip interface throughout the cutting process, which could 

provide better wear resistance compared to an untextured tool [27]. To confirm this hypothesis, 

the wear behavior and BUE stability during machining with square textured and untextured tools 

was investigated and summarized in detail below.  

6.3.2.2 Flank wear resistance and mechanism of antiadhesion behavior  

Figure 6-6 shows the average flank wear intensity vs. cutting length for the square textured and 

untextured tools at two different cutting speeds. At both speeds, the average flank wear present in 

the square textured tool was less than that of the untextured tool and improved by 41-78%. 

Severe chipping was only observed on the untextured tool at both cutting speeds. No chipping 

was noticeable on the square textured tools.  
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Figure 6-6 Relation between flank wear and cutting length for square textured and 

untextured tools under cutting speeds of 60 m/min and 150 m/min, associated with SEM 

images of the cutting tools at the end of tool life 

One possible reason for this tool wear improvement in the square textured tool was the 

enhanced stability of the BUE formation during the cutting test, Figure 6-7. Figure 6-7(a) 

presents a three dimensional (3D) progressive study of the square textured and untextured tools 

at low (60 m/min) and high cutting speeds (150 m/min). It was shown from the 3D images that 

the BUE selectively forms all over the tool with varying levels of coverage. It is worth noting 

that the BUE formation diminishes with the increase of cutting speed. 
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Untextured Square 

60 m/min 150 m/min 60 m/min 150 m/min 

    

  
 

  
            (a)  

 
(b) 

Figure 6-7 (a) 3D progressive study of untextured and square textured tool for cutting 

speeds of 60 m/min and 150 m/min, and (b) BUE height variation with cutting length at 

cutting speed of 60 m/min for untextured and square textured cutting tools 
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As an example, Figure 6-7(b) shows the BUE height variation for square textured and 

untextured cutting tools obtained at a speed of 60 m/min and different cutting lengths. The 

variation of BUE height in the square textured tool was minor (∆h=11 µm) compared to that in 

the untextured cutting tool (∆h=90 µm). This confirmed that more stable BUE formed on the 

square textured tool. To assess the mechanism that accounts for the superior antiadhesion 

behavior of the square textured tool, the interface between the adhered material and both 

untextured and textured areas on the cutting tool were examined using a focused ion beam 

microscope (FIB), Figure 6-8(a). The same analysis was conducted on the perpendicular 

textured tool which was the worst-performing tool. 

Figure 6-8a (A) presents a FIB cross-section of the square textured tool. The texture to which 

the workpiece material had adhered was selected (Figure 6-8a (B)) to examine the interaction 

between the BUE and the cutting tool. In Figure 6-8a (C), small cracks can be observed beneath 

the BUE and within the cutting tool (see black arrows). The adhered workpiece material in the 

texture was bonded strongly to the cutting tool, as shown in Figure 6-8a (D). Due to the chip 

flow (see white arrows), the BUE was preferentially interlocked on the undersurface of the 

cemented carbide, where the chip flow was restrained. Conversely, the adhered workpiece 

material in the untextured area had a weaker bond with the cemented carbide, as shown in 

Figure 6-8a (E, F), demonstrating the ability of the texture to interlock with the BUE during 

chip flow. Hence, Figure 6-8(a) indicates that mechanical interlocking played the most 

important role in reducing the adhesion of BUE on the square textured cutting tool.  
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Figure 6-8 Illustration of FIB-examinations of (a) square texture and (b) plain on the rake 

face with adhering workpiece material. (A) an overview of the rake face, (B) the location 

for FIB cross section, (C) surface bottom, and (D) region of worn surface 

 

 
(a) 

 
(b) 
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On the other hand, the perpendicular textures led to a destabilization of BUE on the rake face. 

In Figure 6-8b (A) the perpendicular texture produced by FIB is described and in Figure 6-8b 

(B) the texture with adhesion was selected for investigation. As shown in Figure 6-8b (C, D), 

the BUE was not interlocked with the perpendicular grooves on the textured surface of the tool 

(no cracks can be observed), which confirmed that the perpendicular textures were not able to 

bond with the BUE, contributing to its destabilization. Also, as shown in Figure 6-8a (E, F), the 

adhered workpiece material in the untextured area formed a weaker bond with the cemented 

carbide. 

6.3.2.3 Effect of texture design on material adhesion and chip flow 

The angle of chip flow regarding the orientation of the textured layer was derived from the 

worn cutting tools and described in Figure 6-9. The respective angle between the chip flow and 

texture orientation for perpendicular and parallel textures are 30° and 60°. In square textures, 

the angle can be 30° or 60° depending on the position of the chip flow, as shown in Figure 6-

9(c). Micro textures play a significant role in the chip formation. They act as micro cutters that 

reduce the contact between the chip-tool interface. This will result in highly localized pressure 

which can increase the resistance force to the chip flow [23]. The resistance force (Fper) is given 

by Equation 2. 

𝐹𝑝𝑒𝑟 = 𝐹𝑠𝑖𝑛𝜃 (2) 

Where F is the force along the chip direction and θ is the angle between the texture direction and 

the chip flow. It was noticed in this study that the orientation of the texture affects Fper. The 

maximum Fper was obtained for the square textured tool (as shown in Figure 6-9), which means 
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that Fper inhibits chip flow, reducing the cutting force on the tool. Thus, the larger Fper improved 

the efficient function provided by the texture, thereby reducing the cutting force (Figure 6-4(a)) 

coefficient of friction (Figure 6-4(d)) and adhesion (Figures 6-7 and 6-8) on the square textured 

tool.  

 
Figure 6-9 Angle between chip flow and (a) perpendicular, (b) parallel, and (c) square 

textured tools 

6.3.3 Chip formation 

6.3.3.1 Chip up curl radius 

The morphology and formation of the chips produced by the surface textured tools during the 

turning experiments were investigated in depth. Table 6-5 shows the different chips obtained at 

cutting speeds of 60 m/min and 150 m/min by various textured and untextured tools. The friction 

at the tool-chip interface has a significant effect on producing different types of chips. Greater 

contact at the tool-chip interface produced a larger chip up curl radius. When the resultant force 

at the shear plane was equal to the resultant force at the rake tool rake face, it generated a 

bending moment that caused the chip to curl. In general, a reduction in friction will enhance this 

moment and the curvature of the chip [15].   
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Table 6-5 Chip up curl radius under different cutting conditions 

 
 

As shown in Table 6-5, the untextured tool produced continuous chips with a larger chip up curl 

radius, especially at a cutting speed of 60 m/min since the friction at the tool-chip interface was 

greater than that of the textured tools. However, the chip up curl radius was observed to be 

lower in the textured tool due to the smaller tool-chip contact length and lower friction. This 

result agreed with the calculated mean coefficient of friction in Figure 6-4(d). Also, the texture 

edge of the textured tools acted as a chip breaker, increasing the bending moment on the chip, 

consequently reducing the chip up curl radius.  
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Meanwhile, when the cutting speed increased up to 150 m/min (Table 6-5), the diameter of the 

snarled chips was slightly smaller for both untextured and textured tools. This was due to the 

reduced chip thickness at the higher cutting speeds, which facilitated chip deformation and 

increased the bending force [37]. Also, it is possible to see from Table 6-5 that there is a clear 

difference in the chip up curl radius among the different textured tools. The chips generated by 

the square textured tools had a smaller up curl radius, due to the significant reduction of contact 

length (Figure 6-4(b)).   

6.3.3.2 Chip morphology 

Figure 6-10 (a-c) shows the chip-free surfaces, chip undersurfaces and chip cross-sections 

produced by the untextured and textured tools at a lower cutting speed of 60 m/min, respectively. 

In general, the chips present in Figure 6-10(a) are continuous. Figure 6-10 a (B-D) shows that the 

chip-free surface generated by the textured tools has a lamellar structure compared with Fig. 6-

10a (A) which showed a lower amount of lamellar structures on the chip-free surface of the 

untextured tool. Due to the thermo-plastic flow instability, some micro-defects could appear in 

the shear plane, causing layer by layer slipping and consequently the formation of a lamellar 

structure [14]. The minimum amount of lamellar structures obtained by the untextured tool was 

attributed to the high friction at the tool-chip interface. This caused a rise in the cutting 

temperature, which increased the ductility of the workpiece and restrained the shear instability 

[38].  
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Figure 6-10 Back scatter electron (BSE) images of (a) chip free surfaces, (b) chip 

undersurfaces and (c) chip cross-sections obtained with (A) untextured, (B) 

perpendicular, (c) parallel, and (D) square textured tools   

Compared to the undersurface of the chip produced by the textured tool (Figure 6-10b (C-D)), 

damage caused by abrasion can be observed on the underside of the chip obtained by the 
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untextured tool observed in Figure 6-10b (A), due to high tool-chip friction [28]. In addition, 

the chip cross-sections showed the secondary shear deformation area with a continuous heat-

affected zone (HAZ) in the chip generated by the untextured tool (Figure 6-10c (A)). In 

contrast, no HAZ can be observed on the chip produced by the textured tool (Figure 6-10c (B-

D)). As the chips are formed by the untextured tool, the high tool-chip contact length intensified 

the chip material plastic deformation [38]. 

Figure 6-11 (a, b) shows the change of the chip-free surface generated by the square textured 

(Figure 6-11(a)) and untextured tool (Figure 6-11(b)) at three different cutting speeds (60, 100, 

and 150 m/min). The figures reveal identical lamellar structures created on the segmented chips 

as those on the continuous chip free-surface (Figure 6-10(a)). It is also noted that the sliding 

surface machined by the textured and untextured tools becomes smoother as the cutting speed 

increases. This is due to the increase in the temperature and shear strain rate with the growth of 

cutting speed, limiting the time period in which the layer by layer slipping could occur [15]. In 

addition, the thickness of the lamellar structures produced by the untextured tool (Figure 6-

11(b)) appeared to be smaller than that produced by the square textured tool (Figure 6-11(a)) at 

the same cutting speed. This occurred due to the high friction generated by the untextured tool, 

as previously discussed in section 3.2.1 and Figure 6-4(b), leading to an increase in cutting 

temperatures and consequently reduced lamellar thickness [15]. To understand the influence of 

textured tools on segmented chip formation at different cutting speeds, the chip segmentation 

frequency and percentage of segmentation were studied in Figure 6-11 (c, d). 
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(a) 

 
(b) 

 

 
(c) (d) 

Figure 6-11 (a, b) BSE images of the chip free surface obtained with the (a) square 

textured and (b) untextured tools, (c)  an example of the geometrical feature of segmented 

chips, and (d) variation of segmentation frequency and percentage of segmentation for 

different textured and untextured tools at various cutting speed 

 



` 

228 

 

Chips segmentation frequency (fc) and percentage of segmentation (Gs) can be derived from 

Equations 3 and 4 [39].  

𝑓𝑐 =
𝑣

𝐿
 

(3) 

𝐺𝑠 =
𝑓𝑚𝑎𝑥 − 𝑓𝑚𝑖𝑛

𝑓𝑚𝑎𝑥
 

(4) 

Where v is the cutting speed, L is the undeformed chip length, fmax is the maximum chip thickness 

and fmin is the minimum chip thickness. An example of a geometrical feature of the segmented 

chips is described in Figure 6-11(c) and plotted in Figure 6-11(d). In Figure 6-11(d), the chip 

segmentation frequency and degree of segmentation become lower in the textured tools 

compared to the untextured tool. This describes the reduction in cutting forces due to lower 

vibrations generated by the lower frequency associated with chip segmentation [39].  

6.3.4 Influence of cutting tool state on Surface integrity 

6.3.4.1 Topography and surface roughness of the machined surface 

To evaluate the surface quality produced by the different cutting tools, the workpiece surface 

topographies machined with untextured and textured tools were studied. Detailed surface 

topography and average surface roughness are shown in Figure 6-12. A small area of 100×100 

μm
2 
was selected in the middle of the machined surface to analyze the topography of the surface. 

In Figure 6-12(a), the average surface roughness values tend to decrease for the textured tools, 

especially for the square texturing. As can be seen, the square textured tool improves the surface 

finish by 54-68% when compared to the untextured tool. 
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(a) 

                           Untextured                                                        Square 

  
(b) 

Figure 6-12 (a) Average surface roughness obtained at different cutting speeds for 

different textured and untextured tools and (b) SEM images of the machined surface 

obtained by square textured and untextured tool 

These results are consistent with the BUE formation observations in Figure 6-6(b), which showed 

a stable BUE in the square textured inserts and an unstable one for the untextured tools. The 

instability of the untextured tool’s BUE caused the fractured particles to be carried away from the 

machined surface, reducing the quality of the surface finish. Conversely, the stable BUE of the 

square texture tool enhanced the machined surface finish. It was also noticed that as cutting speed 
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increased, the value of surface roughness decreased for all untextured and textured tools. At a 

low cutting speed, the sliding velocity of the chips decreased which leads to creating a large 

unstable BUE, which produced a rough surface finish [40]. At a higher cutting speed, the BUE 

was diminished, chip fracture decreased, the surface finish improved, and the machining time 

was reduced. 

Figure 6-12(b) shows SEM images of the machined workpiece collected at the beginning of the 

turning process for square textured and untextured tools. It can be observed that the machined 

surface produced by the untextured tool feature cracks and distortions. As a result of the unstable 

BUE formation (Figure 6-7(b)), the BUE particles are adhered to the machined surface, causing 

distortions on the surface [41]. However, the machined surface with the square textured tool also 

does not show even minimal surface cracking. Only very fine feed marks are present on the 

surface due to the small and stable BUE that formed on the square texture tool (Figure 6-7(b)).  

6.3.4.2 Microstructure and mechanical state of the machined subsurface  

Figure 6-13 shows the optical images of the machined workpiece subsurface obtained with the 

untextured tools (a, b) and square textured (c, d) at cutting speeds of 60 m/min (a, c) and 150 

m/min (b, d). A clear heat-affected zone (HAZ) of varying thicknesses can be observed when 

using the untextured tools ∼40 μm (untextured at 60 m/min (Figure 6-13(a)) and ∼10 μm 

(untextured at 150 m/min (Figure 6-13(b)). The HAZ were generally minimal when using the 

square textured tools at both 60 m/min and 150 m/min (Figure 6-13 (c, d)). This was attributed to 

the lower and stable BUE formation that generates less tensile residual stress and fewer changes 

in the surface microstructure as compared to the untextured tool [42].  
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Figure 6-13 Optical images of machined workpiece subsurface obtained with (a, b) 

untextured and (c, d) square textured tools at cutting speed of (a, c) 60 m/min and (b, d) 

150 m/min 

When BUE formation is large and more unstable, the temperature at the machined surface is 

higher during machining. Due to the high temperature, thermal expansion was then greater at the 

machined surface, thus the surface layers became compressed. The surface layer shrank in size as 

it cooled, which then generated tensile residual stresses in the surface layers [22], thereby 

increasing the HAZ formation (Figure 6-13 (a, b)). However, the BUE formation reduced with an 

increase in cutting speed, (Figure 6-7(a)) generating less tensile stress in the workpiece surface. 

Untextured tool, 60 m/min Square textured tool, 60 m/min 

Untextured tool, 150 m/min Square textured tool, 150 m/min 
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Since the thickness of the white layer depended on the tensile residual stress, a smaller white 

layer can be seen in the workpiece which was produced by the untextured tool (Figure 6-13(b)) 

and the square textured tool (Figure 6-13(d)) at a high cutting speed of 150 m/min [43]. 

 
(a) 

 
 

(b) (c) 

Figure 6-14 (a) Typical pole figures obtained from EBSD analysis of the subsurface 

layers (square textured tool, new tool, vc = 60 m/min) and (b, c) texture index of the 

machined workpiece surfaces computed from pole figure analysis obtained with (b) new 

and (c) worn tools 

Figure 6-14(a) shows pole figures generated from EBSD analysis of the machined workpiece 

subsurface. The texture index derived from the orientation distribution function (ODF) of (111), 
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(001), (011) pole figures are shown in Figure 6-14(b, c). Results show that cutting speed only has 

a minor effect on this parameter when comparing workpiece surfaces produced by different 

textured and untextured tools, see Figure 6-14(b). However, a distinct reduction in the intensity 

of the deformation texture was consistently observed in the machined surfaces produced by the 

worn cutting tools, as shown in Figure 6-14(c). This was attributed to the higher recrystallization 

and smaller grains of the HAZ obtained when using the worn tools [43]. 

 
 

 
Figure 6-15 Detailed EBSD orientation map and pole figure maps of the heat affected 

zone of the machined workpiece subsurface obtained with an untextured tool at 60 

m/min 
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Further EBSD analysis of the HAZ on the workpiece produced with the untextured tool at a 

cutting speed of 60 m/min was made possible because of its larger thickness (∼40 μm) compared 

to the other tools. The analyses are displayed in Figure 6-15 where the orientation map and pole 

figures of the HAZ are shown. In this figure, very fine grains are observed in the HAZ with a 

grain size of 90 nm. The pole figures indicate the presence of a retained shear-induced 

deformation texture, typical of face-centered cubic material. This agrees with pole figures 

obtained in AISI 304 austenitic stainless steel [44]. 

6.3.4.3 Nano-hardness distribution of the machined subsurface  

To conclude the investigations outlined in this study, the nano-hardness distribution of the 

machined workpiece subsurface was evaluated. Figure 6-16 presents the nano-hardness 

distribution of the machined surface obtained with textured and untextured tools at two cutting 

speeds of varying magnitude. The bulk hardness of all workpieces was above 5 GPa. Also, the 

nano-hardness of the machined surface was found to be higher when machining at the higher 

cutting speed of 150 m/min. A higher cutting speed was found to generate intensive plastic 

deformation and consequently increased the nanoscale surface hardness [45].  

Furthermore, the results of the textured tools at both cutting speeds show little variation in these 

distributions, especially when using the square textured tool. However, a distinct zone of 

increased nano-hardness can be observed in the machined surface obtained with the untextured 

tool. This was somewhat expected when correlating the nano-hardness distribution under the 

machined surface with the depths of the HAZ in Figure 6-13 where the thickness of HAZ was 

larger compared to those obtained when using the square textured tools.  
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Figure 6-16 Nanohardness distribution of the machined subsurface obtained with different 

textured and untextured tools at cutting speeds of 60 m/min and 150 m/min 
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Conclusions 

An in-depth investigation of the tool-chip interface performance was carried out in the 

current paper to understand the effect of three different texture shapes (square, parallel, 

and perpendicular) on the machining performance and process efficiency during the 

machining of AISI 304 austenitic stainless steel. The key findings of this study are as 

follows: 

1. Surface textured tools helped to reduce the cutting forces, thrust forces and 

coefficient of friction. The maximum reductions of 58%, 100%, and 24% in the 

respective cutting force, thrust force, and coefficient of friction were obtained with 

the square textured tool. 

2. Square texturing was capable of stabilizing the BUE formation during the cutting 

process. FIB examinations of the square textured rake face showed a superior 

mechanical interlock between the BUE and the textured surface tool. This helped 

enhance the stability of BUE formation, consequently reducing the machined surface 

roughness while providing better wear protection as compared to other tools. Square 

texturing reduced flank wear by 41-78% and improved surface finish by 54-68% in 

comparison to the untextured tool. 

3. The texture orientation had a significant effect on chip flow and adhesion. The 

greatest improvement to chip flow (Fper) was obtained with square texturing, 

reducing the cutting forces and controlling the adhesion properties. 
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4. The chip undersurface morphology obtained by the square textured tool was found to 

be superior to that of the untextured tool, indicating a smaller tool-chip contact 

length and consequently lower friction at the tool-chip interface. 

5. The thickness and nano-hardness values of the heat-affected zone were lower in the 

workpiece machined by the square textured tools. This is due to the formation of a 

smaller and more stable BUE, which generates lower tensile residual stresses and 

workpiece surface microstructure changes as compared to the use of the untextured 

tool.  

Future work will focus on performing a sliding friction test to evaluate the extent of 

friction reduction obtained using different microtextured surfaces. Accordingly, the best 

texture design on the cutting tool will be selected upon which to deposit a tungsten 

disulfide (WS2) coating. Machining experiments will then be carried out on the WS2 

coated textured, uncoated textured and untextured cutting tools to compare their 

performance. 
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Chapter 7: Conclusions and Future Work 

This chapter outlines the general conclusions of the research reported in this thesis as well 

as research contributions and recommendations for future work. 

7.1 General Conclusions 

Stainless steels are currently used for various applications due to their combination of 

high mechanical strength, corrosion resistance and low thermal conductivity. However, 

stainless steel machining is characterized by rapid tool wear and poor surface quality. 

This thesis seeks to provide a comprehensive overview of machining performance during 

stainless steel machining. The wear mechanisms and tribological performance of 

uncoated and coated carbide tools were investigated during the turning of stainless steel 

under wet conditions. Tool wear was evaluated during the cutting tests to identify the 

dominant wear mechanisms. At low cutting speeds, workpiece material and chips tend to 

adhere to the cutting tool surface, forming a built-up edge (BUE). The BUE consists of 

extremely deformed material that firmly sticks to the tool-chip interface throughout the 

cutting test, affecting tool life and surface integrity. The role of high pressure coolant 

(HPC) on tribological performance was evaluated by a study of tool life, BUE formation 

chip characteristics, segmentation and free surface area. BUE structures obtained at 

different cutting speeds were examined in detail to characterize BUE formation during the 

machining test. Various BUE adhesion patterns were analyzed via electron backscatter 
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diffraction (EBSD) and nano-indentation methods. Then, to maintain high productivity 

and quality of the machined part, different textures were generated on the uncoated 

WC/Co tool rake face using LST to control the BUE stability and reduce friction at the 

tool-chip interface.  

This thesis work seeks to enhance the machinability of stainless steel through the control 

of friction and adhesion mechanisms during the machining process. The general 

conclusions from this thesis are outlined below: 

 An in-depth study of machining performance during stainless steel machining 

showed that the predominant wear mechanisms were adhesion and chipping for all 

of the investigated tools. This was attributed to the formation of an unstable BUE 

which causes cracks and damage on the tool surface eventually leading to cutting-

edge chipping.  

 A substantial tool life improvement was achieved using HPC: tool life was 

extended by 26% and 36% compared to wet and dry conditions, respectively. The 

tribological performance was also improved. A lower chip thickness and higher 

shear angle were obtained as a result of using HPC, in addition to a 10% decrease 

in the coefficient of friction and a 30% reduction in the tool chip contact length as 

compared to wet machining. Although the use of HPC was shown to extend tool 

life and improve the overall tribological performance, it could not achieve control 

of BUE stability, since a high variation of BUE height was observed during the 
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machining of stainless steel. Thus, the use of HPC did not result in an 

improvement of the workpiece surface quality. 

 Investigation of the role of adhesion mechanisms on tool failure and surface 

integrity demonstrated the protective effect of a BUE at low cutting speeds that 

enhanced tool life. At low speeds, only low flank wear was observed compared to 

various wear types found at high cutting speeds. The BUE formed at lower cutting 

speeds covered a greater area of the rake face compared to that at the higher 

cutting speed, which protected the cutting tool from wear by reducing the friction 

at the tool-chip interface. These results highlighted the beneficial impact of having 

a stable BUE in terms of increasing tool life and lowering the probability of tool 

breakage. 

 BUE formation also had a great effect on surface integrity. An unstable BUE was 

responsible for the increase in surface roughness of the machined surface. In 

addition, tensile residual stresses on the machined surface decreased with the 

growth of BUE height, which was attributed to the high cutting temperature 

softening the material, thereby causing the residual stresses to decrease. 

 Control of BUE formation during stainless steel machining was shown to be 

necessary to maintain high productivity and quality of the machined part. 

Different texture shapes were applied on the rake face of the cutting tool with LST 

to mitigate BUE adhesion on the cutting tool. The results showed that square 

texturing stabilized the BUE formation during the cutting process. This, in turn, 
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reduced the machined surface roughness and provided superior wear protection 

when compared to other tools. Square texturing reduced flank wear by 41-78% 

and increased surface finish by 54-68% when compared to the use of an 

untextured tool. In addition, surface textured tools helped reduce the cutting forces, 

thrust forces and the coefficient of friction. The maximum reductions of 58%, 

100%, and 24% in the respective cutting force, thrust force, and coefficient of 

friction were obtained with the square textured tool. Furthermore, the thickness 

and hardness values of the heat-affected zone were lower in the workpiece 

machined by the square textured tools. 

7.2 Research Contributions 

The main contributions of this thesis include achieving control of the adhesion 

mechanism and reducing friction during stainless steel machining. These contributions 

can be summarized as follows: 

1. An in-depth investigation of machining behavior during stainless steel machining 

was performed. A description of tool wear mechanisms and tribological 

performance of different coated and uncoated tools was provided. 

2. The chip forming mechanism and chip breakability of stainless steel were studied 

under the supply of HPC. The experiments were conducted under different 

cooling conditions: dry machining, conventional coolant supply and two HPC 

pressures. The chip formation mechanism was evaluated in terms of chip 
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characteristics, segmentation and free surface. Furthermore, a 3D model of chip 

curling was used to evaluate the effect of HPC supply on chip geometry during 

metal cutting.  

3. The BUE structures were studied in detail under different cutting conditions to 

investigate the beneficial and detrimental effect of BUE on tool failure and surface 

integrity. In addition, the BUE mechanisms were analyzed by means of an in-

depth investigation of microcrack formation and EBSD analysis. 

4. A femtosecond laser was used to apply different shaped textures on the rake face 

of the cutting tool (square, parallel, perpendicular). An in-depth investigation of 

tool-chip interfaces was then conducted to understand the effect of different 

texture shapes and orientations on machining performance and process efficiency. 

The textured and untextured cutting tools were inspected and compared at 

different cutting lengths and cutting speeds during the cutting test. This 

investigation can be summarized by the following points:  

(i) A comprehensive study of the influence of rake face textures on the tool-chip 

interface performance. 

(ii) An in-depth investigation of BUE formation during the continuous turning 

process to understand the underlying reasons for its stabilization. 

(iii) An assessment of the deformation characteristics and mechanical state of the 

machined workpiece subsurface layers following machining with textured and 

untextured tools at different cutting speeds. 
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7. The results presented in this thesis can be implemented in industrial practice to 

control BUE stability and reduce friction during stainless steel machining. In this 

manner, tool life can be potentially enhanced by 41-78% and surface quality by 

54-68%. 

7.3 Recommendations for Future Research 

The following research topics are suggested for future studies: 

 A sliding friction test should be performed to evaluate the degree of friction 

reduction obtained using different microtextured surfaces. Accordingly, the best 

cutting tool texture design can then be combined with the advantages of using a 

tungsten disulfide (WS2) coating. Machining experiments will then need to be 

carried out on the WS2 coated textured, uncoated textured and untextured cutting 

tools to compare performance. 

 The machining tests with surface textured tools were performed at a limited range 

of cutting speeds (60, 100, 120 and 150 m/min), a constant feed rate (0.1 mm/rev) 

and depth of cut (0.5 mm). In the future, a wider range of feed rates and depths of 

cut should be considered. In addition, micro texturing was applied on uncoated 

carbide tools - future work should be extended to consider coated tools as well. 

 A correlation between different texture parameters such as width, pitch, depth and 

machining conditions may be determined following extensive research and could 
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be used to build a database of conditions for which texturing may prove to be 

beneficial. 

 The principle of surface texturing can be extended to smaller length scales, i.e. the 

nanoscale, and their effect on the adhesion and friction can be explored during 

cutting tests. Furthermore, since this thesis was limited to negative surface 

texturing, future investigations might concern testing similar hypotheses on 

positive surface texturing.  
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Appendix A: Effect of HPC on tool life, BUE 

formation, and cutting forces 

Preface 

The effect of high pressure coolant jets directed into the tool–chip interface, during 

turning with uncoated carbide tools is investigated in this appendix and compared with 

dry and conventional coolant conditions. During the turning of AISI 304 stainless steel, 

the cutting forces, tool wear, BUE formation, and machined surface finish were analyzed 

as a function of the coolant supply pressure.  

Chapter 3 analyses the chip forming mechanism and chip breakability of stainless steel 

with a supply of HPC. This appendix consists of an unpublished section on the effect of 

HPC on tool life, BUE formation, cutting forces and machined surface roughness which 

were not covered in Chapter 3. 

A.1 Cutting forces 

To better understand the correlation between BUE formation and the resulting cutting 

forces, cutting force components were measured while machining the workpiece. The 

cutting forces are almost always used to assess the chip formation process of engineering 

materials. Although direct measurement of the cutting forces helps to determine the 

power requirement for cutting the work material, it is also useful to evaluate the entire 
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cutting process [1]. The main cutting forces for the dry, conventional coolant and two 

HPC conditions are depicted in Figure A-1 (a).  

 
 

Figure A-1(a) Relation between cutting force and time at optimum cutting conditions and 

(b) associated cutting force variations for different cooling conditions 

 

The main cutting forces are higher under the use of dry and conventional coolant than 

under HPC. No difference in cutting forces was observed at the two HPC pressures. The 

reduction in the cutting force under HPC conditions was attributed to several factors. The 

HPC jet strikes the chip at a point very close to the cutting edge of the insert, removing a 

serrated portion of the chip and thereby reducing its width [2]. Consequently, the tool 

chip contact area on the rake face was diminished, which leads to a reduction in BUE 

formation due to less friction being present between the insert and the chip, which 

eventually reduced the cutting force as well [3]. Another reason is that HPC is capable of 

reaching deeper into the cutting interface to deliver more efficient cooling and lubrication. 

Thus, the coolant water wedge created at the tool-chip interface reduced the tool-chip 
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contact length and cutting forces, which can also potentially benefit friction conditions 

and BUE control [4]. 

A comparative study of the dynamic cutting forces during machining under dry, 

conventional, and HPC conditions is shown in Figure A-1 (b). The cutting force 

fluctuates between high and low values. This fluctuation becomes more prominent with 

the formation of BUE. If the inserts exhibit a high BUE intensity, the cutting force jumps 

to a very high value before dropping off under the use of dry and conventional coolant 

[5]. However, no sudden increase of cutting force was observed under HPC conditions 

and its magnitude was lower than under conventional coolants and dry conditions 

throughout the entire duration of machining.   

A.2 Tool Life 

Figure A-2 shows the progression of average flank wear with machining time associated 

with SEM images of the cutting tools at the end of tool life. The volume of wear is lowest 

in HPC and the highest in the dry condition. Based on the tool rejection criteria defined 

by ISO standard 3685, the tool life under dry cutting and when a conventional coolant 

was used were 8.8 min and 9.5 min respectively, whereas in HPC, it was 12 min. 

Therefore, HPC prolonged tool life by 26% and 36% compared to respective 

conventional and dry conditions. This performance improvement can be attributed to the 

highly pressurized jet displacing the chips, which reduced friction and BUE formation [6, 
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7]. In addition, the HPC jet left behind a thin lubricating film that also contributed to wear 

reduction.   

 

Figure A-2 Relation between flank wear and machining time during machining AISI 304. 

Additionally, SEM image for cooling condition is presented at the end of tool life (v = 60 

m/min, a = 0.5mm, f = 0.1 mm/r) 

A.3 BUE formation 

The tool wear morphologies under the different coolant pressure conditions are shown in 

Figure A-3. Tool wear was alleviated, and adhesion reduced with increasing coolant 
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pressure. The coolant liquids could not reach the cutting edge due to the relatively low 

coolant pressure as compared to the high contact pressure in the cutting zone so its impact 

on BUE formation was minimal. However, the coolant with the high energy jet can 

reduce the chip contact area with the tool surface, thus reducing the seizure effect and the 

cutting temperature [3]. Therefore, high pressure coolant was found to be effective at 

minimizing adhesive wear and other thermo-related wear mechanisms. 

  
Flank face under dry condition Rake face under dry condition 

  
Flank face under wet condition Rake face under wet condition 

Huge chipping 

200 µm 200 µm 

200 µm 200 µm 

https://www.sciencedirect.com/topics/engineering/adhesive-wear
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Flank face under HPC (35 bar)  Rake face under HPC (35 bar)  

  
Flank face under HPC (70 bar) Rake face under HPC (70 bar)  

Figure A-3 Tool wear morphologies under different cooling conditions 

(v = 60 m/min, ap = 0.5mm, f = 0.1 mm/r) 

To understand the effect of HPC on BUE stabilization, the average BUE height was 

measured during the cutting process and plotted in Figure A-4. Although BUE formation 

was lower under HPC conditions, it remained unstable during the machining process: the 

variation of BUE height under HPC and dry conditions was the same (∆h=15µm). This 

confirmed that HPC was not capable of stabilizing the BUE formation during the 

machining process.  

200 µm 200 µm 

200 µm 200 µm 
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Figure A-4 BUE height variations obtained with different cooling conditions (v = 60 

m/min, a = 0.5mm, f = 0.1 mm/r)  

A.4 Machined surface roughness 

To evaluate the surface quality produced by the different cooling conditions, a 

measurement of the average surface roughness is presented in Figure A-5. As can be seen, 

no significant improvement can be observed in average surface roughness obtained with 

HPC. This was attributed to the instability of BUE formation during stainless steel 

machining. 

 
Figure A-5 Average surface roughness obtained at different cooling conditions 
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A.5 Remarks 

The effects of various coolants such as dry, conventional coolant and two different HPC 

pressures on cutting forces, tool life, BUE formation and machined surface quality were 

discussed. The resulting observations are the following: 

1. The main cutting forces were higher under dry and conventional coolant than with 

the use of HPC. No sudden increase in cutting force was observed under HPC 

conditions over the course of machining due to low BUE formation. 

2. HPC managed to prolong tool life by 26% and 36% compared to conventional and 

dry conditions. This performance improvement was attributed to the highly 

pressurized jet displacing the chips, which reduced friction and BUE formation. 

3. HPC was not capable of stabilizing the BUE formation during the machining 

process. As a result, no significant improvement was observed in the machined 

surface roughness. 
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Appendix B: Effect of laser micro- scale textured 

tools on the tool-chip interface performance 

during stainless steel machining under a dry 

condition 

Preface 

Chapter 8 discusses the influence of different rake faces on the tool-chip interface 

performance during wet machining of stainless steels. Appendix B consists of an 

unpublished section on the effect of laser micro-scale textured tools on tool-chip interface 

performance during stainless steel machining under dry conditions. All cutting 

experiments were performed using the same tools, workpiece materials and machines, 

under the same parameters except no cutting coolant was used. 

B.1 Flank wear resistance  

The average flank wear vs. cutting length for different textured and untextured tools at a 

cutting speed of 60 m/min, feed rate of 0.1 mm/rev and depth of cut of 0.5 mm is 

displayed in Figure B-1. It could be observed that each of the three textured cutting tools 

featured superior flank wear resistance compared with the untextured tool. Square and 

parallel textured tools were shown to reduce flank wear to a greater degree compared with 
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perpendicular textured and untextured tools. The average flank wear present in the square 

textured tool was the lowest and improved by 47% compared with the use of the 

untextured tool. However, it is worth noting that the square textured tool had the poorest 

wear resistance at a cutting distance below 160 m. But as the cutting distance exceeded 

200 m, its cutting performance was observed to be superior to that of the other tools. 

 
Figure B-1 Relation between flank wear and cutting length for different textured and 

untextured tools at a cutting speed of 60 m/min 

B.2 Tool wear morphology 

To evaluate the anti-adhesive properties of the textured tools under dry cutting conditions, 

dry cutting experiments were conducted at a cutting speed of 60 m/min. Figure B-2 shows 

the SEM images of the rake face after a cutting length of 1000m. Adhesion of workpiece 

material (Fig. B-2 (b)) to the untextured tool was observed to be more intense during dry 

cutting than wet cutting (Fig. B-2(a)). In addition, the decrease in the adhesion of the 

untextured tool near the cutting edge can be attributed to the cutting temperature near the 
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cutting edge exceeding the recrystallization temperature of stainless steel under the dry 

cutting condition [1]. Additionally, a more severe chipping area on the cutting edge can 

be observed under the dry condition compared to the wet condition (Fig. B-2(b)). 

  

(a) Wet condition 

  
(b) Dry condition 

Figure B-2 SEM images of untextured tools after cutting length of 1000 m at cutting 

speed of 60 m/min. 
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Figure B-3 (a-c) shows the rake face morphology of different textured tools at the same 

machining stage. As shown, a smaller chipping area can be observed on the main cutting 

edge of the textured tools compared to the untextured tool (Figure B-2 (b)). It can be 

therefore concluded that the application of micro-textures on the rake face could enhance 

the machining performance of a tool. An adhesion layer was also present on the worn area 

of the rake face of the textured tools. EDS composition analysis (see EDS (1-3) In Table 

B-1) shows that the percentage of Fe was lower in the textured tool (EDS 4 in Table B-1). 

Therefore, it can be concluded that the textured tools have better machining performance 

than the untextured tool even under dry conditions.   

(a) 
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(b) 

  
(c)  

  

Figure B-3 SEM images of (a) parallel, (b) perpendicular and (c) square textured tools 

after cutting length of 1000 m at cutting speed of 60 m/min 

Table B-1 EDS analysis related to Figures B-2 and B-3 

EDS Fe Cr W 

1 66.5 28.9 0.8 

2 72.3 25.3 1.2 

3 69.2 24.4 4.5 

4 80.22 12.33 5.6 

Chipping  

Adhesion (EDS 2) 

Adhesion (EDS 3) Chipping  
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To understand the effect of cutting speed on adhesion under different textured and 

untextured tools, the rake face of the cutting tools was investigated at a higher cutting 

speed (150 m/min), as shown in Figure B-4. The results show that severe chipping occurs 

on all cutting tools. Less adhesion could be observed on the surfaces of each cutting tool 

at the higher cutting speeds than at lower ones (Figure B-3). This may be due to the 

reduction in the tool-chip contact length achieved at a higher cutting speed [2].   

(a) 

  
(b)  

  
 (c)  
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Figure B-4 SEM images of (a) parallel, (b) perpendicular and (c) square textured tools 

after cutting length of 1000 m at cutting speed of 150 m/min 

B.3 Remarks 

The effects of the three different texture shapes (square, parallel, and perpendicular) on 

the tool wear morphology and flank wear resistance were investigated during the dry 

turning of AISI 304 austenitic stainless steel. The following are the key conclusions of 

this study: 

1. Surface textured tools improved wear protection. The average flank wear of the square 

textured tool was 47% and 78% lower than that of the untextured tool in the respective 

dry and wet conditions.   

2. Adhesion of workpiece material to the untextured tool was more intense during dry 

cutting than wet cutting. Also, a larger area of severe chipping on the cutting edge was 

observed under the dry condition compared with the wet condition. Furthermore, less 

adhesion was observed on the surfaces of each cutting tool at the higher cutting speeds 

than at that lower ones. 
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