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ABSTRACT 

 

Tool wear is the critical factor to determine machining economy since it is directly 

related to tool life and the overall cost of production. Surface integrity (surface finish, 

microstructure, residual stress, microhardness, and surface chemistry) and service performance 

(e.g. fatigue life) of machined components can be also adversely affected by tool wear because 

they deteriorate to an unacceptable level with the progression of tool wear. Therefore, it is 

necessary to understand and establish the basic relationship between tool wear, surface integrity, 

and fatigue performance in order to give a general guidance for producing as many quality parts 

as possible while minimizing machining costs.       

This study starts with a critical assessment of literature on surface integrity in machining 

of difficult-to-cut alloys. To significantly improve the accuracy and repeatability of tool wear 

measurement, a novel online optical tool inspection system has then been developed to integrate 

with a CNC machining center to monitor tool wear in milling. The progression of tool flank wear 

of PVD coated inserts in end milling of AISI H13 tool steel and Inconel 718 superalloy were 

presented to demonstrate the function of the optical tool inspection system.  

A Taguchi design-of-experiment based dry finish milling of AISI H13 tool steel 

(50 ± 1 HRc) with (Ti, Al)N/TiN coated cutting tools was conducted to investigate the process-

induced surface integrity. The mechanism of surface integrity in hard milling was investigated to 

understand the effects of mechanical/thermal loads on surface microstructure and properties. The 

microstructure, microhardness and residual stresses were characterized. A phase transformed 
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white layer was not observed in the context of concerned process parameters. The milled 

surfaces are characterized by the increased microhardness and high compressive residual stresses, 

which are beneficial for improving fatigue performance and wear resistance of the machined 

components. Finally, the process design space for the desired surface integrity has been 

established via the microhardness and residual stress maps. 

By using the online optical tool inspection system, tool wear effect on surface integrity 

and fatigue life of AISI H13 tool steel by dry hard milling using PVD coated tools are studied. 

The evolutions of surface integrity were characterized at different levels of tool flank wear. At 

each level of tool flank wear, the effects of cutting speed, feed, and radial depth-of-cut on surface 

integrity were investigated respectively. It shows that surface roughness in the step-over 

direction is much higher than that in the feed direction under all the milling conditions. The 

increased tool wear did not necessarily produce a rougher surface in both directions. Optical 

images of the subsurface microstructure of the machined samples do not show a noticeable white 

layer or heat affected zones which may be explained by the characteristic of periodic tool/work 

contact in milling compared to turning and grinding. Residual stresses are compressive in both 

directions and are more compressive in the step-over direction than the feed direction. Four-point 

bending fatigue tests were performed using the samples machined at different flank wear 

conditions. The results show that generally a worn tool reduces fatigue life, and the larger the 

tool wear, the shorter the fatigue life. The fractured surfaces of fatigued samples were 

characterized. Fatigue endurance limits of the machined surfaces at different reliability levels 

were estimated and correlated with the experimentally determined fatigue life. 

Tool wear effect on surface integrity and fatigue life of Inconel 718 superalloy by milling 

using PVD coated tools are also studied. The evolutions of surface integrity including surface 
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roughness, microstructure, and microhardness were characterized at three levels of tool flank 

wear (VB = 0, 0.1 mm, 0.2 mm). At each level of tool flank wear, the effects of cutting speed, 

feed, and radial depth-of-cut on surface integrity were investigated respectively. End milling can 

produce surface finish between 0.1 µm and 0.3 µm under most of the conditions. Roughness is 

generally higher in step-over direction than feed direction. No obvious white layer is observed in 

subsurface microstructure. The machined surface is significantly work-hardened due to the 

dominant mechanical loading. Four-point bending fatigue test shows that none of the milled 

samples failed within four million cycles. Fatigue endurance limits of the machined samples at 

different reliability levels were calculated and correlated with the experimentally determined 

fatigue life.  
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CHAPTER 1 

INTRODUCTION 

 

Tool wear is a complex phenomenon occurring in a cutting process. When a tool is used 

for cutting mechanical parts, a decision must be made whether a worn tool should be replaced by 

a new one before the next cutting, or if the worn tool can still be used but the cutting parameters 

need to be changed to adapt to the tool condition. Compared with a sharp tool, a worn tool will 

produce poor surface integrity and fatigue performance of the machined surfaces. Surface 

integrity and fatigue performance of the machined surfaces would deteriorate to an unacceptable 

level due to the progression of tool wear. The most conservative way to get components 

machined with desired quality is to replace the worn tool with a new one. However, this will 

increase manufacturing cost and reduce the production efficiency since more tools will be used 

and extra time for replacement will be spent. It is the primary objective for manufacturers to 

produce as many quality parts as possible while minimizing machining costs. In order to achieve 

multiple objectives of production efficiency, fatigue life, and manufacturing cost, the relationship 

between tool wear, surface integrity, and fatigue performance of machined components needs to 

be thoroughly studied to provide a general guidance for production. 

Two basic types of tool wear will occur: flank wear (the portion of the tool in contact 

with the newly machined surface) and crater wear (the portion of the tool on the tool/chip 

interface). Generally, crater wear only has a minor effect on surface integrity of a machined
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component unless it causes a cutting edge failure. Therefore, flank wear is always the most 

important wear mode when surface integrity is concerned. To capture the evolution of flank wear 

in machining process, a novel online optical tool inspection system has been developed in this 

research to integrate with a CNC machining center to monitor tool wear conditions in milling.  

This dissertation proposal is a compilation of seven separate chapters. In addition to 

chapter 1 (Introduction), chapter 2 begins with a comprehensive review on surface integrity 

characterization and prediction in machining of hardened and difficult-to-machine alloys. 

Chapter 3 develops a novel online optical tool inspection system to monitor tool wear conditions 

in milling. The tool wear evolutions versus cutting time in end milling of AISI H13 tool steel and 

Inconel 718 superalloy were obtained and examined to demonstrate the function of the system. 

Chapter 4 focuses on finding the process design space for optimal surface integrity including 

microhardness and residual stresses in hard milling AISI H13 tool steel. Surface integrity of 

samples milled by tools with different flank wear conditions, including surface roughness, 

microstructure, residual stresses, and microhardness was characterized in chapter 5 to reveal the 

variation of surface integrity with respect to tool flank wear. Four-point-bending fatigue test was 

also conducted on end milled samples produced by tools with varied flank wear values to 

investigate the effect of flank wear on fatigue performance. Chapter 6 is dedicated to the effect 

of tool wear on surface integrity and fatigue performance of end milled Inconel 718 samples. 

Surface roughness, microstructure, and microhardness were characterized to reveal the 

evolutions of surface integrity with respect to tool flank wear. Fatigue performance of end milled 

samples produced by tools with different flank wear values was determined by four-point-

bending fatigue test. Finally, chapter 7 proposes a predictive model for end milled surface 
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roughness from the experimental results in chapter 6. Both process parameters (cutting speed, 

feed per tooth, radial depth of cut) and tool wear have been incorporated in the model.  
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CHAPTER 2 

SURFACE INTEGRITY CHARACTERIZATION AND PREDICTION IN MACHINING OF 

HARDENED AND DIFFICULT-TO-MACHINE ALLOYS: A STATE-OF-ART RESEARCH 

REVIEW AND ANALYSIS 

 

Abstract 

This chapter presents a review of the state-of-art research on surface integrity 

characterization, especially the characteristics of residual stresses produced in machining of 

hardened steels, titanium and nickel-based superalloys using the geometrically defined tools. The 

interrelationships among residual stresses, microstructures, and tool-wear have been discussed. 

Current research on residual stress modeling and simulation using finite element method has 

been critically assessed. Also, the rationale for developing multi-scale simulation models for 

predicting residual stresses in machining has been presented. At the end, possible future work 

has been proposed. 
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2.1. Definition, sources, and effects of residual stresses 

 

Residual stresses are stresses that remain in a solid body after the external loading 

(mechanical and thermal) has been removed. The basic mechanism of machining-induced 

residual stresses was studied and reported in several pioneering research publications [40,15,25-

27,51-54,10-11,45-46]. Residual stress (RS) stems from inhomogeneous material deformation 

which can be caused by mechanical loading, thermal gradient, and phase transformation in a 

machining process. Residual stresses are self-equalizing, i.e., the resultant force and the moment 

that they produce must be zero. Generally, RS can be classified into two types according to the 

distance or range over which they can be observed. The first kind of RS can be termed macro 

residual stress, which is prevalent in the order of hundred microns in the subsurface. The second 

kind is often called micro residual stress covering a distance of a few grains or a part of a grain. 

Residual stress also has close relationships with other surface integrity factors 

characterizing mechanical, metallurgical, chemical, and topological states of a machined surface. 

Residual stress has been generally recognized as the key factor among all surface integrity 

parameters significantly influencing the product performance such as fatigue life as shown in 

Figure 2.1 [73], creep, corrosion, and dimensional accuracy of a machined component.  
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Fig. 2.1  The effect of surface integrity produced in hard turning on rolling contact fatigue 

life [73]. 

 

The influence of RS may be either beneficial or detrimental, depending upon its 

magnitude, pattern, and distribution. Unfortunately, the presence of RS generally goes 

unrecognized until a malfunction or failure occurs. It has been shown that compressive stresses 

are usually beneficial to fatigue life, creep life and resistance to stress corrosion cracking, 

whereas tensile RS are usually detrimental to these same properties [23]. Brinksmeier et al. [10] 

gave a good summary of the most important effects of RS on mechanical and electrical 

components, see Figure 2.2. 
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Fig. 2.2  Effects of residual stress [10]. 

 

Residual stresses not only significantly affect product performance, but also serves as a 

key criterion for process selection [96], for example hard turning vs. grinding, for making 

precision components. In addition, the measurement of residual stresses is expensive, time 

consuming, and tedious. Hence, the characterization and prediction of residual stresses for 

improving product performance has great economic as well as scientific importance. 

 

2.2. Experimental characterization of residual stresses in machining of hardened and difficult-to-

machine alloys  

 

2.2.1. RS measurement methods and issues 

Various quantitative and qualitative techniques for measuring RS have been developed 

over the last few decades. Generally, the measuring methods for RS have been categorized as 

destructive or nondestructive. Obviously, nondestructive RS measurement is always preferred. 

For a RS depth analysis, all methods, however, require a partial or complete destruction of the 

specimen; therefore, a distinction as to direct and indirect measuring methods is more effective 

would be needed [88,89]. Lu [56] summarized the general methods for measuring residual 

stresses and their respective characteristics, see Table 2.1.  

Effects of residual stresses 

Dynamic strength Static strength Deformation 

Chemical resistance Magnetization 
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In the present study, three measurement techniques are used to evaluate the residual 

stresses: X-ray diffraction method, the neutron diffraction method, and the incremental hole 

drilling method. The experimental results obtained from the first two techniques are quite similar. 

Only the residual stresses in the different phases (matrix and reinforcement) can be separately 

analyzed. The main advantage of the neutron diffraction method is its high penetration capacity 

for inspecting material up to several millimeters in depth. The disadvantages of such a technique 

are the high cost and the low spacing resolution. A combination of several techniques is more 

efficient for a better understanding of the formation mechanism of the residual stress. The 

incremental hole drilling method is a useful technique for studying large grain size matrix 

material, but it cannot deal with the residual stresses in the different phases of the material. The 

use of X-rays is one of the most popular techniques for residual stress measurement. It is a non-

destructive technique of evaluating residual stress. With layer removal, the in-depth residual 

stress distribution can also be analyzed. It is also an efficient tool for studying the evolution of 

residual stress in a mechanical structure under static or dynamic loading.   
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Table 2.1  General comparison of residual stress measuring methods [56]. 

 
Method X-ray Neutron 

diffraction 

Ultrasonic Magnetic Hole 

drilling 

Deflection Sectioning 

Nature Nondestructive Nondestructive Nondestructive Nondestructive Destructive Destructive Destructive 

Hypothesis Isotropic, 

homogeneous, 

fine grain 

polycrystalline 

material 

Isotropic, 

homogeneous, 

polycrystalline 

material 

Isotropic, 

homogeneous 

material, 

homogeneous 

stresses on the 

acoustic path 

between the 

transmitter and 

receiver 

Ferromagnetic 

material 

Biaxial 

uniform 

stresses on the 

surface of the 

hole 

Biaxial 

uniform 

stresses on 

rectangle 

whose length 

and width are 

sufficiently 

large 

3D stress field 

Type of 

residual 

stresses 

analyzed 

First and 

second or third 

kind 

First and 

second kind 

First, second, 

and third kind 

First, second, 

and third kind 

First kind First kind First kind 

Parameters 

measured 

Change in the 

interplanar 

spacing of the 

polycrystalline 

Change in the 

interplanar 

spacing of the 

polycrystalline 

Variation of 

ultrasonic wave 

speed 

Noise 

amplitude or 

magnetic 

permeability 

Surface strain 

or 

displacements 

Strain or 

deflection 

Surface strain 

or 

displacements 

Minimum 

analysis 

zone 

 

0.5 mm
2
 

 

4 mm
2
 

 

0.1 – 30 mm
2
 

 

1 – 100 mm
2
 

 

0.5 mm
2
 

 

100 – 1000 

mm
2
 

 

100 mm
2
 

Inspection 

depth 

1 – 50 um 2 – 50 mm 0.015 – 3 mm 0.1 – 1 mm 0.02 – 15 mm 0.1 – 3 mm > 1mm 

Precision  20 MPa  30 MPa 10 – 20 MPa 10 – 20 MPa  20 MPa  30 MPa  10MPa 

 

2.2.2. The effect of work material on residual stress  

This review focuses on hardened steels and difficult-to-machine alloys since they are of 

great interests in automotive, aerospace, and biomedical industries. The characterization of 

residual stress in machining aluminum and soft steel alloys has been reported in previous 

publications. Hardened steels refer to a group of alloys over 35 HRc after quenching and 

tempering, while the difficult-to-machine alloys can be classified into three major categories: 

titanium-based alloys, nickel-based alloys (e.g., Inconel), and iron-based alloys (e.g., austenitic 

stainless steels) that require higher cutting energy when compared with low-strength alloys (e.g., 

plain carbon steel). Residual stress characteristics in machining the iron-based austenitic stainless 

steels have been well documented in a recent review by M’Saoubi et al. [63]; therefore, it will 

not be covered in this work. Although several review papers [10,49,57,90] covered various 
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aspects of surface integrity, only few publications focus on residual stresses produced from 

machining with tools with geometrically defined cutting edges. 

 

2.2.3. Hardened steel alloys 

Hard machining, i.e., machining hardened steels (> 35 HRc), has been used since the 

early 1980’s. Competing with grinding as a finishing process for machining industry making 

bearings, gears, cams, shafts, pinions, dies, molds, tools, etc., hard machining is cheaper, faster, 

more flexible, and more environmentally friendly in many cases. Machining-induced surface 

integrity, including subsurface residual stresses, microstructure alteration and changes in 

mechanical behavior, is critical for component performance such as fatigue life and stress 

corrosion. Hard machining is a cluster of processes including hard turning, hard milling, hard 

drilling, to name a few. 

2.2.3.1. Hard turning 

Matsumoto et al. [60] initiated the study on the effect of material hardness on the residual 

stress in the turned surface of AISI 4340. They concluded that the increase in hardness produces 

compressive residual stress at the surface and deep compressive residual stress in the subsurface 

as shown in Figure 2.3. They supposed that the mechanical deformation caused by the cutting 

tool would be responsible for the variation of the residual stress pattern in the machined surface.  
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Fig. 2.3  Effect of hardness on residual stress distribution in the subsurface in turning hardened 

AISI 4340 steel (300 fpm, 0.006 in. depth of cut, 0.035/rev feed) [60]. 

 

In a subsequent work, Matsumoto et al. [61] found that the tool edge geometry is the 

dominant factor determining the residual stress profile in hard turning of AISI 52100 with a 

sharp tool, a 0.02mm honed tool, a tool with major chamfer of 15 degree, and a tool with double 

chamfer geometry. They compared the residual stress profile created by these tools and found 

that the honing clearly creates a deeper compressive residual stress, while the double chamfer 

tool can produce similar results as shown in Figures 2.4 and 2.5. 
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Fig. 2.4  Tool edge honing effect on residual stress in hard turning AISI 52100 [61]. 

 

 

 

 

 

 

(a) Double chamfer geometry (mm)   (b) Effect of double chamfer on residual stress 

 

Fig. 2.5  The effect of cutting edge chamfer on residual stress [61]. 

 

Dahlman et al. [17] described how rake angle and cutting parameters affect the RS in 

turning AISI 52100. The RS were measured using the XRD method in both cutting (Vc) and feed 

direction (f). Four values of rake angle (-6°, -21°, -41°, -61°) had been applied in the experiment 

and the RS profiles obtained for these conditions are from Figure 2.6. They drew the conclusion 

that a larger negative rake angle gives higher compressive stresses, as well as a deeper affected 

zone below the surface, and showed that the maximum stress position can go deeper into the 

material with increased rake angles. 
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Fig. 2.6  RS distribution in hard turning AISI 52100 with different rake angle [17]. 

 

It has been found that the feed rate does not change the pattern of a residual stress profile 

in Figure 2.7 [61,17]. However, it can be observed that a small feed generated a larger tensile RS 

at the surface, but a shallower maximum compressive RS in the subsurface. Also, Figure 2.8 

shows that the depth of cut does not affect the magnitude of residual stress or the profile. 
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Fig. 2.7  The effect of feed on residual stress profiles in hard turning. 

 

  

 

 

 

 

 

 

Fig. 2.8  The effect of depth of cut on residual stress profiles in hard turning. 

 

As tool-wear is inevitable in machining, several studies have found that tool-wear may 

induce white layer, a thermally-induced, phase transformed layer. Residual stress is attributable 

to tool-wear land developed on the flank surface of the tool. Tensile residual stress does not 

occur at the surface unless considerable tool-wear or cutting time has elapsed as shown in Figure 

2.9. When a tool-wear induced white layer occurs, high tensile residual stress appears at the top 

(a) Matsumoto et al. [61] (b) Dahlman et al. [17] 

(a) Matsumoto et al. [61] (b) Dahlman et al. [17] 
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surface shown in Figure 2.10. Therefore, tensile residual stress primarily depends on the extent 

of tool flank wear land VB. The increase of wear land shifts compressive residual stress to tensile 

at the surface and the maximum compressive residual stress to the deeper subsurface. 

 

 

 

 

 

 

 

Fig. 2.9  The effect of tool-wear on residual stress profile. 

 

 

 

 

 

 

 

 

Fig. 2.10  Tool-wear effect on residual stress [50]. 

 

Since the basic objective to use hard turning is to replace grinding, a comparison of 

residual stress produced from turning vs. grinding would be necessary to justify the replacement. 

Warren and Guo [97] have shown the comparison of residual stress for the different subsurface 

(a) RS evolution during tool life [29]             (b) RS as a function of tool-wear [91] 
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microstructures in hard turning and grinding, and for heat treated workpiece (quenched and 

tempered) – see Figures 2.11 and 2.12. 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.11  Microstructures of the cross-sectional surfaces: (a) hard turned fresh (HTF), (b) ground 

fresh (GF), (c) hard turned with white layer (HTWL), (d) ground with white layer (GWL) [97]. 

 

 

 

 

 

 

 

 

Fig. 2.12  Comparison of residual stress profiles for different surface microstructures [97]. 
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The most significant differences in the characteristics of residual stress profiles obtained 

from hard turning and grinding are manifested in several aspects: (a) Hard turning with a fresh 

tool generates a “hook” shaped residual stress profile characterized by surface compressive 

residual stress and maximum compressive residual stress in the subsurface.  Gentle grinding only 

generates maximum compressive residual stress at the surface. The magnitude of residual stress 

and the affected depth generated in hard turning is much larger than those for grinding; (b) Hard 

turning with a worn tool generates a high tensile stress in the area of the thermal white layer. The 

high Hertz pressure and the rapid temperature change in the subsurface, in the case of a worn 

tool, makes the residual stress more compressive and deeper into the subsurface than the turned 

one with a fresh tool. Abusive grinding also produces tensile residual stress, but has similar 

profile shape to that of the GF surfaces; (c) Tensile residual stress in the area of white layer in 

hard turning was higher than that for the ground white layer. However, the residual stress for the 

ground white layer does not become compressive (as for the hard turned white layer), and 

remains tensile throughout the entire depth measured; and (d) Machining is the deterministic 

factor for the resulting residual stress magnitudes and profiles compared with the minor 

influence of initial residual stress by heat treatment. 

2.2.3.2. Hard milling 

Hard milling is another major process in the cluster of hard machining processes. 

Traditionally, the manufacturing of dies and molds involves end milling annealed (soft) steels, 

heat treatment (hardening), electro discharge machining (EDM), and finish grinding/hand 

polishing. However, the process chain is very time-consuming, expensive and environmentally 

hazardous. Furthermore, the machined surface by EDM or grinding process is prone to thermal 

damage. Hard milling, i.e., milling alloys steels at hardened state (40–60 HRc), provides 
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substantial potential advantages of hard milling over traditional EDM or grinding in terms of 

reduction of machining costs, lead time and number of necessary machine tools, increase of 

material removal rate, elimination of part distortion by heat treatment, as well as improved 

surface integrity. Hard milling has emerged as a competitive finish or semi-finish technology in 

the manufacture of dies and molds [105]. 

In hard milling, a number of die and mold steel alloys such as hot-working H13 and cold-

working D2 and P20 has been investigated. Axinte and Dewes [4] studied the residual stress 

developed along the tool feed direction in high speed down milling AISI H13. The workpiece 

angle were chosen as α = 0° and α = 60°. Major experimental parameters used in this work are 

shown in Table 2.2. The experimental results for residual stress are presented in Figure 2.13(a) 

(Test 1-4) and Figure 2.13(b) (Test 5-8). It can be seen that highly compressive surface residual 

stress appears at the surface and higher workpiece angle cause lower compressive stress. During 

milling AISI H13 at different cutting parameters, it was found that cutting speed and feed per 

tooth were the significant factors affecting the surface residual stresses. Increasing cutting speed 

and feed per tooth caused the compressive stresses to decrease due to a likely increase in thermal 

effect on the machined surface [4]. The tool geometry changes the contact length between the 

tool and the workpiece as well as the cutting temperature and cutting forces; thus the different 

tool geometries results in different residual stresses profile [59]. 
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Table 2.2  Experimental matrix [4]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2.13  RS vs. depth below surface when workpiece angle: (a) α = 0˚; (b) α = 60˚ [4]. 

 

When compared with hard turning, the “hook” shaped residual stress profile does not 

occur in Figure 2.13. In contrast, Chandrasekaran et al. [13] have shown that “hook” shaped 

residual stress profiles do happen in hard milling of H13 as shown in Figure 2.14 and D2 steels. 

Also, it has been seen that even a strong change in composition (reduction in Cr to 8%) did not 

affect the residual stress profile to any great extent after milling. 
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Fig. 2.14  Effect of tool-wear on residual stress profile in milling of H13 steel with coated 

carbide. V = 80 m/min, f = 0.15 mm/rev and ap = 0.8 mm [13]. 

 

Zhang and Guo [106] developed a process parameter space for target residual stress at the 

milled surface of H13 steel (50±1 HRc) – see Figure 2.15, with respect to feed rate and radial 

depth of cut. They found that the residual normal stresses along feed and step-over directions 

increased with the increase of radial depth of cut or feed rate and they were all compressive 

which is beneficial for desired surface properties. They showed that the residual shear stresses 

can be neglected since their values were very small with respect to residual normal stresses.  

 

(a) New tool, T = 0.6 min (b) Worn tool, T = 40.06 min 
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Fig. 2.15  Residual stress map under the combined influence of feed and radial depth of cut 

[106]; (a) residual normal stress along feed direction; (b) residual normal stress along step-over 

direction. 

 

Elbestawi et al. [22] investigated the white layers formed in high-speed milling of 

hardened AISI H13 using PCBN ball-nose end mills, and found that the white layer was 

dependant on edge preparation and tool-wear. However, no white layers or other microstructural 

alterations were observed on the machined surfaces even with worn tools under the higher levels 

of cutting speed and feed rate when hardened H13 steel (HRc 47-49) was machined using TiAlN 

coated carbide tools [4]. 

 

2.2.4. Titanium alloys 

2.2.4.1. Turning 

Titanium alloys are widely used in aerospace, biomedical, and chemical industries 

primarily due to their exceptional strength to weight ratio [24], high temperature performance 

[109] and corrosion resistance [16]. For example, almost all titanium monolithic components in 

(a) (b) 
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aerospace industry are manufactured by milling [86]. However, titanium alloys are typically 

difficult-to-cut materials due to their high strength at elevated temperatures [48], low modulus, 

low thermal conductivity [41] and high chemical reactivity [85]. The machined titanium 

components such as compressors of aircraft engines require the greatest reliability which is 

determined by the process-induced surface integrity. However, surface integrity of milled 

titanium components easily deteriorates due to the poor machinability of titanium alloys and 

cyclic chip loading during milling. Milling-induced surface integrity, including anisotropic 

surface roughness, residual stress, surface microstructure alterations and microhardness, has 

received little attention. A brief review of the state-of-the-art knowledge on surface integrity of 

machined titanium components is summarized as follows. 

An early study by Zlatin and Field [108] shows that an abusive milling produced tensile 

residual stress in the machined layer, while a gentle milling was shown to produce compressive 

residual stress. Narutaki et al. [64] reported that surface residual stress increased with the 

increase of cutting speed. The magnitudes of residual stresses in dry machining of Ti-6Al-4V 

were also larger than those produced by wet cutting. Hughes et al. [44] studied the effect of 

cutting tool material and edge geometry on workpiece surface integrity in turning of Ti-6Al-4V. 

The residual stress distributions for machining with sharp and worn tools at different turning 

parameters have been studied – see Figure 2.16. 
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Fig. 2.16  Residual stress profile in turning Ti-6Al-4V at different conditions [44]. 

 

Yang et al. [100] found that residual stress on the ground Ti-6Al-4V surfaces has a larger 

scatter than that of the face turned ones in a statistical sense – see Figure 2.17. X-ray diffraction 

technique was employed to determine the residual stress profiles and the scatter of residual stress 

has been considered in the measurement process. 

  

      

 

 

 

 

 

Fig. 2.17  Uncertainty of residual stress in turned Ti-6Al-4V samples [100]. 
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2.2.4.2. Milling 

Narutaki et al. [64] reported that surface compressive residual stress increased with the 

increase of cutting speed and the magnitudes of residual stresses produced in dry machining of 

Ti-4Al-6V were also larger than those from wet machining. A comprehensive experimental study 

on surface integrity of Ti-6Al-4V has been performed by Sun and Guo [87]. They report the 

influence of end milling parameters (including cutting speed and feed) on surface residual stress 

in the two directions – see Figure 2.18, for milled surfaces free of the white layer. 

  

 

 

 

 

 

 

 

 

Fig. 2.18  The influence of milling parameters on surface residual stress [87]. 

 

2.2.5. Nickel-based alloys 

2.2.5.1. Turning 

Similar to titanium alloys, the nickel-based superalloys are capable of retaining high 

mechanical and chemical properties at elevated temperatures which make them ideal materials in 

making aero-engine components, marine equipment, nuclear reactors, petrochemical equipment, 

food processing equipment, and pollution control apparatus. Inconel 718 is one popular nickel 
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superalloy widely used in aerospace industry. Due to the significant hardening effects induced by 

large strains and high strain-rates, Inconel 718 is a typical difficult-to-cut material. The critical 

issues in machining nickel-based superalloys are short tool-life and poor surface integrity. 

Sharman et al. [74] reported hook-shaped residual stress profiles (Figure 2.19), with 

tensile stress at the surface for both TiCN/Al2O3/TiN coated and uncoated fresh WC tools. Both 

sharp and worn uncoated WC tools produce less tensile residual stresses than those by the coated 

tools. In addition, it is expected that the worn coated WC tools produce more tensile residual 

stress at the surface than the fresh WC ones. However, it is very interesting to note while the 

worn uncoated WC tools produces more compressive residual stress at the surface than those by 

the new uncoated WC tools. The subsurface microstructural damage caused by turning Inconel 

718 was shown in Figure 2.20.  

Tool coating may act as a thermal barrier to block heat dissipation into the cutting tool; 

therefore, the high surface temperature tends to produces higher tensile residual stress. Similarly, 

ceramic cutting tools suffer similar issues of thermally-induced high tensile residual stress. 

Arunachalam et al. [1] investigated the influence of CBN and mixed alumina ceramic tools on 

the RS when facing age hardened Inconel 718. They found that ceramic tools cause much higher 

tensile RS as compared to CBN tools due to the poor thermal conductivity of ceramic tools, 

leading to higher values of residual stresses caused by the dominance of thermal effects. In 

contrast, Outeiro et al. [68] reported that TiAlN coated WC tools produce lower surface tensile 

stress than the uncoated tools (Figure 2.21). They reported that the contradictory trends of 

residual stress could be attributed to the different coatings. 
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Fig. 2.19  Residual stress in turning IN 718 at different conditions [74]. 

 

 

 

 

 

 

 

Fig. 2.20  Subsurface microstructure by: (a) new tool; (b) worn tool [75]. 

 

(a) Speed: 40m/min, new coated WC 

tool 

(b) Speed: 40m/min, new uncoated WC 
tool 

(c) Speed: 40m/min, worn coated WC 

tool 

(d) Speed: 40m/min, worn uncoated WC 
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Fig. 2.21  Residual stress in turning Inconel 718 with coated and uncoated tools [68]. 

 

The effect of cutting edge preparation which includes honed, chamfered and sharp cutting 

edges, and the effect of nose radius on the RS were examined by Arunachalam et al. [2] when 

machining with coated carbide cutting tools. In the case of both wet and dry machining of 

Inconel 718, a sharp cutting edge results in higher values of tensile RS than the honed cutting 

edge, while chamfered cutting edge generates compressive RS, as shown in Figure 2.22. These 

differences in the RS can be explained by the model developed by Syren as cited by Brinksmeier 

et al. [10] that surfaces generated by a cutting operation without a following squeezing have 

tensile stresses, while surfaces, which are squeezed, and thus plastically deformed, have 

compressive stresses. They explained that using honed and chamfered edge will induce a 

plastically deformed layer, and thus would result in lower tensile RS or even compressive RS. 
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Fig. 2.22  Effect of cutting edge preparation on RS [Honed-R (positive rake); Chamfered-A1 

(negative rake); Sharp-A2 (negative rake)] [2]. 

 

The experimental result of the effect of nose radius on the RS is depicted in Figure 2.23. 

From the RS profiles, in both wet and dry cutting conditions, the smallest nose radius (0.8mm) 

resulted in compressive RS while the larger radius i.e., 1.2 and 1.6mm resulted in tensile RS. For 

radii 1.2 and 1.6mm, 1.2mm showed higher values of tensile RS. Generally, compressive RS can 

be obtained by using a rounded edge tool due to the ploughing effect. They gave one possible 

explanation for this phenomenon as that the contact area in a large radius insert is larger than a 

smaller radius and so more frictional heat would be generated in the cutting operation [1]. 

Another likely reason shown was that there must be a turning point or critical value for transition 

from compressive RS to tensile RS, or for transition from decrease to increase within the tensile 

range, with respect to edge radius which would be beneficial to designing the tool edge.  
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Fig. 2.23  Effect of nose radius [0.8mm-A1 (negative rake); 1.2mm-B (negative rake); 1.6mm-C 

(negative rake)] on the RS [2]. 

 

2.2.5.2. Milling  

Aspinwall et al. [3] conducted a comprehensive series of experiments on the effects of 

cutter orientation, workpiece angle on machinability in high speed milling of Inconel 718. It was 

found that compressive surface residual stress was generated when a horizontal upwards cutter 

orientation was employed, while a tensile stress would be observed by employing a horizontal 

downwards operation. The residual stress profiles in feed direction are shown in Figure 2.24. 
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Fig. 2.24  Effect of different cutter orientations/workpiece tilt angle on residual stress [3].  

 

2.3. An assessment of current residual stress prediction by finite element simulation 

 

2.3.1. Material property determination 

The material properties are essential inputs to accurately predict residual stresses in any 

finite element analysis (FEA) and other analytical modeling of machining processes. In addition, 

modeling development is one thing, and the methods to determine dynamic material properties 

encountered in machining is quite another. Obtaining the necessary material property data has 

been identified as one of two key problems for the future of computational mechanics of the 

machining process [93]. 

Average flow stress properties of the work material in a small range of large strain, high 

strain-rate and temperature in machining have been investigated using machining tests coupled 

with predictive machining models [69,82,76]. Alternatively if one has an accurate constitutive 

model which fits the parameters of the model using a few cutting tests, it would be a perfect 

method. However, this constitutive model is not yet available, despite significant advances and 

efforts. 
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For the time being, either method discussed above is thought impractical to get the 

complete data needed for a comprehensive and accurate FEA analysis. It would be far better, 

from the viewpoint of attempting to predict machining responses, if this could be done using 

material properties obtained from an independent test. Conducting independent material testing 

at elevated temperature and extrapolating experimental data to machining range is a feasible 

approach to approximate the material behavior in machining. The material properties are also 

homogeneous from the tensile or compression testing. Spaans [80] was one of the early 

researchers to use the Split Hopkinson method to estimate mechanical properties of the work 

material in metal cutting. Torsional Hopkinson bar tests were conducted to measure stress-strain 

properties relevant to machining and high speed forming [81]. Split Hopkinson bar impact 

testing has been used to obtain the flow stress data of the materials under elevated temperature 

and relatively low strain-rate (below 2000 s
-1

) [79,102]. However, the testing system is very 

complex. 

An integrated approach based on compression and cutting experiments has also been 

developed to characterize the mechanical behavior of work materials in machining [83,82,31]. It 

is also confirmed that the compression data can be correlated with the cutting data. The 

developed approach is valid for machining with continuous chips at a variety of cutting speeds. 

Guo and Liu [34] proposed the method of tensile tests at elevated temperatures coupled with the 

concept of velocity-modified temperature to approximate material properties of hardened AISI 

52100 steel in hard machining by using of this method.  

The pros and cons of compression, tension, or torsion tests may be evaluated in terms of 

the achieved temperatures, strains, strain-rates, and specimen dimensions. Material properties 
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from each test need to be extrapolated to a certain degree in order to apply the data in a 

machining simulation.  

 

2.3.2. Material property modeling  

Several phenomenological plasticity models including the early power law model, 

Johnson-Cook (JC) model [47], Usui model [79,58], mechanical threshold stress (MTS) model 

[28], Zerilli model [104], etc. have been developed to relate flow stress to plastic strain, strain-

rate, and/or temperature. It should be mentioned that the methods to determine flow stress data 

using machining tests [42,71] and fitting these existing models to the flow stress data are beyond 

the scope of this research. The adiabatic shear instability model [42] does not contain a strain-

rate term. However, machining tests have shown that chip morphology transition occurs beyond 

a certain strain-rate (~10
4
 /s) [12]. Although the phenomenological models are easy to use and 

may describe the general response of simple material deformations, these models are empirical 

and semi-empirical and lack mechanisms incorporating isotropic/kinematic hardening, recovery, 

or complex loading and history effects. Despite sometimes remarkably good fit to measured 

stress-strain curves within a certain range of strains, strain-rates and temperatures, these models 

have no predictive power beyond that same range of deformation conditions and material 

microstructure. Their usage is limited only to the range of deformation conditions for which they 

were curve-fitted, and the accuracy is often not satisfactory. What is missing in these models is 

the ability to capture the complex effects which are common in machining. 

At present, the traditional JC model is very often used in FEA of metal cutting to 

incorporate strain, strain-rate, and temperature dependence of the flow stress. The JC model has 

two parts: the stress function in Equation (2.1) and the strain function in Equation (2.2). It should 
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be pointed out that the correlation of the equations to experimental data is not satisfactory for 

many materials. The JC model assumes that the flow stress is a unique function of the total 

strain, strain-rate, and temperature, and their effects on the flow stress are independent. 
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51 ~ dd  are material failure parameters. The material failure strain 
f  is assumed to be 

dependent on a nondimensional plastic strain-rate 0/   , a dimensionless pressure-deviatoric 

stress ratio 
ep  /  (where 

p  is the pressure stress and e  is the von Mises stress), and hT . 

The JC model lacks a mechanism to capture history effects of strain path, strain-rate, and 

temperature in manufacturing processes. In addition, the Bauschinger effect cannot be 

incorporated. A critical issue for the JC model is that it may not predict the adiabatic 

phenomenon, i.e., the flow stress dramatically decreases when the plastic strain increases in a 

transient event such as metal cutting. This point can be clearly seen in Equation (2.1), in which 

the flow stress goes up when the plastic strain increases at a certain temperature. It basically 

models an isothermal stress response and works well for static/quasi-static and thermal softening 

process characterized by the drop of flow stress with the increased temperature regardless of 

plastic strain. In order to model an adiabatic process, a governing equation of converting 
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deformation work to thermal energy has to be used. Adiabatic shearing results in the decrease of 

flow stress when the plastic strain increases. 

The JC model has been widely used in FEA simulations of metal cutting to predict 

residual stresses. One of the earliest saw-tooth chip simulations in orthogonal cutting by Benson 

[9] was based on the Eulerian algorithm. Saw-tooth chips were also simulated using the 

Lagrangian algorithm by Movahhedy [62], Guo [31], Guo et al. [37], Behrens [8], and others. 

Some of these studies used a small negative tool rake angle to make a simulation more practical 

although a positive rake angle would make the simulation much easier. 

The above semi-empirical constitutive models only address homogeneous material 

properties. The existence of size effect and microstructures make work material 

inhomoegeneous, especially in micromachining. A recent study [38] has shown that an internal 

state variable based plasticity model developed by Bammann et al. [5-6] is capable of modeling 

the complex loading history, recovery, adiabatic effects, and microstructures of polycrystalline 

materials with random microstructures [14,32] as shown in Figures 2.25 and 2.26. 
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Fig. 2.25  Machining ductile iron with random microstructures of 30-80 µm [14]. 

 

 

 

 

 

 

 

Fig. 2.26  Machining AISI 52100 steel with random microstructures of 2-4 µm [32]. 

 

2.3.3. Tool-chip and tool-work interface modeling 

Friction on the tool-chip and tool-work interfaces is a major input for determining 

residual stresses, other surface integrity characteristics, and in-process variables. Therefore, an 

accurate determination of the friction condition is of considerable importance for finite element 

analysis of metal cutting. The key issue is the variation of apparent friction coefficient at the 

tool-chip and tool-work interfaces with the surface deformation energy. Some friction models 

used in finite element simulation of metal cutting are summarized in the literature [30]. The tool-
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chip and tool-work interactions have been modeled using different methods: (1) an average 

friction coefficient only, (2) normal and shear stresses as boundary conditions, (3) an assumed 

sticking region only with constant shear flow stress, (4) a fixed sliding region with assumed 

friction coefficient and a sticking region with constant shear flow stress. Some modified friction 

models has been used in recent simulations of machining hardened and difficult-to-cut steel 

alloys [35,99,70,103]. Shortcomings associated with these models are summarized as follows. 

(1) An average friction coefficient was used arbitrarily or estimated based on the resultant 

forces without decoupling the sticking and sliding regions. The estimated average coefficient of 

friction varies greatly under different cutting conditions. 

(2) For normal and shear stresses used as boundary conditions, the determination of both 

distribution and stress magnitude were difficult by experiment methods such as the pin-on-disk, 

photoelastic, and the split tool techniques, which altered the tool-chip or tool-work friction 

conditions. 

(3) For assumed sticking region only at the tool-chip interface, the omission of sliding 

region may have appreciable effect on the accuracy of model predictions. 

(4) For the friction model with fixed sticking and sliding regions, the sizes of the sticking 

and sliding regions were assumed. A constant shear flow stress was applied to the fixed sticking 

region and an assumed friction coefficient to the sliding region. For simulating orthogonal 

cutting, this model may be easily used as the tool-chip contact is simple. For practical machining 

processes, it would be difficult to apply this friction model as the tool-chip and tool-work 

contacts are very complex.  
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(5) From microtribology point of view, the basic mechanisms and individual 

contributions of adhesion and ploughing to the apparent friction coefficient have not been well 

understood. 

 

2.3.4. Simulation methods 

Despite significant analytical and semi-analytical modeling efforts over the years, most 

notably by [40,52-54,7,18,98], the quantitative relationship between cutting conditions and 

residual stresses is still lacking due to the inherent complexity nature of residual stress formation 

in machining. Much interest has been directed towards the development of finite element models 

to predict residual stress distribution since 1980s. Strenkowski and Carroll [84] developed a 

FEM model of orthogonal cutting demonstrating that the use of chip separation criterion based 

on the effective plastic strain is essential in predicting residual stresses in the machined layer. 

Hsu [43] developed a two-dimensional Eulerian FEM model to predict residual stress beneath 

the machined surface. However, effects of thermal loading and boundary conditions on residual 

stresses were ignored. Shih [78] proposed a 2D FEM model to predict residual stress based on 

the geometrical criterion of chip formation. Effects of thermal loading and clamping force were 

identified as important to predict the residual stress distribution in the machined layer. The effect 

of tool-wear on the residual stress was ignored. Obikawa et al. [66] investigated effect of 

discontinuous chip formation on the residual stress distribution without consideration of thermal 

and boundary effects. No experimental data was provided to verify the model prediction. 

The effect of sequential cutting simulation on residual stress was investigated by 

Sasahara et al. [72] by ignoring the influence of thermal loading and boundary conditions. Guo 

and Liu [35] simulated the “hook” shaped residual stress profile shown in Figure 2.27 in 
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orthogonal cutting of annealed 304 stainless steel. Valiorgue et al. [92] used a traditional heat 

partition-based semi-simulation method to predict the stresses shown in Figure 2.28 in the 

subsurface in turning of 316L steel. A hybrid predictive model and validation of unique hook-

shaped residual stress profiles in hard turning has been recently reported [33] – see Figure 2.29. 

It has been found that the ploughed depth is the deterministic factor in producing the machining-

induced RS profile. The unique hook-shaped RS profile is produced when the ploughing depth 

reaches a threshold (critical) value. Friction coefficient only affects the magnitude of surface 

residual stress but not the basic shape of residual stress profiles. 

 

 

 

 

 

 

 

 

Fig. 2.27  Residual stress evolution by sequential cuts [35] (R1: during cutting; R2: after cooling; 

R3: after releasing forces; R4: residual stress). 
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Fig. 2.28  Comparison of predicted and measured residual stress [92]. 

 

 

 

 

 

 

 

 

 

Fig. 2.29  Predicted tangential residual stress profiles in subsurface in AISI 52100 [33]. 

  

2.3.5. Size effect 

It has been known for a very long time that size effect exists in metal cutting process, 

where the specific energy increases with decrease in deformation size. It is generally believed 

that this is due to the fact that all metals contain defects, such as grain boundaries, missing and 

impurity atoms, void, etc., and when the size of the material removed decreases, the probability 
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of encountering a stress-reducing defect decreases [77]. There are two different aspects of size 

effects of concern: when the depth of cut is on the same order as the tool edge radius, and where 

the microstructure of workpiece material contributes a lot to the cutting mechanism. Metal 

cutting process is greatly influenced by the ratio of the depth of cut to the effective cutting edge 

radius of the tool. This ratio predominantly defines the material removal mechanism and thus 

introduces the concept of minimum depth of cut below which no material will be removed, or 

minimum chip thickness, below which no chip can form. In addition, when the cutting edge 

dimension is of the same order as the grain size, or where material cannot be treated as isotropic 

and homogeneous, the cutting mechanism will be substantially different from conventional [20]. 

A recent comprehensive review paper on size effects documents the historical development of 

theories and applications involving size effects in machining [94]. 

The prediction of residual stress by machining hardened steels and difficult-to-cut 

superalloys is of recent interests. The importance of size effect such as cutting edge radius on the 

prediction of residual stress has been well recognized [21,37,65,67,101]. However, very few 

models are capable of explaining or predicting the unique hook-shaped residual stress profiles 

using sharp tools and the evolution of residual stress profiles with tool-wear in hard turning. An 

accurate prediction of residual stresses with the incorporation of size effect and other small scale 

effects is still in scientific infancy. 
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2.4. Future work on multiscale simulation for predicting residual stresses in machining 

 

2.4.1. Rationale of multiscale simulation  

The machining-induced residual stress and the root causes are typical multiscale physical 

phenomena manifested in different spatial and temporal scales. On the geometrical side, the 

unique knowledge can be obtained at different scales are summarized as follows: 

 Macro/mesoscale simulation: Cutting tool geometry such as nose radius (~ 1 mm), depth 

of cut (hundred µm to several mm), feed (~ 100 µm/rev), and workpiece dimensions (mm to m) 

are macro/mesoscale parameters to generate residual stress. In addition, in-process cutting 

parameters including chip morphology and cutting forces are generally regarded in 

macro/mesoscale. If the residual stress distribution depth is on the order of millimeter, it is also 

in the macro/mesoscale. 

Microscale simulation: A microscale simulation can help to model the following critical 

parameters which cannot be incorporated otherwise in other scales.  

(1) Microscale in-process parameters: The in-process parameters which determine the 

magnitude, shape, and the affected depth of residual stresses are in microscale, for example 

temperature penetration of 10-30 m and strain/strain gradient of 20 m.  

(2) Microscale residual stress: The affected depth of a machining induced residual stress 

on the order of 100 µm at most machining conditions can be simulated as shown in Figure 2.12.  

(3) Size effect: The magnitudes of process parameters such as cutting edge radius (~10 

µm) and depth-of-cut (~10 µm), especially in mechanical micromachining [20]. Micromachining 

with a large aspect ratio of cutting edge radius to depth-of-cut inherits many characteristics of 

conventional machining. At the same time, micromachining has distinct process physics mainly 
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due to the comparable sizes of cutting edge radius and depth-of-cut. The downsizing scale of 

machining results in size effect via plasticity gradient which may fundamentally changes the 

whole aspect of machining. The size effect results in a ploughing-dominated process rather than 

the traditional shearing-dominated one. The cutting mechanism transition in micromachining has 

significant impacts on material properties, cutting mechanics, and the resulting surface integrity 

of the machined components.  

(4) Microstructure effect: Due to the comparable sizes of cutting edge radius, depth-of-

cut, and microstructures (several µm), the microstructures also has a profound influence on a 

cutting process and surface integrity. 

(5) Microtribology: The microtribology phenomena between tool/chip and tool/work also 

need to be addressed at the mciroscale. 

Nanoscale simulation: Some physical phenomena can only be analyzed in nanoscale. For 

example chemical transport/diffusion usually occurs in less than 100 nm. The depth of cut is on 

the order of ~10nm in a nanocutting process, the cutting process and surface integrity need to be 

modeled using molecular dynamics (MD) simulations. 

On the temporal scale, the related physical phenomena are also multiscale: (1) The 

dynamic mechanical behavior of a work material in machining characterized by large strain (1 

and up), high temperature (up to melting point), and high strain-rate (10
6
/s) is very challenge to 

obtain. However, the mechanical behavior is of great significance for the final residual stress and 

other surface integrity factors. (2) The associated thermal and microstructural phenomena are 

multiscale. For instance, the transient cutting temperature (~1 ms) will induce phase 

transformation on the same time order, but heat conduction/radiation to the workpiece and 

environment may take minutes or longer. 
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Since the root-of-causes of residual stress are multiscale, the prediction of residual stress 

by incorporating the dynamic mechanical and thermal behaviors of work material and practical 

cutting tool geometry in different scales is a very challenging problem. Although many 

numerical and analytical studies have been performed on metal cutting, few, if any, have 

developed and validated multiscale simulation models to predict residual stresses.  

 

2.4.2. Challenges and barriers of multiscale simulation for predicting residual stress 

To incorporate different physical processes at different length scales in machining, it is 

necessary to develop a multiscale simulation model which can predict process parameters at 

microscale, as well as parameters at macroscale, at certain accuracy. While such a capable model 

has not been developed for machining at present, recent research efforts in other engineering 

areas have shown considerable evidence for bridging the different scales. The discussions in the 

preceding sections lead to the following challenges, barriers, and requirements for research 

breakthrough. The major issues are elaborate as follows. 

 The tyranny of scales: Formidable obstacles remain in liking highly disparate length and 

time scales and in bringing together the disciplines involved in simulating residual stress. 

The tyranny of scales cannot be defeated by simply building faster computers, developing 

efficient algorithms, and using 3D mesh with small geometrical features. Instead, 

fundamental breakthroughs to model natural events at multiple scales are required. 

 Verification and validation: While verification and validation have been subjects of 

concern for many years, their further development will have a significant impact on the 

level of confidence one can assign predicted residual stress in light of the knowledge on 

experimental data. For example, the predicted residual stress by a 2D FEA model is very 
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challenging to verify due to the fact that a true orthogonal cutting with same simulation 

conditions is difficult to setup.  

 Predictability of residual stresses at operation levels, including 3D model development to 

take account of varying tool geometry, complex tool-chip and work-tool tribological 

interactions poses a significant scientific challenge. 
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CHAPTER 3 

A NOVEL ONLINE OPTICAL SYSTEM FOR INSPECTING TOOL WEAR CONDITION IN 

MILLING HARDENED STEELS AND NICKEL-BASED SUPERALLOYS  

  

Abstract 

Tool wear adversely affects surface integrity due to higher cutting forces and 

temperatures. In this paper, a novel online optical tool inspection system has been developed to 

integrate with a CNC machining center to monitor tool wear conditions in milling. The 

evolutions of tool flank wear of PVD coated inserts in end milling of AISI H13 tool steel and 

Inconel 718 superalloy were inspected to demonstrate the function of the optical measurement 

system. The tool wear evolution versus cutting time were obtained and examined. The 

characteristic images of fast tool wear in milling Inconel 718 were captured using scanning 

electron microscope (SEM) and compared with the optical images to estimate flank wear. Three 

basic modes of tool wear: flank wear, nose wear, and crater wear were compared and analyzed. 

A two-parameter method has been developed to evaluate both flank wear and nose wear with 

respect to cutting time in milling Inconel 718. The advantages of the on-line optical tool 

inspection system were discussed.  
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3.1. Introduction 

 

3.1.1. Tool wear and its impact on surface integrity, performance 

Tool wear can be described as gradual failure of cutting tools during manufacturing 

process. It is a complex but general phenomenon occurring in metal cutting industry. Tool wear 

is considered to be a critical factor that determines the economy of the machining process since it 

is closely related to the cutting tools’ life and thus the overall cost of production. Kannatey-

Asibu and Dornfeld [1] referred the term tool wear to degradation of the cutting tool with three 

basic modes of failure: (a) gradual wear of cutting surfaces of the tool; (b) fracture of the cutting 

edge due to excessive cutting forces; (c) high temperatures at the cutting tip which can reduce 

mechanical properties of the tool.  

A sharp tool (without or with small flank wear) will generally produce compressive 

residual stress and no microstructure changes on the machined surface are induced. While, Guo 

and Ammula [2] found that a worn tool will increase cutting temperature which results in a thin 

white layer and undesirable tensile residual stress on the machined surface. Worn tools harmfully 

affect surface integrity and performance of the workpiece to be machined. Increased cutting 

forces and temperature, more tensile residual stress (RS), increased surface roughness on the 

machined parts will be generated when machining with worn tools. Consequently, dimensional 

accuracy and repeatability of workpiece is reduced and more energy is expected to be consumed 

during machining process. The surface integrity and performance of the parts machined by worn 

tools would be deteriorated to unexpected state compared with parts machined by fresh tools. 

However, few researchers have constructed a necessary bridge between tool wear and surface 

integrity of machined components. It is the primary concern for manufacturers to produce as 
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many qualified parts as they could with minimum machining costs. The relationship between 

tool life and product quality can provide important guide for industry production.  

Machined components may be put under various applications. However, no matter what 

conditions the machined components will be experiencing, their performance is always the first 

concern from customers’ perspective. The performance of the components largely depends on 

the machining process which generally affects the very thin layer beneath the machined surface 

and the surface integrity of that thin layer can directly determine the performance. Therefore, the 

connection among cutting tool wear, surface integrity and performance of machined parts should 

be well recognized in order to maintain the desired quality of products in mass production 

process. In this context, experiments are necessary to be done trying to find the linkage of the 

three factors. 

3.1.1.1. Tool steel 

AISI H13 is perhaps the most versatile hot work tool steel available for many years and 

its application covers pressure die casting, extrusion, hot forging and extrusion mandrels. Guo et 

al. [3] concluded that hard machining hardened steel can be cheaper, faster, more flexible, and 

more environmentally friendly compared to grinding and other finishing process. Elbestawi et al. 

[4] investigated the white layers formed in high-speed milling of hardened AISI H13 using 

PCBN ball-nose end mills, and found that the white layer was dependant on edge preparation and 

tool wear. Axinte and Dewes [5] demonstrated the influence of cutting speed and feed rate on 

surface roughness using a full factorial experimental design with two levels of each factor in 

milling hardened H13 steel (HRc 47-49) by TiAlN coated carbide tools. However, no white 

layers or other microstructural alterations were observed even with worn tools under the higher 

levels of cutting speed and feed rate. Ghani et al. [6] has shown that the use of high cutting speed, 
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low feed rate and low depth-of-cut leads to a good surface finish in semi-finish and finish 

machining hardened AISI H13 steel with TiN-coated carbide insert tools. Li et al. [7] studied 

surface integrity produced by cutting tools with different initial flank wear values when end 

milling AISI H13, including surface finish, subsurface microstructure and microhardness. Guo et 

al. [3] conducted a review of experimental study on surface integrity characterization after 

machining hardened steel.  

Koster and Field [8] suggested that the main mechanical property affected by machining 

is high cycle fatigue strength and the actual endurance limit depends on the particular process 

used and the severity of operation. Historically, performance of the parts was often attributed to 

surface roughness parameter Ra (arithmetic average). Koster [9] summarized experimental work 

on fatigue strength of different workpiece materials (iron, nickel and titanium based alloys) 

subject to a range of machining processes: finish grinding, milling and turning. He found that the 

endurance limit of steel was dependent on surface roughness while other two were not. Surface 

residual stress has also been suggested to be an important indicator of fatigue performance. Guo 

and Yen [10] concluded that the slope of a compressive residual stress profile is important for 

rolling contact fatigue damage. Brinksmeier et al. [11] suggested that machining induced residual 

stress can be recognized as one of the main factors which will significantly affect fatigue life. 

Matsumoto el al. [12] studied the effect of machining processes on the fatigue strength of AISI 

4340 and they found that the average fatigue life of cut samples was higher than those ground 

samples. Taylor and Clancy [13] concluded that surface roughness had a distinct effect on the 

fatigue life.         
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3.1.1.2. Nickel-based superalloy 

The Inconel family of alloys was first developed in 1940s to support the development of 

jet engines for aerospace applications. They are well suited for service in extreme conditions due 

to their high oxidation and corrosion resistance. In particular, they are usually employed in the 

hot sections of gas turbines, jet motors, rocket engines and spacecraft since they are more creep-

resistant than steels after precipitation hardening and thus retain strength over a wide temperature 

range. Inconel 718 is one of the most commonly used nickel-based alloys in aerospace industry. 

It is known to be among the most difficult-to-cut materials due to its high strength even at high 

temperatures, low thermal conductivity, and especially rapid work hardening.  Sharman et al. 

[14] reported hook-shaped residual stress profiles in turning Inconel 718, with tensile stress at 

the surface for TiCN/Al2O3/TiN coated and uncoated fresh WC tools. Both sharp and worn 

uncoated WC tools produce less tensile residual stresses than those by the coated tools. It is very 

interesting to note while the worn uncoated WC tools produces more compressive residual stress 

at the surface than those by the new uncoated WC tools. Kim et al. [15] applied three different 

cutting environments: dry, flood coolant and compressed chilly-air coolant to investigate the tool 

flank wear evolution when high-speed milling Inconel 718. Alauddin et al. [16] used uncoated 

tungsten carbide inserts in end milling Inconel 718 under dry conditions to test tool life on the 

basis of flank wear. Sharman et al. [17] outlined a 3 factor, full factorial cutting experiment at 

two levels to study tool life when high speed end milling Inconel 718 with ball nose cutter. From 

ANOVA results for tool life, they concluded that tool coating was the main factor affecting tool 

life, followed by cutting speed and workpiece angle.  

Jeelani and Collins [18] investigated the effect of electric discharge machining on surface 

integrity (including surface roughness and microhardness) and tension-compression fatigue life 
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of Inconel 718 alloy at room temperature. The experimental results indicated that microhardness 

and roughness of machined surfaces slightly increased compared to parent specimens but 

remained unchanged with variations in cutting speed. The fatigue lives of the machined 

specimens slightly decreased but were not sensitive to changes of cutting speed. Huang and Ren 

[19] presented a study on formation of surface integrity (including surface roughness, residual 

stresses) produced by turning and grinding nickel-based superalloy GH33A. They also compared 

the effects of surface integrity on high-cycle and low-cycle fatigue lives at both room 

temperature and 550°C. The results from experimental work showed that under high-cycle 

stress-controlling fatigue condition, the main factors affecting fatigue life are surface roughness 

and residual stresses, while under low-cycle strain-controlling fatigue condition, fatigue lives are 

mainly affected by surface roughness.    

        

3.1.2. Tool condition monitoring methods 

Majority of the manufacturing activities in industry are dealing with the production of lot 

sizes with broad range. Since the contact between tool and workpiece will certainly initiate tool 

wear when sufficient cutting time is given, tool wear is unavoidable and is an accumulating 

process. When a tool has been used for cutting various parts, a decision must be made whether or 

not the worn tool should be replaced before next cutting in order to maintain dimensional 

accuracy and repeatability. The safest way for getting machined components of desired quality in 

the subsequent cutting process is to replace the old tool and put a new one. However, this will 

obviously increase the manufacturing cost and reduce the production efficiency since more tools 

will be used and extra time for replacement should also be considered. In order to achieve 

maximum production efficiency, desired surface integrity and thus product performance with 
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minimum manufacturing cost, accurate measurements for tool wear is necessary to avoid 

premature of tools.  

Various methods for tool wear measurement have been developed and they can be 

classified into direct (optical, radioactive, and electrical resistance, etc.) and indirect (AE, spindle 

motor current, cutting force, vibration, etc.) sensing methods. Li, Wong and Nee [20] presented a 

vision-based approach for tool wear identification in finish turning using an adaptive resonance 

theory (ART2) neural network embedded with fuzzy classifiers. This approach is based upon the 

fact that the optical scattering image of a turned surface is related to the tool wear and thus the 

state of tool wear can be determined from captured images obtained by laser scattering from the 

machined surfaces. Li, Djordjevich and Venuvinod [21] also used neuro-fuzzy technique to 

monitor the tool wear. They performed machining tests on a CNC lathe over a range of turning 

conditions and the change of the estimated feed cutting force with time was used to monitor the 

tool wear. Many researchers have also contributed to the development of monitoring the cutting 

processes indirectly. Acoustic emission (AE) is one of the most effective ways of indirectly 

sensing tool wear. Iwata and Moriwaki [22] started using an AE signal to monitor tool wear in 

cutting process. They found that the total AE count was closely related to the tool wear, which 

established the basis and proved the feasibility of AE-based sensing methodologies for tool wear 

monitoring. Guo and Ammula [2] investigated the sensitivity of a broad AE signal parameters 

including RMS, frequency and count rate to white layer, surface finish and tool wear by a real-

time acoustic emission monitoring system. They showed that RMS values and the frequency 

decreased when the tool flank wear develops until white layer appears. However, AE count rate 

has been proved to be not sensitive to the thickness of white layer. They provided fundamental 

information to develop on-line AE monitoring system for surface integrity in hard machining. 
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Kim et al. [23] observed the purely progressive tool wear in turning and they found that the 

relationship between the AE signal and tool wear is nonlinear. The AE signal could be widely 

used for tool wear monitoring if an effective mathematical model to map the relationship 

between the two can be found. Vajpayee and Sampath [24] concluded that AE count rate is a 

reliable parameter for predicting the flank wear of a cutting tool.    

The existing indirect tool wears measurement techniques are based on cutting force, 

vibration or acoustic emission and they may not be sensitive enough to detect tool wear. If 

smaller depth of cut or lower feed rate was used, the magnitude of the signal is relatively not as 

significant against the background noise. Li, Wong and Nee [20] noticed that for direct 

techniques, the machined surface roughness may not correlate very well with the intensity of its 

optical scattering pattern or the measurement of the workpiece dimension and its surface 

roughness by which to monitor tool wear is not suitable for on-line utilization. Optical method 

may provide nondestructive means for evaluating cutting tool flank wear by capturing optical 

images of the tool flank face. Pavel et al. [25] investigated typical tool crater wear pattern and 

tool flank wear pattern by using a stereo microscope and a scanning electron microscope with X-

ray Energy Dispersive Spectrometer. While, no quantitative tool wear values were measured or 

reported. 

 

3.1.3. Research objectives 

In the present study, a novel on-line optical tool monitoring system has been proposed 

and utilized to monitor tool conditions (flank wear, build-up edge, adhesion etc.) in end milling 

tool steel AISI H13 and superalloy Inconel 718. The monitoring system can be integrated with 

CNC machine tool during milling experiments. In end milling AISI H13 and Inconel 718, 



61 
 

monitoring tool flank wear evolution may provide useful guide on when to replace the current 

worn tool with fresh one to avoid inconsistent surface integrity and performance of machined 

components. SEM (scanning electron microscope) was also applied at certain intervals during 

end milling Inconel 718 in order to obtain overview of the cutting edge to fully analyze and 

characterize the typical fast tool deterioration process. Based on the optical monitoring system 

and SEM, the tool wear development in end milling Inconel 718 can be comprehensively 

observed and quantitatively studied.  

 

3.2. Experimental procedure 

 

Both end milling of AISI H13 and Inconel 718 experiments were carried out on a 3-axis 

CINCINNATI Arrow 500 CNC vertical machining center. Tool wear and flank build-up 

formation of the above three materials were monitored respectively by on-line optical tool 

monitoring system integrated with CNC machining center. No coolant was applied in end milling 

AISI H13. General purpose synthetic coolant was used throughout end milling Inconel 718 to 

slow down the tool wear rate and better capture the characteristics of tool deterioration process.  

 

3.2.1. On-line optical tool monitoring system 

The setup of on-line optical tool inspection system for milling is shown in Figure 3.1. 

The system is consisted of fiber optic illuminator, optical camera, fixture, and optical imaging 

system. An illuminator provided light source for the optical monitoring system and fiber optics 

transmitted the light signals to the microscope camera. Optical camera takes image of object 

online and sends it to the optical imaging system which records and processes the images. 
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Fixture can provide support for the optical camera and fix the position of the whole capturing 

system. The milling tool can be monitored by shifting flank face above the optical lens in the 

system and then images of the tool can be captured. No disassembly of the cutting tool is needed 

when examining on flank face and in-situ investigation of tool flank wear is achieved which 

improves measurement efficiency. The flank wear values can also be determined by measuring 

the wear length on the flank face.  

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3.1  On-line optical tool wear inspection system in milling. 

 

3.2.2. Work material and cutting tool 

3.2.2.1. AISI H13 and PVD insert 

The AISI H13 workpiece samples used in end milling experiment were 203.2 mm × 21 

mm × 12.7 mm rectangular blocks. They were thoroughly hardened and tempered to 50 ± 1 HRC. 

Cutting tool 

Optical lens 

Fixture 

Tool wear 
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Fiber optic 
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The cutting tool used in the machining tests was a 20 mm diameter end milling cutter with two 

PVD (Ti, Al) N-TiN-coated carbide inserts. The tool holder and the PVD-coated inserts were 

made by SECO Tool Company.  

3.2.2.2. Inconel 718 and PVD insert 

Superalloy Inconel 718 was also prepared for end milling experiments. Table 3.1 shows 

the nominal chemical composition of the precipitation hardened Inconel 718. The dimension of 

the workpiece block was 200 mm × 22 mm × 13 mm with a bulk hardness of 45 ± 1 HRC. The 

cutting tool used in the machining tests was a 20 mm diameter end milling cutter with one PVD 

(Ti, Al) N/TiN-coated carbide insert. The tool holder and the insert were also made by SECO 

Tool Company.  

 

Table 3.1  Chemical composition of Inconel 718 (wt %). 

 

 

                                     Element                                    wt % 

 

                    

                                            

                                                     

                                                      

                                                      

                  

                    

                    

  

Ni 51.49 

Cr 18.31 

Fe Balance 

Cb 5.03 

Mo 2.93 

Ti 1.04 

Al 0.54 

Co 0.20 

Si 0.07 

Mn 0.070 

C 0.043 

P 0.007 

Cu 0.039 

B 0.002 

Ta 0.001 

S 0.0007 
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3.2.3. Milling conditions 

Before end milling tests, the AISI H13 and Inconel 718 blocks were face milled on top 

and bottom surfaces to remove the heat treatment induced surface defects and ensure flatness to 

eliminate errors that may affect experimental results. Tool wear was generated continuously by 

removing material layer by layer using the end milling cutter. Table 3.2 and Table 3.3 give the 

cutting parameters applied in the test to study the tool wear evolution with machining time when 

end milling AISI H13 and Inconel 718 specimens. 

 

Table 3.2  Milling parameters for AISI H13. 

 

Axial  

depth of cut 

ap (mm) 

Radial 

depth of cut 

ae (mm) 

Cutting speed 

Vc (m/min) 

Feed per tooth 

fz (mm/tooth) 

1 0.5 250 0.1 

 
 

Table 3.3  Milling parameters for Inconel 718. 

 

Cutting speed 

Vc (m/min) 

Axial depth of cut 

ap (mm) 

Feed rate 

v (mm/min) 

Radial depth of cut  

ae (mm) 

Rotational speed 

N (rpm) 

60 0.5 143.3 0.5 955.4 

  

3.3. Results and discussions 

 

3.3.1. Tool wears in end milling  

As the schematic shown in Figure 3.2, tool wear usually refers to the gradual loss of 

cutting tool materials in three basic types: (1) flank wear, (2) nose wear, (3) crater wear, which 
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happen on flank face, tool nose region and rake face respectively. An example of tool wear after 

machining is shown in Figure 3.3. All these three types of tool wear cannot be studied 

independently since they are geometrically correlated to each other and the formation processes 

will interact with one another.     

Flank wear describes erosion of the portion of cutting tool which is in contact with the 

finished part and therefore it is most commonly caused by abrasive wear of the cutting edge 

against the machined surface. Generally, flank wear will result in the formation of a wear land 

which can be monitored in production by examining the tool or checking the geometry change of 

the tool and machined part. Flank wear is characterized by the wear land size VB and it is the 

most important parameter when discussing tool wear.   

 

 

 

 

 

 

 

Fig. 3.2  Schematic of tool wear zones (1: flank wear, 2: nose wear, 3: crater wear).  
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Fig. 3.3  Typical tool wear image. 

 

Due to the abrasion between tool nose and workpiece, the tool material can be rubbed 

away which leads to the geometry change of the nose. The material loss happened on tool nose 

region will also form a wear land and this type of wear can be defined as nose wear. It occurs on 

the nose region of the tool and on the trailing edge near the end of the flank face. Flank wear and 

nose wear mutually help contributing to the formation of crater wear. Unlike flank wear, nose 

wear was not broadly studied since it is difficult to observe and quantify the wear land on tool 

nose without utilizing microscopy techniques. However, quantitatively investigating nose wear is 

important for analyzing the initiation and progression of wear at tool nose region.  

Flank wear 

Nose wear 

Crater wear 
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When machined chips flow across the rake face, scars are left due to the severe friction 

between chips and rake face. Gradually, the rake face erodes during the continuous cutting 

process and then crater wear will form. Crater wear may change the actual rake angle of the tool 

and affect the strength of the cutting edge. It is normal for cutting tools while it does not 

seriously affect performance of a tool until it causes a cutting edge failure. Therefore, crater wear 

is usually believed to be less important than flank wear and nose wear.  

Characterizing tool wear is crucial to study the wear development with cutting time and 

thus to justify tool life after tool wore out. For flank wear and nose wear characterization, only 

length of the wear land needs to be measured. While for crater wear, two or more parameters are 

necessary to characterize it since a concave area of no regular shape is formed after a large 

volume of material was removed from rake face. The complexity of crater wear geometry makes 

characterization work much more challenging than for flank wear.  

3.3.1.1. AISI H13  

With the help of on-line optical tool monitoring system, the deterioration process of tool 

flank face when milling AISI H13 by PVD coated carbide inserts was recorded and analyzed. 

During the milling process, the flank faces of the two inserts were examined at an interval of 3 

minute machining time. Cotton swabs damped with ethanol were used to clean the flank faces 

before each measurement. The optical camera took pictures of the flank face for each insert and 

the tool flank wear can be determined by measuring the wear length on the flank face. The 

maximum allowable tool flank wear has been set to be VB max = 250 µm which means that 

cutting will be stopped if one of the inserts reaches VB = 250 µm. Take insert 1 for example, 

representative optical images of tool flank wear can be seen in Figure 3.4. The relationship 

between tool flank wear and cutting time has been shown in Figure 3.5. Since no obvious 
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material loss was observed at the top right corner of tool from optical images, which indicates 

that nose wear and crater wear are insignificant in this milling test, only flank wear was 

examined.  

 

 

Fig. 3.4  Flank wear evolution in dry hard milling AISI H13 (PVD coated inserts). 
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Fig. 3.5  Tool flank wear evolution in dry hard milling AISI H13 (PVD coated inserts). 

 

Based on the flank wear evolution curve, the tool flank wear developed very fast in the 

first 3 minutes, from 0 to almost 70 µm. Then, when cutting time was between 3 minutes to 

around 50 minutes, the flank wear steadily increased with time on the two inserts with 

approximately uniform increments. In this period, tool wear grew rapidly after its initiation. 

There were sharp increases of flank wear on both inserts from 48 to 54 minutes. After that, the 

tool wear increments became stable again but were slightly smaller compared with 3 - 50 

minutes period. This stage can be considered as “stable zone” of the evolution curve where tool 

wear developed relatively slow. There was another large increase of tool wear after 84 minutes. 

The tool wear of insert 1 reached 250 µm first at cutting time of 93 minutes.  
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Fig. 3.6  Tool chipping (PVD coated insert). 

 

Tool chipping happened when a piece of material broken from the bulk material of the 

tool, see Figure 3.6. Due to the frictional contact between the cutting tool and work material (tool 

flank face/work, tool rake face/chip), the work material is removed from the surface of 

workpiece and the tool material loss is also inevitable. The particles of tool material can be 

rubbed away gradually by the interfacial friction and this tool wear process is continuous. 

Friction generated high temperature at the cutting tip and sequential quenching by the 

surrounding air will alter the original mechanical properties of the cutting tool. Since the contact 

between tool and workpiece in milling process is intermittent instead of continuous, the heat-

quench process can be repeated. This repeated heat-quench-heat phenomenon produces an 

equivalent heat treatment effect on the cutting tool which makes the tool material more brittle. 

When a critical cutting time has been reached that permits sufficient heat treatment effect, the 
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increased cutting forces caused by tool wear will make the tool chipping happen. Tool chipping 

will change the cutting tool geometry and could reduce the dimensional accuracy and 

repeatability of machined components. Consequently, unacceptable parts are very possible to be 

produced. Also, the surface roughness of the work may not meet the requirements as a result of 

tool geometry variation.        

3.3.1.2. Inconel 718 

Due to the well-known rapid work hardening in machining Inconel 718, a comprehensive 

view of flank wear, nose wear is necessary to capture the fast tool deterioration process. Both the 

optical monitoring system and Philips XL 30 SEM were utilized to take images of the cutting 

tool at an interval of approximately 5.6 minutes. The tool flank wear values can be determined 

by measuring the wear length on the flank face and dimension of the wear land in tool nose 

region is estimated based on the scale bar from SEM and the geometrical relationship between 

cutting insert and electron beam. The wear evolution curves with cutting time were generated by 

interpolating all the data points recorded during the intervals of end milling. The end milling 

experiment stopped after cutting Inconel 718 for about 50.2 minutes when a catastrophic tool 

wear was seen and severe machine tool vibration was noticed.  
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Fig. 3.7  Flank wear evolution in milling Inconel 718. 

 

The tool flank face deterioration process was recorded and analyzed. The optical images 

of tool flank face at different cutting time are shown in Figure 3.7. The characterized flank wear 

evolution with respect to machining time is depicted in Figure 3.8.      
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Fig. 3.8  Wear progression in milling Inconel 718. 

 

The initiation and propagation of nose wear were observed via SEM. After examining the 

flank face of the cutting tool by the optical monitoring system, the insert was released from tool 

holder and put into sample chamber of SEM for observation. The nose wear evolution at 

different cutting time is shown in Figure 3.9. The trend of nose wear development is analyzed by 

connecting all the data points recorded during machining intervals, also see Figure 3.8.  

Even though crater wear is not as significant as the previous two types of wear, we still 

can qualitatively analyze the development of crater wear on rake face from the SEM images, see 

Figure 3.9. From cutting starts to approximately 22 minutes, the cutting insert experienced only a 

small portion of material loss on rake face. While after around 28 minutes of cutting, an elliptical 
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shape crater wear began to form near the tool nose region and flank face on the rake face. It did 

not expand very much peripherally but developed deeper, penetrating rake face with time. 

Finally, large amount of material on rake face has been removed by the cutting tool and a 

catastrophic crater wear was observed.     

 

 

Fig. 3.9  Nose wear evolution in milling Inconel 718. 

 

3.3.2. Tool wear mechanism  

Tool wear can be essentially described as geometry change of cutting edge caused by the 

frictional contact between cutting tool and workpiece. Due to the complex nature of contact 

mechanism, it is uncertain where the tool wear may start and how tool wear may develop. Three 

basic types of tool wear: flank wear, nose wear and crater wear are seen in most of the cutting 

cases. However, crater wear is not often considered to be a key factor determining tool life since 

it does not seriously affect the use of tool until it causes failure of cutting edge. Even though 

various methods for tool wear monitoring have been developed by different researchers as 
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discussed in Section 1.2, more attention was paid to tool flank wear since it directly determines 

the surface integrity of machined components. As a result, its value was always considered to be 

the primary tool failure criterion. Actually, the nose wear will propagate and interact with wear 

on flank face which can eventually degrade the machined surface integrity. A catastrophic wear 

from either of the two types may be referred as a signal for overall tool failure. Experimental 

outputs, such as increased noise from cutting, more severe vibration of the machine tool, poorer 

work surface finish, and higher surface temperature, can also indicate the forthcoming of tool life.         

The main tool failure criteria reported are crater wear and flank wear which are generally 

resulting from basic wear mechanisms. Dearnley and Grearson [26] evaluated principal wear 

mechanisms of cemented carbides and ceramics used for machining titanium alloy IMI 318 as 

dissolution/diffusion and attrition. Pavel et al. [25] found that the major wear mechanism was the 

abrasion of the binder material by the hard particles of the workpiece when using PCBN inserts 

to cut 1117 steel and 1137 steel. Poulachon et al. [27] concluded that the main wear mechanism 

of the PCBN tools when cutting AISI 52100 is abrasion by hard alloy carbide particle contained 

in the workpiece and the utilization of TiN coated PCBN could improve tool life.  

Since tool wear is composed of several different types, tool life is therefore strongly 

dependent on the predetermined tool failure criteria, such as a certain maximum wear value, tool 

chipping, etc. As discussed above, flank wear was widely believed to be the primary parameter 

that determines tool life in machining. While, as shown in the overview images by SEM and 

wear evolution curves, nose wear develops much faster than flank wear and eventually it may 

induce tool chipping or severely damage the performance of the tool. Even though tool nose 

region does not directly contact with the machined surface, its rapid propagating should also be 

paid enough attention to avoid premature of cutting tool. With this consideration, tool life is not 
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dependent on the flank wear criterion alone and measurement of wears at different locations of 

cutting edge is necessary to mutually define tool failure.     

 

3.4. Conclusions 

 

The on-line optical tool monitoring system provides nondestructive evaluation of tool 

flank wear during milling process. No action of disassembling the tool from the spindle is needed 

when examining on flank face and thus in-situ monitoring tool condition can be achieved. 

Visible results from optical camera directly reflect what was happening on the tool/material 

interface and it is not necessary to correlate the object of interest with other indirect parameters. 

The tool deterioration process was well recorded and studied. The key results of this study can be 

summarized as follows:  

 Tool flank wear evolution with respect to cutting time in milling AISI H13 by PVD 

coated inserts were observed and analyzed. Tool wear evolution curve vs. cutting 

time was generated by interpolating all the data points obtained. Two stages when 

tool wear was developing with relatively different speed were detected.  

 A two-parameter method to characterize tool wear in end milling Inconel 718 

including not only flank wear, but also nose wear has been proposed as a new 

criterion to determine tool failure in machining. Nose wear may act as a necessary 

supplement to the current tool failure criteria which mainly consider exclusively flank 

wear. Compared to flank wear on tool flank face, nose wear was developing much 

faster in tool nose region which quickly smoothens tool nose and makes material loss 

in corner area more obvious.     
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CHAPTER 4 

AN INVESTIGATION ON PROCESS DESIGN SPACE FOR OPTIMAL SURFACE 

INTEGRITY IN FINISH HARD MILLING OF TOOL STEEL 

 

Abstract 

Hard milling has the potential to replace finish grinding in manufacturing dies and molds. 

A significant impediment for wide-spread application of hard milling is the lack of 

understanding and control on the surface integrity of machined surface and subsurface. In this 

study, a Taguchi design-of-experiment based dry finish milling of AISI H13 tool steel 

(50 ± 1 HRc) with (Ti, Al)N/TiN coated cutting tools was conducted to investigate the 

process-induced surface integrity. The mechanism of surface integrity in hard milling was 

investigated to understand the effects of mechanical/thermal loads on surface microstructure and 

properties. The microstructure, microhardness and residual stresses were characterized. Phase 

transformation was not observed under the process parameters, while the increased 

microhardness and high compressive residual stresses obtained are beneficial for improving 

fatigue properties and wear resistance of the machined components. Finally, the process design 

space for the desired surface properties has been established via the microhardness and residual 

stress maps. 
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4.1. Introduction 

 

AISI H13 tool steel possesses good resistance to thermal softening and heat checking as 

well as a high hardenability, strength, and toughness. It is widely used to produce many types of 

hot work dies for forging, extrusion, and die-casting applications. Compared to grinding, 

electrical discharge machining (EDM), and manual finishing, the benefits of hard milling are 

substantial in terms of reduced machining costs and lead time.  

Hard milling is characterized by high stress, strain rate, and temperature during the chip 

formation process along with a short interaction time between the tool and workpiece. The 

highly localized and rapid thermal/mechanical loading results in changes to the microstructure. 

The reliability of a machined component depends to a large extent on the surface integrity of 

the machined surface including residual stresses (RS), microstructure, and microhardness.  

Depending on the nature of residual stress (compressive or tensile), it could either 

enhance or reduce the performances of a machined component to withstand severe loading in 

service. It is well documented that compressive residual stresses on the machined surface have 

beneficial effects on thermal fatigue, crack propagation, and stress corrosion [1,2]; while tensile 

residual stress reduces the component’s performance. Furthermore, residual stress on a 

component may cause dimensional instability (distortion) after machining [3]. The increased 

surface hardness has been reported at gentle machining conditions and shown to improve wear 

resistance in sliding contact [4-6]. In the absence of a phase transformed “white layer”, the 

increased surface hardness aids in increasing the fatigue life of components [7]. However, a 



82 
 

hardened layer is not necessarily beneficial. Rather, it could be harmful if the layer is associated 

with a poor surface finish, tensile residual stress, microstructure change, or severe surface 

oxidation [8].  

During milling AISI H13 at different process parameters, it was found that cutting speed 

and feed per tooth were the significant process parameters affecting residual stresses. The 

increase of cutting speed and feed per tooth caused the compressive stresses to decrease due to 

the likely increase in thermal effect on the machined surface [9]. The tool geometry changes the 

contact length between tool and workpiece as well as the cutting temperature and cutting forces. 

Therefore, different tool geometries result in unique residual stress profiles [10]. Chen et al. [11] 

reported that honed edges could be employed for hard turning H13 steel. Chamfered edges 

produced less compressive residual stresses on the surface; however, it penetrates deeper into 

the workpiece. As tool wear increases, residual stress at the machined surface shifts to the 

tensile stress range and the residual compressive stress beneath the machined surface increases 

greatly [12-14]. Warren and Guo [15] further compared the characteristics of residual stress by 

hard cutting and grinding with various tool/wheel wear conditions. A comprehensive review of 

experimental study on surface integrity characterization on hardened steel alloys has been made 

by Guo et al. [16]. 

High tensile stresses were also formed in the surface layer when cutting with a coated tool, 

while cutting with an uncoated tungsten carbide insert at the same operating parameters produced 

deep compressive stresses in the subsurface [17]. 

The severe plastic deformation of surface material may lead to phase transformations in 
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the subsurface, which in turn could dramatically change the surface microstructure and its 

properties, for example a white layer. The hardness of a white layer is significantly higher than 

the tempered martensite bulk material and the grain size is in the submicrometer range between 

30 and 500 nm [7,18]. So far, there are some explanations about white layer’s properties and 

formation mechanism. Elbestawi et al. [19] found that the white layer was dependent on edge 

preparation and tool wear in high-speed milling of hardened AISI H13 using PCBN ball-nose 

end mills. However, no white layers were observed on the machined surfaces even with worn 

tools under the higher levels of cutting speed and feed rate in milling hardened AISI H13 steel 

(47-49 HRc) using the TiAlN coated carbide tools [9]. Guo and Janowski [20] suggested that 

mechanical deformation and thermal effects are of different relative importance in white layer 

formation during grinding and turning. Mechanical deformation plays a more important role in 

the formation of white layer during turning. While in grinding, thermal effects are greater.  

The changes of microstructure and properties of the machined surface layer are 

influenced by many process parameters. Therefore, it is necessary to have a deeper 

understanding on the effects of process parameters on surface integrity of the machined surface, 

which enables finding a process space for the critical process parameters to achieve optimal 

surface integrity. In this study, a Taguchi’s method based design-of-experiment of dry milling 

AISI H13 tool steel (50 ± 1 HRc) with (Ti, Al) N/TiN coated carbide tools has been conducted. 

The effects of cutting process parameters on surface integrity were analyzed. Then, a design 

space of process parameters for optimal surface integrity has been identified based on the 

experimental results. 
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4.2. Experimental procedure 

 

4.2.1. Work material, machine tool and cutting tool 

The workpiece material used in this study was AISI H13 tool steel with normal chemical 

composition and material properties listed in Tables 4.1 and 4.2, respectively. The work 

material was hardened and tempered to 50 ± 1 HRc. Samples were sectioned into 

125 × 25 × 20 mm rectangular blocks and then face milled on the top and bottom surfaces to 

remove any surface defects. 

 

Table 4.1  Normal chemical composition of AISI H13 steel (wt %). 

 

C Mn Si Cr Mo V Ni Fe 

0.32-0.45 0.20-0.50 0.80-1.20 4.75-5.50 1.10-1.75 0.80-1.20 0-0.30 Balance 

 

Table 4.2  Material properties of AISI H13 steel. 

 

Density 

(Kg/m
3
) 

Young’s Modulus 

(GPa) 

Hardness 

(HRc) 

Yield Strength 

(MPa) 

Reduction in area 

( %) 

Thermal conductivity 

(W/m·K) 

7800 210 50 ± 1 1579 23.0 25.6 

 

The hard milling experiments were conducted using a computer numerical controlled 

vertical machining center (CINCINNITI Arrow-500) without cutting fluid. The cutting tool 

used in the machining tests was a 20 mm diameter milling cutter equipped with two inserts. The 

tool-holder and the (Ti, Al) N/TiN coated carbide inserts were made by SECO Tool Company. 
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Details of the milling cutter geometry are given in Table 4.3 and shown in Figure 4.1. Only one 

insert was used for each set of experimental conditions. Using one insert eliminates the 

influence of tool tip run-out on tool wear that is commonly associated with a two-insert cutting 

tool. Each surface was milled using a fresh cutting edge so that the tool-wear effect on surface 

formation would be the same and the variation due to the wear can be minimized. The SEM 

(Scanning Electron Microscope) images of cutting edge before and after milling in Figures 

4.1(c) and 4.1(d) indicate that tool wear is minimal even at the most abusive condition (highest 

cutting speed and feed). The evolution of surface integrity with tool wear will be conducted in a 

future study. 

 

Table 4.3  Geometry of milling cutter. 

 

Item  Parameters 

Tool holder R217.69 - 1820.0 - 12 - 2A  

Insert designation XOMX 120408TR 

Coating technique PVD 

Coating material (Ti, Al) N/TiN 

Insert clamping Screw 

Tool diameter (mm) 20 

Overhang length (mm) 60 

Axial rake angle (deg) +3 

Radial rake angle (deg) -12 

Clearance angle (deg) 14 

Number of insert 1 

Corner radius (mm) 0.8 

Insert thickness (mm) 4 

Insert length (mm) 12 

Insert width (mm) 8 

 



86 
 

 

 

Fig. 4.1  Edge geometry of the milling cutter: (a) Tool-holder, (b) Dimensions of cutting insert, 

(c) Tool edge before milling, and (d) Tool edge after milling (Exp. #16). 

 

4.2.2. Experimental design 

For an experiment with four factors at four levels, Taguchi’s design of experiment with 

a standard L16 (4
4
) orthogonal array was employed to conduct the hard milling experiment. The 

benefits of using Taguchi methods are only the main effects and two factor interactions are 

considered, and higher-order interactions are assumed to be non-existent [21]. The orthogonal 

(a) Tool-holder (b) Dimensions of cutting insert 

 

(c) Tool edge before milling (d) Tool edge after milling (Exp. #16) 
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array was chosen because of its minimum number of required experimental trials. Four process 

parameters are axial depth-of-cut, radial depth-of-cut, cutting speed, and feed per tooth, 

respectively. Four levels of each factor were represented by ‘2’, ‘1’ ‘-1’ or ‘-2’ in the matrix. 

The factors and levels were assigned in Table 4.4 according to the finishing conditions for hard 

milling H13 steel. Each row of the matrix represents one trial. Table 4.5 shows the experimental 

condition according to Taguchi’s design- L16 (4
4
). The experiments at the same condition were 

repeated at least 3 times to obtain representative results.  

 

Table 4.4  Factor levels of process parameters in milling experiments. 

 

Process parameter 
Level 

2 1 -1 -2 

A—Axial depth of cut ap (mm) 1.0 1.5 2.0 2.5 

B—Radial depth of cut ae (mm) 0.3 0.4 0.5 0.6 

C—Cutting speed v (m/min) 100 150 200 250 

D—Feed per tooth fz (mm/tooth) 0.05 0.10 0.15 0.20 
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Table 4.5 Design-of-experiment milling experiments based on the Taguchi method - L16 (4
4
). 

 

Experiment # 
Process parameter 

Sample # 
A (ap) B (ae) C (v) D (fz) 

1 2 2 1 2 Sample1 

2 2 1 2 -2 Sample 2 

3 2 -1 -2 -1 Sample 3 

4 2 -2 -1 1 Sample 4 

5 1 2 -1 -2 Sample 5 

6 1 1 -2 2 Sample 6 

7 1 -1 2 1 Sample 7 

8 1 -2 1 -1 Sample 8 

9 -1 2 -2 1 Sample 9 

10 -1 1 -1 -1 Sample10 

11 -1 -1 1 -2 Sample11 

12 -1 -2 2 2 Sample12 

13 -2 2 2 -1 Sample13 

14 -2 1 1 1 Sample14 

15 -2 -1 -1 2 Sample15 

16 -2 -2 -2 -2 Sample16 

 

4.2.3. Sample preparation and measurement 

4.2.3.1. Surface characterization 

Before surface integrity characterization, the milled samples were degreased by 

successive ultrasonic cleaning for 15 minutes in acetone and then rinsed with deionized water. 

Residual stresses of the machined surfaces in the feed and step-over directions were measured 

using an x-ray diffractometer (Bruker-AXS) with the multiple psi (ψ) tilt method. The diffraction 

parameters are presented in Table 4.6. The detail of residual stress measurement method can be 

found in [15]. Microhardness measurements for the machined surface were conducted in two 
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measurement orientations; i.e., parallel and perpendicular to feed directions. The microhardness 

of the surface was measured at a load of 50 g for 10 s by the Knoop indenter. 

 

Table 4.6  X-ray measurement of residual stress. 

 

Apparatus D8 Discovery (Bruker-AXS) 

Target Co 

Wavelength Kα 1.790260 Å 

Diffraction angle 2θ=99.7º 

Diffraction plane [hkl] α Fe [211] 

Voltage 40kV 

Current 35mA 

Measurement method Sin2ψ 

Collimator diameter 0.8 mm 

Number of psi (ψ) angles 9 (-40º, -30º, -20º, -10º, 0º, 10º, 20º, 30º, 40º) 

 

4.2.3.2. Subsurface characterization  

The machined samples were cross-sectioned with an abrasive cut-off saw at gentle 

cutting conditions to avoid excessive modification of the workpiece microstructure. The 

mounted specimens in cold setting epoxy were gently ground and polished in alumina powder 

to a mirror finish. The specimens were then etched using a 4% nital solution (4% nitric acid + 

96% ethanol, by volume) for 30 s, rinsed in cold water, and dried again by air. The specimen’s 

microstructure was viewed using optical microscopy equipped with a CCD camera (Epiphot 

200, made by NIKON, Japan). Subsurface hardness was measured in approximately 10 μm 

increments to a depth of 100 μm using a Knoop indenter. In order to ensure measurement 
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repeatability, three measurements were made and then averaged at the same depth in the 

subsurface. 

 

4.3. Results and discussions 

 

4.3.1. Surface formation mechanism 

The trajectory of a cutting insert in feed direction is cycloid due to the combination of 

translational and rotational motions of the end mill. The cutting insert path is shown in Figure 4.2. 

Since only one insert is used in the present work, the interval between two successive cycloidal 

cutting loci is equal to the feed per tooth. When the milling cutter proceeds along the ith tool 

rotation, the material in the sweeping area of the cutting edge will be continuously removed by 

the next tool rotation. During the first cutting rotation, the surface material experiences severe 

plastic deformation, which leads to work-hardening and residual stresses at the machined surface 

and subsurface. Therefore, when a sequential cutting rotation takes place, the workpiece is in a 

different pseudo-initial material state, and microhardness and residual stress pattern for the 

second cutting rotation will also be changed from that which exists at the end of the first cutting 

rotation. In other words, the overlapping number of the tool locus significantly influences the 

variation of microhardness and the distribution of residual stresses.  
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Fig. 4.2  Cutting loci in end milling: (a) Cycloidal cutting locus in one pass and (b) Overlapping 

cutting loci in consecutive passes. 

(a)  Cycloidal cutting locus in one pass 

 

(b) Overlapping cutting loci in consecutive passes 

 

L
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In the milling process, the overlapping number of tool locus in one cutting pass in feed 

direction can be calculate by 

1int 
n

f

f
f

L
N                                                      (4.1)

 

 

Since only one insert (n = 1) was used in the milling experiments, feed per revolution fn is 

equal to feed per tooth fz (fn = n ∙ fz). Eq. (4.1) can be expressed as 

1int 
z

f

f
f

L
N                                                    

  

(4.2) 

According to Eq. (4.2), the overlapping number of tool locus, or the number of scallop 

areas, on the milled surface in feed direction are determined by feed per tooth. As the feed per 

tooth decreases, the overlap between successive tool loci increases. The faster the tool moves in 

the feed direction, the surface material experiences larger strain and strain rates which further 

influence surface deformation.  

Similarly, the overlapping number of tool locus in step-over direction is the function of 

the cutting length in step-over direction and radial depth-of-cut and can be calculated as  

1int 
e

s
s

a

L
N                                                       (4.3) 

According to the above analysis, the resultant surface topography, microstructure, and 

metallurgical properties are determined by multiple loading cycles induced by the cutting process 

and subsequent rubbing effects when the cutting tool moves and rotates. Although no materials 

are further removed by the cutting tool in the following cutting passes, the rubbing between the 

tool edge and the machined surface also modify the microstructure and related surface properties 
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generated by the previous cut.  

 

4.3.2. Surface integrity characterization 

4.3.2.1. Microstructure 

The cross-sections of the machined samples are shown in Figure 4.3. No white layers are 

observed even under the cutting conditions with high cutting speeds and low radial depth-of-cut 

(Tables 4.4 and 4.5). It indicates that the thermal effect induced by the relatively sharp cutting 

tool in Figure 4.1 in hard milling process is relatively small, which cannot result in a white layer. 

Clear shear deformation can be seen immediately beneath machined surface in most of the cases 

which is a significant effect of mechanical deformation, for example, sample 1 vs. sample 2. 

Refined grains may be produced by severe plastic deformation up to 10 µm below the machined 

surface. 
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Sample 1 

ap=1.0mm, ae=0.3mm, 

v=150m/min, fz=0.05mm/tooth 

Sample 2 

ap=1.0mm, ae=0.4mm, 

v=100m/min, fz=0.20mm/tooth 

Sample 3 

ap=1.0mm, ae=0.5mm, 

v=250m/min, fz=0.15mm/tooth 

Sample 4 

ap=1.0mm, ae=0.6mm, 

v=200m/min, fz=0.10mm/tooth  

Sample 5 

ap=1.5mm, ae=0.3mm, 

v=200m/min, fz=0.20mm/tooth 

Sample 6 

ap=1.5mm, ae=0.4mm, 

v=250m/min, fz=0.05mm/tooth 

Sample 7 

ap=1.5mm, ae=0.5mm, 

v=200m/min, fz=0.10mm/tooth 

Sample 8 

ap=1.5mm, ae=0.6mm, 

v=150m/min, fz=0.15mm/tooth 

(a)  sample 1 ~ sample 8 
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Fig. 4.3  Optical images of subsurface microstructure. 

Sample 16 

ap=2.5mm, ae=0.6mm, 

v=250m/min, fz=0.20mm/tooth 

Sample 15 

ap=2.5mm, ae=0.5mm, 

v=200m/min, fz=0.05mm/tooth 

Sample 14 

ap=2.5mm, ae=0.4mm, 

v=150m/min, fz=0.10mm/tooth 

Sample 13 

ap=2.5mm, ae=0.3mm, 

v=100m/min, fz=0.15mm/tooth 

Sample 9 

ap=2.0mm, ae=0.3mm, 

v=250m/min, fz=0.10mm/tooth 

Sample 10 

ap=2.0mm, ae=0.4mm, 

v=200m/min, fz=0.15mm/tooth 

Sample 11 

ap=2.0mm, ae=0.5mm, 

v=150m/min, fz=0.20mm/tooth 

Sample 12 

ap=2.0mm, ae=0.6mm, 

v=100m/min, fz=0.05mm/tooth 

(b)  sample 9 ~ sample 16 
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During hard milling process, the chips take away the majority of cutting heat, and only a 

small portion of heat transfers into the workpiece. For a sharp cutting tool, the contact area 

between the cutting tool and the machined surface is much smaller than that for a worn tool, and 

the percentage of the cutting heat conducted into the machined surface is very low. Considering 

the small flank wear as shown in Figure 4.1, the maximal temperature of the machined surface 

would be much lower than the austenitizing temperature during hard milling process, and there is 

no possibility to form a white layer on the machined surface. 

4.3.2.2. Microhardness 

Microhardness measurements at the load of 50g were conducted in two directions: 

parallel and perpendicular to feed direction. Six measurements were conducted at the surface. 

Taking sample 5 as an example, the representative measurement array at the surface is shown in 

Figure 4.4. The microhardness of machined surfaces under different process parameters is shown 

in Figure 4.5, which is in the range of 693-1115 HK0.05. From this figure, it can be seen that the 

measurement orientations have more or less effects on the microhardness variation (up to 200 

HK0.05). That is to say, there is somewhat a relationship between the value of microhardness and 

the measurement orientation; therefore, it’s necessary to specify the measurement orientation 

when the microhardness is measured and characterized. 
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Fig. 4.4  Micro-indentation array on the top surface. 
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Fig. 4.5  Surface microhardness variation in parallel and perpendicular to feed directions. 
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Taking sample 5 as an example, the representative measurement array in the subsurface is 

shown in Figure 4.6. Microhardness measurement in the subsurface was conducted in a diagonal 

pattern to avoid interference from neighboring measurements. Each row was offset 10 μm in the 

depth direction and shifted 25 μm in the horizontal direction. The first measurement was made at 

an approximation of 5 μm below machined surface. As shown in Figure 4.7, the microhardness 

on the machined surface is significant higher than that in the subsurface, which means there is a 

thin strain-hardened layer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.6  Micro-indentation array in the subsurface. 
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(a) Axial depth-of-cut ap=1.0mm 

 

(b) Axial depth-of-cut ap=1.5mm 
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Fig. 4.7  Microhardness distributions in the subsurface. 

(c) Axial depth-of-cut ap=2.0mm 

 

(d) Axial depth-of-cut ap=2.5mm 
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During metal cutting process, the thermal loads often result in softening effect on 

workpiece materials, while mechanical loads usually introduce work-hardening effect to the 

workpiece materials. The final result is the sum of the above two effects. Because only a small 

part of cutting heat is transferred into the workpiece surface, the mechanical effects from cutting 

forces and rubbing between the tool edge and the workpiece surface are the predominant factors 

determining the microhardness variation. When subsurface depth is greater than 15 μm, the 

microhardness in the subsurface becomes uniform. From Figure 4.7, it is also observed that 

microhardness is the lowest at the positions nearest to the top surface. However, the apparent 

softening is not due to thermal effects, but rather is caused by the lack of material between the 

indented area and the top surface which results in less resistance to deformation by a 

microindenter [22].  

Feed rate vf along feed direction can be calculated as 

Nnfv zf                                                         (4.4) 

Similarly, only one insert (n = 1) was used in the cutting experiments. The feed rate can 

be expressed as 

Nfv zf                                                           (4.5) 

Because feed rate in Eq. (4.5) simultaneously combines the effects of feed per tooth and 

tool rotational speed (i.e. cutting speed), feed rate may be more suitable to describe the effect of 

individual feed per tooth and cutting speed on surface integrity. Therefore, surface integrity is 

mainly determined by feed rate and radial depth-of-cut. Based on the microhardness at the 

machined surface, the surface microhardness map under different combination of feed rate and 
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radial depth-of-cut is illustrated in Figure 4.8. According to the experimental results, it can be 

seen that the microstructure and microhardness were mainly determined by the mechanical 

effects from cutting forces and rubbing between the tool flank land and the workpiece surface 

rather than the thermal effect since the major cutting heat were carried away by the high-speed 

flowing chips under these cutting conditions. Therefore, there was no observed phase 

transformation, while the microhardness of the machined surface became higher than the bulk of 

the material.  
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Fig. 4.8  Surface microhardness (HK0.05) contour under the combined influence of feed rate and 

radial depth-of-cut. 

 

When low feed rates (vf ≤ 200 mm/min) were used, the decrease of surface microhardness 

with the increase of the radial depth-of-cut can be explained by the reduced rubbing effect with 
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the increase of radial depth-of-cut. The mechanical effect rather than thermal effect becomes a 

predominant factor for determining microhardness. When moderate to high feed rates (from 200 

to 800 mm/min) were employed, the feed rate has little influence on the variation of 

microhardness with the radial depth-of-cut. When the radial depth-of-cut was lower than 0.5 mm, 

the surface microhardness decreased with the increase of radial depth-of-cut. In contrast, when 

the radial depth-of-cut was higher than 0.5 mm, surface microhardness increased with the 

increase of radial depth-of-cut. 

4.3.2.3. Residual stresses 

The measured normal residual stresses in feed and step-over directions under the 

combined influence of feed rate and radial depth-of-cut are shown in Figures. 4.9(a) and 4.9(b). 

The normal residual stresses in feed and step-over directions were all compressive, which 

indicates the mechanical effect is dominant while the thermal effect is secondary. In most cases, 

the magnitudes of normal residual stresses in feed and step-over directions decrease with the 

increase of radial depth-of-cut or feed rate. Comparing the residual stresses contours in the two 

directions, it can be seen that the magnitudes of normal residual stresses in feed direction are 

much larger than that in step-over direction. The normal residual stresses in feed direction are up 

to -1392 MPa, while the maximal magnitude in step-over direction is only -519 MPa. The 

experimental data of residual stress indicates that the measured normal residual stresses are very 

directional. The result can be explained that during finish hard milling process, feed per tooth is 

much smaller than radial depth-of-cut, which results in the very different mechanical and thermal 

loads in feed direction from that in step-over direction.  
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The shear residual stresses are plotted in Figure 4.9(c). The magnitudes of the shear 

residual stresses vary from -63 to 189 MPa, which are very small compared with those normal 

residual stresses. The effect of shear residual stresses on component performance would be 

negligible. 
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(a) Normal residual stress (MPa) in feed direction 
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(b) Normal residual stress (MPa) in step-over direction 
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(c) Shear residual stress (MPa) 

 

Fig. 4.9  Residual stress contours under the combined influence of feed rate and radial 

depth-of-cut: (a) Normal residual stress in feed direction, (b) Normal residual stress in step-over 

direction, and (c) Shear residual stress. 
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4.3.3. Process parameter space for desired surface integrity 

The microstructural alteration, microhardness, residual stresses, as well as surface finish, 

all influence fatigue, corrosion, and tribology performances of the machined components. In 

general, in order to improve fatigue resistance, phase transformation (white layer) should be 

avoided; while work-hardening and compressive residual stresses are desired [23]. As analyzed 

above, phase transformation, microhardness variation and residual stresses induced by hard 

milling are all related to process parameters. Thus, by optimizing process parameters, a desired 

surface integrity may be obtained to improve fatigue, corrosion, and wear resistance of machined 

components. 

Under the concerned process parameters in Table 4.5, no white layers were formed on the 

machined surfaces. According to Figures 4.8 and 4.9, it can be seen that the process space of low 

feed rate (vf  ≤ 200 mm/min) and radial depth-of-cut ranging from 0.3 to 0.6 mm can introduce 

high microhardness and compressive residual stresses. Therefore, in order to generate a desired 

surface integrity, the process space of low feed rate (vf  ≤ 200 mm/min) and radial depth-of-cut 

ranging (0.3 - 0.6 mm) would be suitable for finish hard milling of AISI H13 tool steel with (Ti, 

Al) N/TiN coated cutting tools. 

 

4.4. Conclusions 

 

A Taguchi design-of-experiment based dry finish milling hardened AISI H13 steel with 

(Ti, Al) N/TiN coated end mill has been conducted to investigate the effects of process 



107 
 

parameters on surface integrity. Process parameter spaces for desired surface integrity have been 

found via experimental results. The major results may be summarized as follows: 

 The machined subsurface of about 10 μm has experienced severe shear deformation. 

However, no phase transformation induced white layer can be observed. 

 A significant strain-hardening zone of about 15 μm in the subsurface occurred, which 

shows that the milled surfaces have a higher microhardness. 

 The measurement orientations have substantial influence on microhardness data. It is 

necessary to specify the measurement orientation when microhardness is measured, 

characterized, and reported. 

 The normal residual stresses in feed and step-over directions were all compressive 

and increase with the increase of radial depth-of-cut and feed rate, which is beneficial 

for surface performance in service. Compared to the magnitudes of normal residual 

stresses, the shear residual stresses are very small and, therefore, could be neglected.  

 The process parameter space for desired surface integrity via the feed rate and radial 

depth-of-cut has been recommended based upon their combined effects on 

microstructure, microhardness, and residual stress distributions.  

 The characteristics of surface integrity in hard milling AISI H13 would be similar to 

those in milling of other die/mold steels. 
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4.5. Nomenclature 

 

ae = Radial depth-of-cut (mm) 

ap = Axial depth-of-cut (mm) 

fz = Feed per tooth (mm/tooth)  

fn = Feed per revolution (mm/tooth)  

vf = Feed rate (mm/min) 

N = Rotational speed of spindle (rev/min) 

n = Number of the insert 

Lf = Cutting length in feed direction (mm) 

Ls = Cutting length in step-over direction (mm) 

Nf = Overlapping number of the tool locus in one cutting pass 

Ns = Overlapping number of the tool locus in step-over direction 
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CHAPTER 5 

A FUNDAMENTAL STUDY OF TOOL WEAR EFFECT ON SURFACE INTEGRITY AND 

FATIGUE LIFE OF TOOL STEEL BY DRY HARD MILLING 

 

Abstract 

Hard milling is a competitive finishing process in mold/die manufacturing. Tool wear 

during hard milling adversely affects surface integrity and fatigue performance of the machined 

components. Surface integrity and machining accuracy deteriorate when tool wear progresses. In 

this paper, the effect of tool wear on surface integrity and its impact on fatigue performance of 

AISI H13 tool steel (50 ± 1 HRC) by dry milling using PVD coated tools are studied. The 

evolutions of surface integrity including surface roughness, microstructure, residual stresses, and 

microhardness were characterized at three levels of tool flank wear (VB = 0, 0.1 mm, 0.2 mm). 

At each level of tool flank wear, the effects of cutting speed, feed, and radial depth-of-cut on 

surface integrity were investigated respectively. It shows that surface roughness in the step-over 

direction is much higher than that in the feed direction under all the milling conditions. The 

increased tool wear did not necessarily produce a rougher surface in both directions. Optical 

images of the subsurface microstructure of the 21 machined samples do not show a noticeable 

white layer or heat affected zones which may be explained by the characteristic of periodic 

tool/work contact in milling compared to turning and grinding. Residual stresses are compressive 

in both directions and are more compressive in the step-over direction than in the feed direction. 
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Four-point bending fatigue tests were performed using the samples machined at different flank 

wear conditions. The results show that generally a worn tool reduces fatigue life, and the larger 

the tool wear, the shorter the fatigue life. The fractured surfaces of fatigued samples were 

characterized. Fatigue endurance limits of the machined surfaces at different reliability levels 

were estimated and correlated with the experimentally determined fatigue life.  

 

5.1. Introduction 

 

Dry hard milling is a sustainable machining process to make precision molds, dies, and 

other various mechanical components. However, tool wear is undesirable but inevitable in 

machining of hardened steels since it may cause poor surface integrity and fatigue performance 

of a machined surface.  

Tool wear is a complex phenomenon occurring in the metal cutting process. Tool wear 

refers to the degradation of the cutting tool in three basic modes: (a) gradual loss of tool 

materials; (b) fracture of the cutting edge; and (c) reduced mechanical properties of the tool [1]. 

When a tool is used for cutting mechanical parts, a decision must be made whether a worn tool 

should be replaced by a new one before the next cutting, or if the worn tool can still be used but 

the cutting parameters need to be changed to adapt to the tool condition. The most conservative 

way to get components machined with desired quality is to replace the worn tool with a new one. 

However, this will increase manufacturing cost and reduce the production efficiency since more 

tools will be used and extra time for replacement will be spent.  

Tool wear is considered to be a critical factor that determines the economy of a 

machining process since it is closely related to cutting tool life and thus the overall cost of 

production. Two types of tool wear will occur: flank wear (the portion of the tool in contact with 
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the newly machined surface) and crater wear (the portion of the tool on the tool/chip interface). 

Generally, crater wear only has a minor effect on surface integrity of a machined component 

unless it causes a cutting edge failure. Therefore, flank wear is always the most important wear 

mode when surface integrity is concerned. A worn tool increases cutting temperature which may 

result in a thin white layer and tensile residual stress on the machined surface [2]. Compared 

with a sharp tool, a worn tool will produce poor surface integrity and fatigue performance of the 

machined surfaces. Surface integrity and fatigue performance of the machined surfaces would 

deteriorate to an unacceptable level due to the progression of tool wear. Consequently, surface 

integrity and fatigue performance cannot be guaranteed and more energy is expected to be 

consumed in machining when a worn tool is used. It is the primary objective for manufacturers 

to produce as many quality parts as possible while minimizing machining costs. However, few 

researchers have bridged between tool wear and surface integrity of machined components under 

the progression of tool wear. In order to achieve multiple objectives of production efficiency, 

fatigue life, and manufacturing cost, the relationship between tool wear, surface integrity, and 

fatigue performance of machined components needs to be thoroughly studied to provide a 

general guidance for production. 

In this research, the effect of tool flank wear on surface integrity, fatigue strength, and 

fatigue life of components by dry hard milling was studied. The evolution of surface integrity at 

different levels of tool flank wear and various combinations of process parameters was 

investigated. Tool wear values were measured by an on-line optical tool inspection and 

measurement system [3]. Surface integrity to be characterized includes surface roughness, 

microstructure, residual stress, and microhardness. The endurance limits and fatigue life of the 

machined components were experimentally determined. By correlating tool flank wear, surface 
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integrity, and fatigue performance, a process space with acceptable tool flank wear can be 

determined for designed fatigue life with controlled variance for machined components.   

 

5.2. Literature review  

 

Machined components have broad applications. Component performance is always the 

first concern from the customers’ perspective regardless of specific application. The performance 

of machined components largely depends on the machining process which generally defines 

surface integrity. Tool wear is the dominant factor that affects surface integrity. Therefore, the 

relationship between tool wear, process parameters, and surface integrity should be well studied 

in order to maintain the desired quality of products in mass production. In this context, 

experiments have been done to link the surface integrity of machined parts and cutting tool flank 

wear, process parameters.  

AISI H13 is one of the most versatile hot work tool steels in pressure die casting, 

extrusion, hot forging and extrusion mandrels [4]. Dry machining hardened steel can be cheaper, 

faster, more flexible, and more environmentally friendly compared to grinding and other 

finishing processes [5]. Experimental studies on the relationship between chip morphology, 

phase transformation, and process space for optimal surface topography in finish hard milling 

AISI H13 have been conducted by Zhang and Guo [6]. Surface integrity, including 

microstructure and microhardness, generated by hard milling AISI H13 tool steel has been 

characterized and analyzed by Li et al. [7]. Elbestawi et al. [8] found that white layer was 

dependent on edge preparation and tool-wear in high-speed milling of hardened AISI H13 using 

PCBN ball-nose end mills. Sharp edge preparations outperform honed and chamfered edges and 

produced a thinner white layer. However, no white layers or other microstructural alterations 
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were observed on the machined surfaces even with worn tools under the higher levels of cutting 

speed and feed rate when hardened H13 steel (HRC 47-49) was machined using TiAlN coated 

carbide tools [9]. Axinte et al. [9] investigated the influence of cutting speed and feed rate on 

surface roughness using a full factorial experimental design in milling hardened AISI H13 steel 

with TiAlN coated tools. Surface roughness values increased when cutting speed increased and 

feed per tooth decreased due to higher process instability in the ball nose end milling tests. Ghani 

et al. [10] has shown that the use of high cutting speed, low feed rate and low depth-of-cut leads 

to a good surface finish in semi-finish and finish machining hardened AISI H13 steel with TiN-

coated carbide insert tools. A review of experimental study on surface integrity characterization 

has been made by Guo et al. [5]. They concluded that residual stress has been generally 

recognized as the key factor among all surface integrity parameters which not only significantly 

affects product performance, but also serves as a key criterion for process selection.   

The effects of cutting tool flank wear and surface integrity on fatigue life of machined 

components were also studied by several investigators. Koster and Field [11] suggested that the 

main mechanical property affected by machining is high cycle fatigue strength and the actual 

endurance limit depends on the particular process used and the severity of operation. In early 

fatigue models [12-14], fatigue life was often attributed to surface roughness parameter Ra 

(arithmetic average). Koster [15] summarized experimental work on fatigue strength of different 

workpiece materials (iron, nickel and titanium based alloys) subject to a range of machining 

processes: finish grinding, milling and turning. He found that the endurance limit of steel was 

dependent on surface roughness while other two were not. Surface residual stress has also been 

suggested to be an important indicator of fatigue performance. Taylor and Clancy [16] concluded 

that surface roughness had a distinct effect on the fatigue life. Machining induced residual stress 
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has been recognized as one of the main factors which will significantly affect fatigue life [15,17]. 

Matsumoto et al. [18] studied the effect of machining processes on the fatigue strength of AISI 

4340 and they found that the average fatigue life of cut samples was higher than those ground 

samples. Guo et al. [19] concluded that the nature of surface residual stress and the depth of 

maximum compressive residual stress in the subsurface are important for rolling contact fatigue 

damage.  

 

5.3. Tool wear vs. surface integrity experiment  

 

End milling of AISI H13 experiments were carried out without coolant on a 3-axis 

CINCINNATI Arrow 500 CNC vertical machine. Tool flank wear was monitored and measured 

by an on-line optical tool monitoring system integrated with the CNC machine. 

 

5.3.1. Work material and cutting tool  

The AISI H13 work samples used in dry hard milling experiments were 20 mm × 21 mm 

× 13 mm rectangular blocks. They were thoroughly hardened and tempered to 50 ± 1 HRC. 

Before milling tests, the top and bottom sample surfaces were ground to remove the heat 

treatment induced surface defects and ensure flatness to eliminate machining errors. 

The cutting tool used in the milling tests was a 20 mm diameter end milling cutter with 

two PVD (Ti, Al) N-TiN-coated carbide inserts. The tool holder and the PVD-coated inserts 

were made by SECO Tool Company.  
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5.3.2. Experimental design 

Table 5.1 lists the process conditions for the milling experiments. 21 cutting tests (7 

different cutting conditions, with 3 levels of initial tool flank wear: VB = 0, VB = 0.1 mm, and 

VB = 0.2 mm used for each cutting condition, see Figure 5.1) were planned to study the effect of 

tool flank wear on surface integrity under a variety of cutting parameter combinations.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

VB = 0 mm 

(a) Fresh tool (flank wear = 0) 

VB = 0.1 mm 

(b) Tool with flank wear = 0.1 mm 
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Fig. 5.1  Initial tool flank wear. 

 

Table 5.1  End milling plan for tool wear vs. surface integrity experiment. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 

# 

VB 

(mm) 

Cutting 

condition 

# 

Cutting 

speed 

[m/min] 

Feed per 

tooth 

[mm/tooth] 

Radial 

DOC 

[mm] 

1 0 

1 100 0.1 0.5 2 0.1 

3 0.2 

4 0 

2 200 0.1 0.5 5 0.1 

6 0.2 

7 0 

3 300 0.1 0.5 8 0.1 

9 0.2 

10 0 

4 200 0.05 0.5 11 0.1 

12 0.2 

13 0 

5 200 0.2 0.5 14 0.1 

15 0.2 

16 0 

6 200 0.1 0.3 17 0.1 

18 0.2 

19 0 

7 200 0.1 0.4 20 0.1 

21 0.2 

VB = 0.2 mm 

(c) Tool with flank wear = 0.2 mm 
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5.3.3. Sample preparation 

The machined samples were degreased by successive ultrasonic cleaning for 15 minutes 

in acetone, and then rinsed with deionized water before characterization of surface integrity. 

Then, the samples were cross-sectioned with an abrasive cut-off saw at gentle cutting conditions 

to avoid excessive modification of surface integrity. After being mounted in cold setting epoxy, 

the samples were gently polished to a mirror-like finish. The samples were then etched using a 

4% nital solution (4% nitric acid + 96% ethanol, by volume), rinsed in cold water, and air dried.     

 

5.3.4. Surface integrity characterization 

Machining induced surface integrity can be generally described by its topological, 

mechanical, metallurgical and chemical states [20]. Surface integrity factors including: surface 

roughness, microstructure, residual stresses, and microhardness were characterized in this study.  

5.3.4.1. Surface roughness 

Surface roughness along feed direction and step-over direction was measured by a Sloan 

Dektak II profiler. In order to get statistical stable data, three measurements along each direction 

were made at different locations when tracing 4 mm on the machined surfaces. Figure 5.2 shows 

the measurement configuration for the machined surfaces. The measured surface roughness 

along the feed direction and the step-over direction was shown in Figure 5.3.  
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Fig. 5.2  Texture of machined surface. 

 

 

 

Fig. 5.3  Average, maximum, and minimum surface roughness (Ra)  

in the feed and the step-over directions. 
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It shows that surface roughness in the step-over direction is much higher than that in the 

feed direction under all the milling conditions in Table 5.1. Seventeen out of the twenty-one 

milled surfaces have surface roughness value of Ra < 0.2 µm in the feed direction and the 

remaining four samples are between 0.2 µm to 0.4 µm. Surface roughness reduces or at least 

does not change dramatically when tool wear increases (at cutting conditions 2, 3, 4 and 6 in 

Table 5.1). For VB = 0 and VB = 0.1 mm, surface roughness in the step-over direction generally 

increases with cutting speed at cutting conditions 1, 2 and 3, while Ra is almost same at VB = 0.2 

mm under the three different cutting speeds. When increasing the feed per tooth from minimum 

to maximum (at cutting conditions 2, 4 and 5), surface roughness in the step-over direction was 

also found to increase at all three levels of tool flank wear. However, the increased tool wear 

(e.g. large VB) did not necessarily produce a rougher surface in both step-over direction and feed 

direction.     

5.3.4.2. Subsurface microstructure 

Although machining chips carry away the majority of heat generation in dry hard milling, 

a certain percentage of heat still dissipates into the machined surface. If the maximum 

temperature of the machined surface is below the austenitizing temperature, it would not be 

possible for the machined surface to form a heat-induced white layer. With higher values of 

cutting parameters (cutting speed, feed rate, tool flank wear), it is expected that higher 

temperatures will be produced and more heat will conduct into the workpiece. Thus, it is more 

likely that phase transformation would happen on the machined surface. Subsurface 

microstructure of the machined samples was taken using an optical microscope equipped with a 

CCD camera (NIKON Epiphot 200). However, optical images of the subsurface microstructure 

of the 21 samples do not show a noticeable white layer (Figure 5.4). The possible reason is that 
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with spindle rotating in milling, the periodic tool/work contact reduces the time of heat 

dissipation into the machined surface. Compared with the continuous tool/work contact in 

turning and grinding processes, milling would have less chance to induce thermal white layer at 

the same level of tool wear. This may explain why white layer or heat affected zones (HAZ) can 

be generated much more easily in turning and grinding processes.      
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(a) sample #1 – sample #6 

 

 

(b) sample #7 – sample #12 

 

 

 

VB=0 (ap=1mm, Vc=100 m/min,  

     ae=0.5 mm, fz=0.1mm/tooth) 

 

VB=0.1mm (ap=1mm, Vc=100m/min,      

          ae=0.5mm, fz=0.1mm/tooth)  

 

VB=0.2mm (ap=1mm, Vc=100m/min,  

          ae=0.5mm, fz=0.1mm/tooth) 

 

VB=0 (ap=1mm, Vc=300m/min, 

     ae=0.5mm, fz=0.1mm/tooth) 

 

VB=0.1mm (ap=1mm, Vc=300m/min,  

          ae=0.5mm, fz=0.1mm/tooth) 

 

 

VB=0.2mm (ap=1mm, Vc=300m/min, 

          ae=0.5mm, fz=0.1mm/tooth) 

 

 

VB=0 (ap=1mm, Vc=200m/min,  

     ae=0.5mm, fz=0.1mm/tooth) 

 

VB=0.1mm (ap=1mm, Vc=200m/min, 

          ae=0.5mm, fz=0.1mm/tooth) 

 

VB=0.2mm (ap=1mm, Vc=200m/min,        

          ae=0.5mm, fz=0.1mm/tooth) 

 

VB=0 (ap=1mm, Vc=200m/min, 

     ae=0.5mm, fz=0.05mm/tooth) 

 

 

VB=0.2mm (ap=1mm, Vc=200m/min, 

          ae=0.5mm, fz=0.05mm/tooth) 

 

 

VB=0.1mm (ap=1mm, Vc=200m/min,  

          ae=0.5mm, fz=0.05mm/tooth) 
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(c) sample #13 – sample #21 

 

Fig. 5.4  Optical images of subsurface microstructure. 

 

5.3.4.3. Residual stresses 

Residual stresses were measured using 4-axis Bruker D8 machine. X-rays with λ = 

0.1790 nm wavelength were generated applying 35 mA and 40 kV power to X-ray tube with 

cobalt source. {2 1 1} crystallographic planes corresponding to 2θ = 99.7° were utilized to 

measure residual strains and then residual stresses were calculated by the sin
2
ψ technique. 

VB=0 (ap=1mm, Vc=200m/min, 

     ae=0.3mm, fz=0.1mm/tooth) 

 

 

 

VB=0.2mm (ap=1mm, Vc=200m/min, 

          ae=0.3mm, fz=0.1mm/tooth) 

 

 

 

VB=0.1mm (ap=1mm, Vc=200m/min, 

          ae=0.3mm, fz=0.1mm/tooth) 

 

 

 

VB=0 (ap=1mm, Vc=200m/min, 

     ae=0.5mm, fz=0.2mm/tooth) 

 

 

 

VB=0.1mm (ap=1mm, Vc=200m/min, 

          ae=0.5mm, fz=0.2mm/tooth) 

 

 

 

VB=0.2mm (ap=1mm, Vc=200m/min, 

          ae=0.5mm, fz=0.2mm/tooth) 

 

 

VB=0 (ap=1mm, Vc=200m/min, 

     ae=0.4mm, fz=0.1mm/tooth) 

 

 

 

VB=0.1mm (ap=1mm, Vc=200m/min, 

          ae=0.4mm, fz=0.1mm/tooth) 

 

 

 

VB=0.2mm (ap=1mm, Vc=200m/min, 

          ae=0.4mm, fz=0.1mm/tooth) 
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Surface residual stress: 

Figure 5.5 shows surface residual stresses are compressive in both feed and step-over 

directions. Furthermore, the residual stresses in the step-over direction are more compressive 

than in the feed direction for the majority of machined samples. In most cases, the machined 

surfaces have the maximum compressive residual stresses due to the work hardening effect. This 

observation is consistent with the maximum microhardness values at the surface.  

 

 

 

Fig. 5.5  Residual stresses at the machined surface.  

 

In the feed direction, it is clear that the increased feed resulted in less compressive 

residual stresses. At fz = 0.05 mm/tooth, the compressive residual stresses are all greater in 

magnitude than -1000 MPa (sample #10 ~ #12); at fz = 0.1 mm/tooth, the compressive residual 

stresses are in the range of -800 ~ -1000 MPa (sample #4 ~ #6); at the maximum fz = 0.2 

mm/tooth, surface compressive residual stresses are all less than -750 MPa in magnitude (sample 

#13 ~ #15). This conclusion holds true for each tool flank wear level, which can be seen by a 

comparison between the samples milled by tools with the same tool wear values. For example, 
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samples #10, #4 and #13 were milled by fresh tools (VB = 0) but with different feeds. The 

surface residual stresses became less compressive with increased feed in the three samples.  

In the step-over direction, the samples tend to produce more compressive residual 

stresses with increased VB values at each feed level, except for sample #5. When comparing 

samples #10 ~ #12 and samples #13 ~ #15, the trend of increased compressive residual stresses 

can be easily observed. As for the effect of feed at the same flank wear level, increasing feed 

results in less compressive residual stress (samples #10, #4, #13 and samples #12, #6, #15) 

which is consistent with the observation in the feed direction.     

Subsurface residual stress: 

Figure 5.6 (a - i) shows the residual stress profiles in the subsurface, the compressive 

residual stresses in both feed and step-over directions share similar profile characteristics. 

Residual stress in the step-over direction is more compressive in the near subsurface than in the 

feed direction. At increased depth in the subsurface, residual stress becomes less compressive 

and the gradient becomes small between consecutive readings, approaching -500 ~ -800 MPa at 

the depth of around 100 µm below the machined surface. It is expected that the residual stress 

becomes much less compressive in the deeper subsurface.   
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(a) sample #4  

 

(b) sample #5  

 

 

(c) sample #6  

 

 

 

(d) sample #10

 
 

(e) sample #11 

 

 
 

(f) sample #12  
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(g) sample #13  

 
 

(h) sample #14

 

 
 

(i) sample #15  

 

Fig. 5.6  Residual stresses distribution profiles.  

 

5.3.4.4. Surface and subsurface microhardness 
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10s using a Knoop indenter. Microhardness of the machined surfaces was measured in two 

orientations: parallel and perpendicular to the feed direction. Three measurements were 

performed in each direction and an average of 6 measured values was used as surface 

microhardness. In the subsurface, microhardness measurements were taken at about 10 µm 
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intervals between successive readings up to 100 µm. Similarly, 3 measurements were made at 

the same depths in the subsurface. Figure 5.7 (a ~ g) illustrates the microhardness profiles for all 

7 different cutting conditions. 

The surface material experienced both thermal and mechanical loading in milling. 

Surface properties depend on the additive effects of the two loadings. As discussed above, 

thermal loading in milling has the characteristics of discontinuity and short duration, while 

mechanical loading would be the predominant factor determining the surface properties. Based 

on the measured microhardness data for all the samples, the work-hardening effect on the 

machined surface may be dominant since much higher microhardness occurred on the surface 

than the subsurface. Alternatively, low microhardness at approximately 5 µm into the subsurface 

is more likely induced by the edge effect of micro-indenter rather than thermal effect. The 

detailed mechanism of the measured low hardness was explained in [21].  

 

 

 

(a) Microhardness profile for samples 1 ~ 3 

 

400

500

600

700

800

900

1000

1100

1200

0 20 40 60 80 100

H
K

 (
5

0
g

f)
 

Depth below surface (μm)  

VB=0 (#1) VB=0.1mm (#2) VB=0.2mm (#3)

Cutting speed: 100 m/min 

Feed per tooth: 0.1 mm/tooth 

Radial DoC: 0.5 mm 



130 

 

 

 

 

(b) Microhardness profile for samples 4 ~ 6 

 

 

 

(c) Microhardness profile for samples 7 ~ 9 
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(d) Microhardness profile for samples 10 ~ 12  

 

 

 

(e) Microhardness profile for samples 13 ~ 15 
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(f) Microhardness profile for samples 16 ~ 18 

 

 

 

(g) Microhardness profile for samples 19 ~ 21  

 

Fig. 5.7  Microhardness profiles in the subsurface.  
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Under cutting conditions 1, 3, 4 and 7 in Table 5.1, microhardness values for VB = 0.2 

mm into the subsurface are generally lower than VB = 0 and VB = 0.1 mm. This indicates that a 

larger tool/work friction occurs due to the increased tool flank wear, producing more thermal 

loading which leads to more softening effect in the subsurface.   

 

5.4. Four-point bending fatigue test  

   

5.4.1. Fatigue sample preparation 

Four-point bending tests were performed to investigate the fatigue life evolution of the 

machined samples with tool flank wear.  

Five H13 rectangular blocks (sample #F1 - sample #F5) were hard milled by the cutting 

tools with five wear levels: VB = 0, 0.05 mm, 0.1 mm, 0.15 mm, and 0.20 mm, respectively. 

Before fatigue testing, the samples’ edges were polished using a 600-grit sandpaper to eliminate 

the effects of burrs and sharp-edges on fatigue life.  

To study the effect of tool flank wear on fatigue life of machined samples, Table 5.2 lists 

the machining parameters. The tool holder and inserts are same as those to prepare samples for 

surface integrity characterization. 

 

Table 5.2  End milling parameters to prepare fatigue samples. 

 

Cutting speed 

(m/min) 

Axial depth-of-cut 

(mm) 

Feed rate 

(mm/min) 

Radial depth-of-cut 

(mm) 

250 1 796 0.5 
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5.4.2. Fatigue testing setup 

Four-point bending fatigue tests were run at room temperature on a MTS 810 test system 

(Figure 5.8) with the maximum load capacity of 225 kN. The MTS 810 test system consists of a 

servo-hydraulic fatigue testing machine, a Flextest SE digital controller, and the MultiPurpose 

TestWare Software (MPT). The test sample sits on the loading fixture which is bolted to the 

oscillating piston. The oscillating piston moves up and down with the loading fixture at a certain 

frequency. The supporting fixture is fixed at the supporting ends to keep the loading direction 

constant.  

 

   

 

 

 

 

 

 

 

 

 

 

Fig. 5.8  MTS four-point bending fatigue testing system. 

 

A cyclic load was applied at a frequency of 10 Hz and with a sinusoidal waveform. The 

nominal stress can be calculated by the beam theory: 

Servo-hydraulic fatigue testing machine 
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σ = 
   

               (5.1) 

where sample width w = 20.32 mm, height h = 10.7 mm, a = ½ b = 38.1 mm (Figure 5.9). 

 

 

 

 

 

 

 

 

 

Fig. 5.9  Four-point bending fatigue testing configuration. 

 

The maximum tensile stress σmax at the bottom of test samples was set to be 50% of the 

ultimate tensile strength of AISI H13. As shown in Figure 5.3, the load-span b was set to 76.2 

mm, support-span = 2a + b = 152.4 mm, and the stress amplitude ratio R = 0.1. The fatigue 

testing conditions are listed in Table 5.3. 

 

Table 5.3  Four-point bending fatigue testing condition. 

 

 

 

 

 
 

 

 

 

 

 

 

Max. stress σmax (MPa) 900 

Min. stress σmin (MPa) 90 

Stress ratio R (σmin/ σmax) 0.1 

Mean stress σm = (σmin + σmax)/2 (MPa) 495 

Stress amplitude σa = (σmax - σmin)/2 (MPa) 405 

Frequency (Hz) 10 

P 

P/2 P/2 

P/2 P/2 

a b a 



136 

 

5.4.3. Fatigue performance 

5.4.3.1. Four-point bending fatigue testing  

The fatigue life variation versus tool wear is shown in Figure 5.10. It shows that fatigue 

life of the sample milled by fresh tool (VB = 0) exhibited the longest number of cycles to failure 

(N ≈ 1.23×10
6
 cycles) which is expected since a fresh tool should have the best performance as a 

sharp cutting edge produces better surface integrity which delays fatigue crack initiation. With 

the increased tool wear to VB = 0.05 mm, fatigue life dropped slightly down to N ≈ 1.16×10
6
 

cycles. When the tool wear developed from VB = 0.05 mm to VB = 0.10 mm, a sharp decrease 

in fatigue life occurred. While the tool wear value reached VB = 0.15 mm, the machined sample 

had a very slightly increased fatigue life compared with the sample machined by a tool of VB = 

0.10 mm. However, the 5th sample which was machined by worn tool with flank wear of 0.20 

mm fatigued at very early life of N ≈ 0.044×10
6
 cycles. The general trend is clear that a worn 

tool reduces fatigue life, and the larger the tool wear, the shorter the fatigue life. It suggests that 

worn out tools need to be replaced with fresh tools after used for a certain cutting time.  

 

 

 

Fig. 5.10  Fatigue life vs. tool wear. 
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It is very common in industry to cut multiple parts using the same tool for reducing 

tooling cost. It should be realized that component life will vary with tool wear. The key concern 

is that component life needs to be within a specified range under the deterioration of tool wear. It 

is extremely critical for manufacturers in mass production to be able to guarantee that machined 

parts would have identical performance (e.g. fatigue life), or at least within a specified variation. 

Therefore, fatigue life management under the progression of tool wear is necessary for 

controlling fatigue performance of machined components to meet customers’ needs. 

5.4.3.2. Endurance limit estimation  

In S-N diagrams of steels, a knee point usually occurs and its corresponding σ (stress) 

amplitude is termed endurance limit, Se. Endurance limit Se is used to characterize the amplitude 

of cyclic stress that can be applied to the material without causing fatigue failure. For fatigue 

analysis, an estimation of endurance limit is needed for steel samples. Generally, the endurance 

limit of the controlled laboratory specimen, Se
’
, is determined first and then it can be modified by 

multiplicative factors by incorporating the effects of surface finish, sample size, loading mode, 

temperature, and miscellaneous items. The endurance limit Se of the machined AISI H13 samples 

for four-point bending fatigue testing is estimated below.  

Since the tensile strength of AISI H13, Sut, is 1800 MPa, the endurance limit of the 

controlled laboratory specimen Se
’
 is estimated as Se

’
 = 740 MPa based on rule of thumb: 

                 
   {

                                  
                             

                 (5.2)     

Then, modifying factors Ka, Kb, Kc, Kd, Ke, Kf are applied to compensate the difference of 

lab controlled samples and the machined samples [22], see Table 5.4.   
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Table 5.4  Modifying factors of endurance limit.  

 
 

 

 

 

 

 
 

 

 

 

 

 

From the Marin equation [23], 

  Se = Ka Kb Kc Kd Ke Kf Se
’
                      (5.3) 

By substituting all the values from (5.2) and Table 5.4 into (5.3), the endurance limit can 

be expressed as:  

Se = 435.615× (1- 0.08·zα) 

where the endurance limit Se is a function of reliability factor Ke and it varies with the 

transformation variate zα determined by the reliability. Let’s consider two cases: 

(i) Reliability = 50% (zα = 0) 

For 50% testing reliability (zα = 0), Se = 435.615 MPa > σa = 405 MPa, which means the 

amplitude of applied cyclic stress is below the estimated endurance limit. It is expected that the 

fatigue life will be at least 10
6
 cycles or even longer.  

(ii) Reliability = 99% (zα = 2.326) 

For 99% testing reliability (zα = 2.326), Se = 354.556 MPa < σa = 405 MPa, which means 

the amplitude of applied cyclic stress is above the estimated endurance limit and the fatigue life 

could be less than 10
6
 cycles.  

Surface factor Ka = aSut
b
 0.619 (a = 4.51, b = -0.265) 

Size factor Kb = 1.24de
-0.107 

0.95 (de = 0.808(height × width)
0.5

) 

Loading factor Kc 1 (bending mode) 

Temperature factor Kd 1 (room temperature) 

Reliability factor Ke=1- 0.08·zα 
1    (reliability=50%, zα=0) 

0.814 (reliability=99%, zα=2.326) 

Miscellaneous factor Kf 1  
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5.4.3.3. Fatigued sample characterization  

The cross-sections of the fatigued surfaces were examined under optical microscope. 

Representative images of the cross-section of fractured surface are shown in Figure 5.11. From 

Figure 5.11, typical semi-circular cracks on the fatigued surface were observed and they all 

initiated from the bottom surface of the test sample where the maximum tensile stress exists. 

However, the cracks did not always locate at the same position along the edge of the fractured 

surface. For samples #F2 and #F5, quarter circular cracks were found at the corner. 

Theoretically, the distribution of possible crack initiation locations in the sample can be random, 

depending on where the “weakest” point (void, inclusion, surface flaw, etc.) exists. In addition to 

surface integrity, it is also noticed that edge finishing such as burrs also affect the random life of 

machined samples. The tool steel’s characteristic of brittleness strongly influences crack 

initiation and thus also brings randomness to fatigue life.  
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Fig. 5.11  Cross-section of fatigued samples.   
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5.5. Conclusions 

 

The major results of this study may be summarized as follows: 

 Surface roughness in the step-over direction is much higher than that in the feed 

direction under all the milling conditions. Increased tool wear does not necessarily 

produce a rougher surface in both directions. With increased feed per tooth, surface 

roughness in the step-over direction is found to be increasing at all 3 levels of tool 

flank wear.  

 No obvious white layer or heat affected zones (HAZ) is observed in the optical 

images of the subsurface microstructure of the 21 milled samples. A possible 

explanation is that the characteristic of periodic tool/work contact in milling reduces 

the time of heat dissipation into the machined surface compared to turning and 

grinding.   

 All the residual stresses measured are compressive. Residual stresses in both 

directions share similar profile characteristics. Surface residual stresses in the step-

over direction are more compressive than in the feed direction. With increased tool 

flank wear, residual stresses in the step-over direction are more compressive. 

Increased feed per tooth resulted in less compressive residual stresses in the feed 

direction at each tool flank wear level. 

 Much higher microhardness occurred on the surface than the subsurface which gives 

evidence of work-hardening effect on the machined surface.  

 Endurance limit estimation using the Marin equation demonstrated that endurance 

limit Se is a function of reliability factor Ke and it varies with the transformation 
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variate zα which is determined by the testing reliability. Endurance limit estimation 

can be used to qualitatively evaluate if the possible fatigue life of testing sample can 

reach a run-out level (> 106 cycles) by comparing estimated Se and stress amplitude 

σa.  

 Four-point bending fatigue tests on AISI H13 samples machined by tools with 

different flank wears show that the fresh tool produced a sample with longest fatigue 

life and number of load cycles generally decreased when increasing cutting tool flank 

wear. It is a key issue for manufacturers to confidently control the variation of fatigue 

life within an acceptable range in order to meet customers’ needs.  

 To some extent, the reliability of fatigue testing discussed above is crucial and 

provides helpful information for fatigue testing design and related fatigue analysis. If 

a sample is machined, the variation of reliability generally varies within a certain 

range and this variation range can be affected by the uncertainty of fatigue testing 

facility, sample uniformity, and designers’ risk-taking attitude. It is worth a further 

study on this topic in the future to better understand the uncertainty of fatigue life and 

manage fatigue performance.        
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CHAPTER 6 

A FUNDAMENTAL STUDY OF TOOL WEAR EFFECT ON SURFACE INTEGRITY AND 

FATIGUE LIFE OF NICKEL-BASED SUPERALLOY BY END MILLING  

 

Abstract 

Inconel 718 is known to be among the most difficult-to-cut materials due to its high 

strength even at high temperatures, low thermal conductivity, and especially rapid work 

hardening. Machining Inconel 718 is a challenging task since cutting tool wear adversely affects 

surface integrity and, therefore, product performance of machined components. In this paper, the 

effect of tool wear on surface integrity and its impact on fatigue performance of Inconel 718 

alloy (45 ± 1 HRC) by end milling using PVD coated tools are studied. The evolutions of surface 

integrity including surface roughness, microstructure, and microhardness were characterized at 

three levels of tool flank wear (VB = 0, 0.1 mm, 0.2 mm). At each level of tool flank wear, the 

effects of cutting speed, feed, and radial depth-of-cut on surface integrity were investigated 

respectively. End milling can produce surface finish between 0.1 µm and 0.3 µm under most of 

the conditions. Roughness is generally higher in step-over direction than feed direction. No 

obvious white layer is observed in subsurface microstructure. The machined surface is 

significantly work-hardened due to the dominant mechanical loading. Four-point bending fatigue 

test shows that none of the milled samples failed within four million cycles. Fatigue endurance 

limits of the machined samples at different reliability levels were calculated and correlated with 

the experimentally determined fatigue life. 
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6.1. Introduction 

 

The Inconel family of alloys was first developed in 1940s to support the development of 

jet engines for aerospace applications. They are well suited for service in extreme conditions due 

to their high oxidation and corrosion resistance. In particular, they are usually employed in the 

hot sections of gas turbines, jet motors, rocket engines and spacecraft since they are more creep-

resistant than steels after precipitation hardening and thus retain strength over a wide temperature 

range. Inconel 718 is one of the most commonly used nickel-based alloys in aerospace industry. 

It is known to be among the most difficult-to-cut materials due to its high strength even at high 

temperatures, low thermal conductivity, and especially rapid work hardening.  

Tool wear is an unavoidable and complicated phenomenon occurring in machining 

process. When a tool has been used for cutting various parts, a decision must be made that the 

current worn tool should be either replaced before the next cut or used continuously. When tool 

wear reaches a certain level, the most conservative way for ensuring machined components with 

acceptable surface integrity in subsequent cutting is to replace the worn tool with a fresh one. 

However, this will obviously increase manufacturing cost and reduce production efficiency since 

more tools will be consumed and more time on replacement will be spent. Undoubtedly, a 

considerable amount of manufacturing cost has been contributed by cutting tools. Tool wear or 

tool failure is considered to be a critical factor that determines the machining economy since it is 

closely related to tool life and thus the production cost.  

Basically, two main types of tool wear will occur when machining for a certain time: 

flank wear (at tool/work interface) and crater wear (at tool/chip interface). Generally, crater wear 

only has relatively less effect on tool performance and thus machined surface integrity unless it 

causes a cutting edge failure. Therefore, flank wear has always been considered to be the most 
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important wear mode if surface integrity is concerned. It is of great interests to machining 

industry to investigate the inherent relationship among tool flank wear, surface integrity, and 

fatigue performance of machined components.  

In this research, the effects of tool flank wear on surface integrity and fatigue life of 

components by end milling of Inconel 718 was studied. The variation of surface integrity at 

different levels of tool flank wear and diverse combinations of process parameters was 

investigated. Tool wear values were measured and determined by an on-line optical tool 

inspection and measurement system. The surface integrity characterized includes surface 

roughness, subsurface microstructure, surface and subsurface microhardness. The four-point 

bending fatigue test was used to determine the fatigue life of milled Inconel 718 specimens. By 

correlating tool flank wear, surface integrity, and fatigue performance of the machined 

components, a process space with acceptable tool flank wear can be determined for designed 

fatigue life with controlled variance. 

 

6.2. Literature review 

 

The main problems encountered when machining Inconel 718 are short tool life, 

workpiece surface damage, and subsurface metallurgical damage due to work hardening [1]. 

Aspinwall et al. [2] conducted a comprehensive series of experiments on the effects of cutter 

orientation and workpiece angle on machinability in high speed milling of Inconel 718. It was 

found that compressive surface residual stress was generated when a horizontal upwards cutter 

orientation was employed, while a tensile stress would be observed by employing a horizontal 

downwards operation. Krain et al. [3] experimentally evaluated the effects of varying feed 

rate/chip thickness, immersion radio (radial depth of cut), tool material, and geometry on the tool 
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life, tool wear and productivity when end milling Inconel 718. The results showed that areas can 

be identified in which a specific combination of tool material and geometry was superior. 

Kortabarria et al. [4] compared the residual stress profiles induced by different dry face turning 

conditions employing X-ray diffraction method, hole-drilling method and finite element 

modeling. Devillez et al. [5] presented results in terms of surface integrity and cutting forces 

when turning Inconel 718 in wet and dry conditions. They found that all residual stresses profiles 

present a thin layer exhibiting tensile residual stresses near the machined surface with a 

maximum tensile stress at the surface. This layer is followed by a zone with compressive 

stresses, several times thicker than the tensile layer. Kenda et al. [6] presented the influence of 

cryogenic machining on the surface integrity generated during turning of Inconel 718. They 

found that the cryogenic machining process generates larger compressive residual stresses, and 

prevail at deeper levels beneath the machined surface, thus resulting in improved product quality 

in terms of fatigue life and wear resistance.  

Alauddin et al. [7] used uncoated tungsten carbide inserts in end milling Inconel 718 

under dry conditions to test tool life on the basis of flank wear. Immersion ratio (ar/D: radial 

depth of cut/cutter diameter) was used to classify end milling processes. Full-immersion and 

half-immersion end milling operations were utilized for tool life testing. For most of the cutting 

tests, non-uniform flank wear and localized flank wear were dominant. They also concluded that 

cutting speed influences the tool life significantly in full-immersion end milling and down cut 

provides longer tool life than up cut in half-immersion end milling. Sharman et al. [1] outlined a 

three-factor, two-level full factorial cutting experiment at two levels to study tool life when high 

speed end milling Inconel 718 with ball nose cutter. From the ANOVA results for tool life, they 

concluded that tool coating was the main factor affecting tool life, followed by cutting speed and 
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workpiece angle. They also found that the primary tool wear mechanism was adhesive and a 

BUE (build-up edge) was seen on the tools. Kim et al. [8] applied three different cutting 

environments: dry, flood coolant, and compressed chilly-air coolant to investigate the tool flank 

wear evolution when high-speed milling Inconel 718. Before reaching the maximum flank wear 

of 0.3 mm, almost similar cutting lengths under the three different environmental conditions 

were observed at higher cutting speed. It was explained that the cutting fluid and compressed 

chilly-air failed to infiltrate into the interfaces to quench the thermal friction generated heat due 

to the great pressure at the tool-chip and tool-workpiece interfaces during high speed machining. 

Jawaid et al. [9] performed face milling tests with two TiN coated and an uncoated tungsten 

carbide tools on Inconel 718 superalloy to study the effect of cutting speed and feed rate on tools 

performance under wet conditions. Wear rate was observed to increase with increased cutting 

speed for each fixed feed. Coated tools performed better than uncoated tools at most of the 

cutting conditions which can be attributed to the high wear resistance and low thermal 

conductivity of TiN coating layer. Li et al. [10] developed an online optical system to inspect 

tool wear conditions during end milling of AISI H13 and Inconel 718. No action of 

disassembling the tool from the spindle is needed when examining on flank face and thus in-situ 

monitoring tool condition can be achieved. Visible results from optical camera directly reflect 

what was happening on the tool/material interface and it is not necessary to correlate the object 

of interest with other indirect parameters. Guo et al. [11] conducted a review of experimental 

study on surface integrity characterization after machining of hardened and difficult-to-cut 

alloys.  

Compared with sharp tools, worn tools will negatively affect surface integrity and fatigue 

performance of the machined components. The surface integrity and fatigue performance of the 
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machined components by worn tools would deteriorate to an unpredictable level due to the 

progression of tool wear. Machined components may be put under various applications. 

However, no matter what conditions the machined components will be experiencing, their 

performance is always the first concern from customers’ perspective. The performance of the 

components largely depends on the machining process which generally affects the very thin layer 

beneath the machined surface and the surface integrity of that thin layer can directly determine 

the performance. Therefore, the connection among tool wear, surface integrity, and fatigue 

performance of machined parts should be well recognized in order to maintain the desired quality 

of products in mass production process. The effects of cutting tool flank wear and workpiece 

surface integrity on fatigue life of machined components were studied by several investigators. 

Koster and Field [12] suggested that the main mechanical property affected by machining is high 

cycle fatigue strength and the actual endurance limit depends on the particular process used and 

the severity of operation. In early fatigue models [13-15], performance of the parts was often 

attributed to surface roughness parameter Ra (arithmetic average). Koster [16] summarized 

experimental work on fatigue strength of different workpiece materials (iron, nickel and titanium 

based alloys) subject to a range of machining processes: finish grinding, milling and turning. He 

found that the endurance limit of steel was dependent on surface roughness while other two were 

not. Machining induced residual stress has been recognized as one of the main factors which will 

significantly affect fatigue life [16-17]. It has been shown that the presence of a white layer 

associated with high tensile residual stress by a worn tool is very detrimental for rolling contact 

fatigue performance [18-19]. Guo and Yen [20] concluded that the slope of a compressive 

residual stress profile is important for rolling contact fatigue damage. Guo et al. [21] also 

concluded that the nature of surface residual stress and the depth of maximum compressive 
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residual stress in the subsurface are important for rolling contact fatigue damage. Li, Guo and 

Guo [22] comprehensively investigated the fundamental relationships among tool wear, surface 

integrity, and fatigue in hard milling of tool steel AISI H13. Matsumoto el al. [23] studied the 

effect of machining processes on the fatigue strength of AISI 4340 and they found that the 

average fatigue life of cut samples was higher than those ground samples. Denkena’s [24] fatigue 

tests show that the turned samples using fresh tools exhibit higher fatigue strength than the 

ground ones. Only when a massive tool wear (flank wear 200 um) occurs, the fatigue strength of 

the turned samples drop below the fatigue strength of the ground ones. Taylor and Clancy [25] 

concluded that surface roughness had a distinct effect on the fatigue life.             

Based on different dynamic cyclic loading conditions, a variety of fatigue tests can be 

performed to determine the fatigue life of machined components, such as four point bending, 

three point bending, rolling contact, R.R. Moore rotating, etc. Depending on the potential 

application of machined parts, a proper fatigue testing mode should be selected. Four point 

bending fatigue test is often used to characterize the flexure strength of a specimen while it is 

also applicable for fatigue studies. Jeelani and Collins [26] studied the effect of electric discharge 

machining on the fatigue life of Inconel 718 alloy at room temperature. The fatigue test results 

indicated that fatigue lives of the machined specimens decreased slightly compared with those of 

the parent metal specimens, but remained unchanged with variations in cutting speed. Bentley, 

Mantle and Aspinwall [27] compared the effect of grinding and high speed milling (HSM) on the 

fatigue strength of a gamma titanium aluminide intermetallic alloy by four-point bend fatigue 

test. A reduction in fatigue life when finish-grinding has been found compared with rough 

grinding and polished samples. The fatigue strength of the material was substantially increased 

by HSM which was explained to be due to the compressive residual stress near the surface. Zhai 
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et al. [28] carried out four-point bending test using a self-aligning rig to study the fatigue of 8090 

Al-Li alloy. The fatigue tests showed that both the lifetime and the fracture position might vary 

with the sample geometry. By using the same rig, Li et al. [29] performed four-point bending 

fatigue test on a high-strength AA 2026 Al alloy which was in the form of extrusion bars with 

square and rectangular cross sections. They made conclusions that fatigue cracks were 

predominantly initiated at Fe-containing particles on the surface in these 2026 alloys and the 

fatigue fractographies of the square and rectangular extrusion bars were different due to different 

grain structures. Yang and Liu [30] studied the impact of machining processes on Ti 6Al-4V 

samples’ fatigue life scatters under identical loading conditions. Fatigue life variance due to the 

machining process was quantitatively evaluated and process capability of fatigue life was also 

analyzed. Li, Guo and Barkey [31] estimated fatigue endurance limits of hard milled AISI H13 

specimens and the endurance limit was found to be strongly depending on the testing reliability. 

The fatigue life variation of those AISI H13 samples caused by different tool wears was also 

experimentally determined by four-point bending test [32]. They drew the conclusion that the 

number of load cycles before fracture generally decreased when increasing cutting tool flank 

wear.        

 

6.3. Tool wear vs. surface integrity experiment 

 

End milling of Inconel 718 experiments were carried out with flood coolant on a 3-axis 

CINCINNATI Arrow 500 CNC vertical machining center. Tool flank wear was monitored and 

measured by an on-line optical tool monitoring system integrated with the CNC machine, see 

Figure 6.1. 
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Fig. 6.1  On-line optical tool monitoring system for end milling. 

 

6.3.1. Work material and cutting tool  

The Inconel 718 work samples used in milling experiments were 25 mm × 21 mm × 13 

mm rectangular blocks. They were thoroughly hardened and tempered to 45 ± 1 HRC. Table 6.1 

shows the nominal chemical composition of the precipitation hardened Inconel 718. Before 

milling tests, the top and bottom sample surfaces were face milled to remove the heat treatment 

induced surface defects and ensure flatness to eliminate machining errors. 

 

 

 

 

Cutting tool 

Optical lens 

Fixture 

Tool wear 

imaging system 

Fiber optic 

illuminator 

Coolant nozzles 



154 
 

Table 6.1  Chemical composition of Inconel 718 (wt.%). 

 

 

Element            wt-% 

 

                    

                                            

                                                     

                                                      

                                                      

                  

                    

                    

 

The cutting tool used in the milling tests was a 20 mm diameter end milling cutter with 

one PVD (Ti, Al) N/TiN-coated carbide inserts. The tool holder and the PVD-coated inserts were 

made by SECO Tool Company.                                      

                                                   

6.3.2. Experimental design 

Table 6.2 lists the process conditions for the milling experiments. Twenty-one cutting 

tests (7 different cutting conditions, with three levels of initial tool flank wear: VB = 0, VB = 0.1 

mm, and VB = 0.2 mm used for each cutting condition, see Figure 6.2) were planned to study the 

effect of tool flank wear on surface integrity under a variety of cutting parameter combinations.  

 

 

 

Ni 51.49 

Cr 18.31 

Fe Balance 

Cb 5.03 

Mo 2.93 

Ti 1.04 

Al 0.54 

Co 0.20 

Si 0.07 

Mn 0.070 

C 0.043 

P 0.007 

Cu 0.039 

B 0.002 

Ta 0.001 

S 0.0007 
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Table 6.2  End milling experiment plan to characterize surface integrity. 

 
Sample # VB 

(mm) 
Cutting 

condition 
# 

Cutting 

speed 

[m/min] 
Feed per 

tooth 

[mm/tooth] 
Radial 

DOC 
[mm] 

Axial 

DOC 
[mm] 

1 0 
1 40 0.15 0.5 0.5 2 0.1 

3 0.2 
4 0 

2 60 0.15 0.5 0.5 5 0.1 
6 0.2 
7 0 

3 80 0.15 0.5 0.5 8 0.1 
9 0.2 
10 0 

4 60 0.1 0.5 0.5 11 0.1 
12 0.2 
13 0 

5 60 0.2 0.5 0.5 14 0.1 
15 0.2 
16 0 

6 60 0.15 0.3 0.5 17 0.1 
18 0.2 
19 0 

7 60 0.15 0.4 0.5 20 0.1 
21 0.2 
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Fig. 6.2  Initial tool flank wear. 
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6.3.3. Sample preparation 

The machined samples were degreased by successive ultrasonic cleaning for 15 minutes 

in acetone, and then rinsed with deionized water before surface integrity characterization. Then, 

the samples were cross-sectioned with an abrasive cut-off saw at gentle cutting conditions to 

avoid excessive modification of surface integrity of the milled workpieces. After being mounted 

in cold setting epoxy, the samples were gently polished to a mirror-like finish. The samples were 

then etched with waterless Kalling’s reagent (5 g CuCl2, 100 ml HCl, and 100 ml Ethanol), 

rinsed in cold water, and dried by air.     

 

6.3.4. Surface integrity characterization 

After end milling test, surface integrity factors including: surface roughness, 

microstructure, and microhardness were characterized in this study. 

6.3.4.1. Surface roughness 

Surface roughness along feed direction and step-over direction was measured by a 

profiler. In order to get statistical stable data, three measurements along each direction were 

made at different locations when tracing on the machined surfaces. Figure 6.3 shows the 

machined surface texture. The measured results of surface roughness along two directions were 

shown in Figure 6.4.  
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Fig. 6.3  Texture of machined surface. 

 

 

 

Fig. 6.4  Average, maximum, and minimum surface roughness (Ra)  

in the feed and step-over directions. 
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It shows that eighteen of all the twenty-one milled surface had much higher roughness 

along step-over direction than along feed direction under the milling conditions listed in Table 

6.2. Only three out of the twenty-one milled surfaces have surface roughness value of 0.3 µm < 

Ra < 0.4 µm in step-over direction and the remaining samples have surface roughness between 

0.1 µm and 0.3 µm in both directions. In step-over direction, surface roughness increases with 

the increase of cutting speed at VB = 0 and VB = 0.1 mm. In feed direction, surface roughness 

generally increases when tool flank wear increases at each cutting speed level. The effect of feed 

per tooth can also be seen that fz = 0.15 mm/tooth generally produces smaller surface roughness 

in both directions compared with fz = 0.10 mm/tooth and fz = 0.20 mm/tooth.      

6.3.4.2. Subsurface microstructure 

Although the chips carry away the majority of heat generated in milling process, a certain 

percentage of heat still dissipates into the machined surface. At abrasive milling conditions (high 

cutting speed, small feed rate, and large tool wear), it is possible that sufficient heat will conduct 

into the workpiece and induce phase transformation to form a white layer on the machined 

surface. However, optical images of the subsurface microstructure of twelve of the twenty-one 

samples do not show a noticeable white layer (Figure 6.5). The possible reason is that the 

periodic tool/work contact reduces the amount of heat dissipated into the machined surface. 

Compared with the continuous tool/work contact in turning and grinding processes, milling 

would have less chance to induce thermal white layer at the same level of tool wear. This may 

explain why a white layer could be generated much more easily in turning and grinding.      
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Fig. 6.5  Optical images of subsurface microstructure.  

 

6.3.4.3. Surface and subsurface microhardness 

Microhardness on the surface and in the subsurface was measured at a load of 50 g for 

10s using a Knoop indenter. Microhardness of the machined surfaces was measured in two 

orientations: parallel and perpendicular to the feed direction. Three measurements were 

performed in each direction and an average of six measured values was used as surface 

microhardness. In the subsurface, microhardness measurements were taken at about 10 µm 
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at the same depths in the subsurface. Figure 6.6 illustrates the microhardness profiles for twelve 

of the twenty-one milled samples. 

 

  

 

(a) Microhardness profiles for samples 1 ~ 3 
 

  

  

(b) Microhardness profiles for samples 7 ~ 9 
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(c) Microhardness profiles for samples 16 ~ 18 

 

 

 

(d) Microhardness profiles for samples 19 ~ 21 

 

Fig. 6.6  Microhardness profiles for machined surface and subsurface. 
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Since the surface material experienced both mechanical and thermal loading, surface 

properties depend on the coupling effects of the two loadings. As thermal loading in milling has 

the characteristics of discontinuity and short time duration, while mechanical loading would be 

the predominant factor determining the surface properties. Based on the measured microhardness 

data for all the samples, the work-hardening resulted from mechanical loading on the machined 

surface would be dominant since much higher average microhardness occurred on the surface 

than the subsurface. The low microhardness at approximately 5 µm into the subsurface is likely 

induced by the edge effect of micro-indenter rather than thermal effect. The reason for the 

measured low hardness was explained in [33].  

 

6.4. Four-point bending fatigue test 

 

6.4.1. Test specimen preparation 

The Inconel 718 rectangular blocks used for fatigue testing were of dimensions: 200 mm 

× 21 mm × 12 mm. Before end milling tests, the blocks were also face milled on top and bottom 

surfaces to remove the heat treatment induced surface defects and ensure flatness to eliminate 

errors that may affect experimental results. The cutting tool used in the machining tests was a 20 

mm diameter end milling cutter with one PVD (Ti, Al) N/TiN-coated carbide insert. The tool 

holder and the PVD-coated inserts were all made by SECO Tool Company.  

Four rectangular Inconel 718 blocks were sequentially end milled by the same cutting 

tools. So the milled blocks are categorized as specimens machined by tools with different flank 

wears. Both top and bottom of the blocks were machined using the same cutting parameters, see 

Table 6.3. Flood coolant was applied throughout the tests. In order to assign the flank wear value 

ranges into four specimens without causing tool failure, each side of the specimens was equally 
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divided into three zones and three individual inserts were used to mill one surface which greatly 

shortened the cutting time for each tool (about 13 minutes in each zone), see Figure 6.7. Three 

fresh tools were first applied to mill on the top surface of one workpiece and then sequentially on 

the other top surfaces of the three remaining specimens. Following the same procedure, the 

bottom surfaces of the four specimens were prepared using another three fresh tools. In this way, 

the top and bottom surfaces of the end milled specimens were of the similar surface conditions. 

Representative images of tool wear evolution on flank face can be seen in Figure 6.8 (tool #2 

milling in zone #2 of the four samples). Before fatigue test, the specimens’ edges were polished 

using a 600-grit sandpaper to eliminate the effects of burrs and sharp-edges on fatigue life.       

 

Table 6.3  End milling parameters to prepare fatigue samples. 

 

Cutting speed 

Vc (m/min) 

Axial depth of cut 

ap (mm) 

Feed rate  

v (mm/min) 

Radial depth of cut  

ae (mm) 

Rotational speed 

N (rpm) 

90 0.5 215 0.5 1433 

 

 

 

 

 

(a) Top view of milled samples 

 

 

 

 

(a) Bottom view of the milled samples 

 

Fig. 6.7  Divided zones on top and bottom surfaces of the workpiece. 
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(a) Fresh tool (t = 0) 

 

 

(b) Tool after cutting 13 minutes  
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(c) Tool after cutting 26 minutes  

 

 

(d) Tool after cutting 39 minutes  
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(e) Tool after cutting 52 minutes  

 

Fig. 6.8  Tool conditions before and after milling zone #2 of the four samples. 

 

6.4.2. Fatigue test system setup 

Four-point bending fatigue tests were run at room temperature on a MTS 810 Test 

System (Figure 6.9). The MTS 810 test system consists of a servo-hydraulic fatigue testing 

machine, a Flextest SE digital controller, and the MultiPurpose TestWare Software (MPT). The 

test specimen sits on the loading fixture which is bolted to the oscillating piston. The oscillating 

piston moves up and down with the loading fixture at a certain frequency. The supporting fixture 

is fixed at supporting end to keep the loading direction constant.    

 

 

 

 

 

0 

500 µm 



168 
 

 

 

Fig. 6.9  MTS four-point bending fatigue testing system. 

 

A cyclic load was applied at a frequency of 10 Hz and with a sinusoidal waveform. The 

nominal stress can be calculated by the beam theory: 

 σ = 
   

   

 
(6.1) 

where specimen width w = 21 mm, height h = 12 mm, a = ½ b = 38.1 mm (Figure 6.10). 
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Fig. 6.10  Schematic of four-point bending fatigue testing system. 

 

The maximum tensile stress σmax at the bottom of test samples was set to be 800 MPa, 

which is larger than 50% of the UTS (ultimate tensile strength: 1435 MPa) of Inconel 718. As 

shown in Figure 6.10, the load-span b was set to 76.2 mm, support-span = 2a + b = 152.4 mm, 

and the stress amplitude ratio R = 0.1. The fatigue testing conditions are listed in Table 6.4. 

 

Table 6.4  Four-point bending fatigue testing condition. 

 

 

 

 

 

Max. stress σmax (MPa) 800 

Min. stress σmin (MPa) 80 

Stress ratio R (σmin/ σmax) 0.1 

Mean stress σm = (σmin + σmax)/2 (MPa) 440 

Stress amplitude σa = (σmax - σmin)/2 (MPa) 360 

h 

P 

P/2 P/2 

P/2 P/2 

a b a 
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6.4.3. Fatigue performance 

6.4.3.1. Four-point bending fatigue testing 

Fatigue life management of machined components under the progression of tool wear is 

concerned from the viewpoint of product performance. Fatigue test was terminated when the 

failure of the specimen occurred or the upper limit of loading cycles, which was preselected as 4 

million cycles (in consideration of testing time, cost, facility capability, etc.) was reached. 

However, none of the four samples failed within 4 × 10
6
 cycles, see Figure 6.11. 

 

 

 

Fig. 6.11  Fatigue life of the four end milled Inconel 718 samples. 

 

6.4.3.2. Endurance limit estimation  

Endurance limit, or Se, is used to describe the amplitude of cyclic stress that can be 

applied to the material without causing fatigue failure. In typical S-N diagrams for steels, a knee 

point usually occurs and its corresponding strength is termed endurance limit Se. For fatigue 

experimental design and fatigue analysis, an estimation of endurance limit is needed. Generally, 

the endurance limit of the controlled laboratory specimen, Se
’
, will be determined first and then it 

0 1 2 3 4
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Sample #F3
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Sample #F1

Fatigue life (106 cycles) 

Cutting time: 0 – 13 min, Ra = 0.205 µm  

Cutting time: 13 – 26 min, Ra = 0.215 µm  

Cutting time: 26 – 39 min, Ra = 0.439 µm  

Cutting time: 39 – 52 min, Ra = 0.523 µm  

Run out 

Run out 

Run out 

Run out 
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can be modified by multiplicative factors by incorporating the effects of surface finish, sample 

size, loading mode, temperature, and miscellaneous items. Even though the material of the 

testing specimens is nickel-based superalloy, which is very different from steels and generally 

does not exhibit well-defined endurance limit within 1 × 10
6
 cycles, a similar estimation of the 

endurance limit is more or less helpful for the experimentalists to better design the test 

conditions instead of probing without any possible expectations. The endurance limit Se of end 

milled Inconel 718 samples for four-point bending fatigue testing is estimated below.  

Since the tensile strength of Inconel 718, Sut, is 1435 MPa, the endurance limit of the 

controlled laboratory specimen, Se
’
, is estimated as Se

’
 = 700 MPa based on rule of thumb: 

    
   {

                                  
                             

                                    (6.2) 

Then, modifying factors Ka, Kb, Kc, Kd, Ke, Kf, are applied to compensate the difference of 

lab controlled samples and the milled samples [34], see Table 6.5.   

 

Table 6.5  Endurance limit modifying factors. 

 

 

 

 

 

 

 

 

(1) Surface finish factor Ka 

Ka = aSut
b

                                                                (6.3) 

Surface factor Ka = aSut
b
 0.657 

Size factor Kb = 1.24de
-0.107 

0.944  

Loading factor Kc 1 (bending mode) 

Temperature factor Kd 1 (room temperature) 

Reliability factor Ke=1- 0.08·zα 1- 0.08·zα (varies with reliability) 

Miscellaneous factor Kf 1 
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For machined components, a = 4.51, b = -0.265 

(2) Size factor Kb (when 2.79 ≤ de ≤ 51 mm) 

Kb = 1.24 de
-0.107

, de = 0.808 (h × b) 
0.5

                                         (6.4) 

de: effective dimension; h: height, 12 mm; b: width, 21 mm     

(3) Loading factor Kc 

Kc = 1 (bending)                                                          (6.5) 

(4) Temperature factor Kd 

Kd = 1 (room temperature)                                                  (6.6) 

(5) Reliability factor Ke 

  Ke = 1 – 0.08 × Zα                                                                               (6.7) 

   Zα = 3.091 (reliability 99%) 

(6) Miscellaneous factor Kf 

    Kf = 1                                                                   (6.8) 

From Marin equation [35], 

Se = Ka Kb Kc Kd Ke Kf Se
’
                                                    (6.9) 

   Se = 0.657×0.944×1×1× Ke×1×700                                                                                 

   Se = 434.146× (1- 0.08·zα) 

 

So the endurance limit Se is a function of reliability factor Ke and it varies with the 

transformation variate zα determined by the reliability. The statistical term reliability factor Ke 

can vary from 0.62 (reliability 99.9999%, zα = 4.753) to 1.00 (reliability 50%, zα = 0) which 

brings variation to the estimated endurance limit (Se = 269.170 ~ 434.146 MPa). While, when 

reliability is over 99% (zα = 2.326) and then the estimated endurance limit will be Se < 353.335 
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MPa. In this case, the estimated endurance limit is below stress amplitude σa given in the test and 

fatigue failure is expected to happen within one million cycles. However, the experimental 

outcome is not supportive to the estimation.     

 

6.5. Conclusions  

 

This work focused on the basic relationships between tool wear, surface integrity, and 

fatigue in end milling of nickel-based superalloy Inconel 718. The key results may be 

summarized as follows: 

 All the milled surfaces had roughness of less than 0.4 µm. Sixteen of the twenty-one 

samples had surface roughness less than 0.25 µm. For fifteen out of the twenty-one 

milled samples, surface roughness was higher in step-over direction than that in feed 

direction. Tool wear up to 0.2 mm does not necessarily produce a rougher surface. 

 Thermal-induced white layers were not observed for the concerned tool wear levels, 

which may be explained by the improved cooling effect from the periodic tool/work 

contact in milling compared to constant tool/work contact in turning and grinding.   

 The machined surface has been work-hardened due to the dominant mechanical 

loading which can be seen by relatively higher microhardness at milled surface. 

While, the microhardness of subsurface became stable at about 80 µm below 

machined surface. 

 Four-point bending fatigue tests show that no fracture happened within four million 

cycles for all the samples milled by tools with variable wear conditions. The possible 

reason is that nickel-based alloy’s characteristic of ductility, which reduces with 
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increased temperature, strongly prohibits crack initiation and prevents crack 

propagation. Due to the constraints of sample size and point-to-point varying nature 

of tool wear and surface integrity, an exact relationship among tool wear, surface 

integrity, and fatigue life would be difficult to determine experimentally.     
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CHAPTER 7 

ANALYSIS OF VARIANCE BASED PREDICTIVE MODEL FOR SURFACE ROUGHNESS 

IN END MILLING OF IN 718  

 

Abstract 

Tool flank wear during milling adversely affects surface integrity and, therefore, product 

performance of machined components. Surface integrity and machining accuracy deteriorate 

when tool wear progresses. In this paper, the effects of process parameters including cutting 

speed, feed, radial depth of cut, and tool flank wear, on surface roughness of IN 718 alloy (45 ± 

1 HRC) by milling using PVD coated tools have been studied. Surface roughness in both feed 

and step-over directions under a variety of milling conditions was characterized. Three levels of 

tool flank wear (VB = 0, 0.1mm, 0.2mm) were used in the experiments. At each level of tool 

wear, the effects of cutting speed, feed, and radial depth-of-cut on surface roughness were 

investigated, respectively. Based on analysis of variance (ANOVA), a predictive model of milled 

surface roughness has been developed by incorporating tool wear and process parameters. 
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7.1. Introduction 

 

The Inconel family of alloys was first developed in 1940s to support the development of 

jet engines for aerospace applications. They are well suited for service in extreme conditions due 

to their high oxidation and corrosion resistance. In particular, they are usually employed in the 

hot sections of gas turbines, jet motors, rocket engines and spacecraft since they are more creep-

resistant than steels after precipitation hardening and thus retain strength over a wide temperature 

range. IN 718 is one of the most commonly used nickel based alloys in aerospace industry. It is 

known to be among the most difficult-to-cut materials due to its high strength even at high 

temperatures, low thermal conductivity, and especially rapid work hardening. Therefore, 

machining IN 718 is a challenging task since it is associated with rapid cutting tool wear and 

thus surface integrity and product performance of machined parts are hard to be controlled in 

mass production.  

When a tool has been used in cutting Inconel alloys, a decision must be made that the 

current worn tool should be either replaced before next cutting or used continuously. When tool 

wear reaches a certain level, a conservative way for ensuring machined components with 

acceptable surface integrity in subsequent cutting is to replace the worn tool with a fresh one. 

However, this will obviously increase manufacturing cost and reduce production efficiency since 

more tools will be consumed and more time on replacement will be spent. Undoubtedly, a 

considerable amount of manufacturing cost has been contributed by cutting tools. Tool wear is 

considered to be a critical factor that determines the machining economy since it is closely 

related to tool life and thus the production cost.  

Basically, two main types of tool wear will occur in cutting: flank wear (at tool/work 

interface) and crater wear (at tool/chip interface). Generally, crater wear only has relatively less 
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effect on machined surface integrity unless the cutting edge fails. Therefore, flank wear is 

considered to be the most important wear mode if surface integrity is concerned. Compared with 

sharp tools, worn tools will negatively affect surface integrity of machined components. 

However, no matter what service conditions the machined components experience, their 

performance is always a high priority from a customer’s perspective. The performance of the 

machined components can be significantly influenced by their surface integrity. Surface integrity 

of the machined components by worn tools would deteriorate to an unacceptable level due to the 

progression of tool wear [1, 2]. Surface roughness is a critical factor of surface integrity, and 

therefore it is of great interests in machining industry to investigate the inherent relationship 

between tool flank wear and surface roughness. In order to achieve high production efficiency, 

long fatigue life, and low manufacturing cost, the basic relationship between tool wear and 

surface roughness needs to be thoroughly studied to ensure the desired product quality in mass 

production. 

 

7.2. Tool wear in machining Inconel alloys  

 

The main problems encountered when machining IN 718 are short tool life, workpiece 

surface damage, and subsurface metallurgical damage due to work hardening [3]. Surface 

integrity in machining nickel-based superalloys was summarized in a recent review work [4].  

Aspinwall et al. [5] conducted a comprehensive series of experiments on the effects of 

cutter orientation and workpiece angle on machinability in high speed milling of IN 718. It was 

found that compressive surface residual stress was generated when a horizontal upwards cutter 

orientation was employed, while a tensile stress would be observed by employing a horizontal 

downwards operation.  
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Sharman et al. [3] outlined a three-factor, two-level full factorial cutting experiment to 

study tool life when high speed end milling of IN 718 with ball nose cutter. From the ANOVA 

results for tool life, it was concluded that tool coating was the main factor affecting tool life, 

followed by cutting speed and workpiece angle. It was also found that the primary tool wear 

mechanism was adhesive and a BUE (build-up edge) was seen on the tools.  

Kim et al. [6] applied three different cutting environments: dry, flood coolant, and 

compressed chilly-air coolant to investigate the tool flank wear evolution when high-speed 

milling of In 718. Before reaching the maximum flank wear of 0.3 mm, almost similar cutting 

lengths under the three different conditions were observed at higher cutting speed. It was 

explained that cutting fluid and compressed chilly-air failed to infiltrate into the interfaces to 

quench the thermal friction generated heat due to the great pressure at the tool-chip and tool-

workpiece interfaces in high speed machining.  

Jawaid et al. [7] performed face milling of In 718 with two conditions – one coated with 

TiN and another uncoated tungsten carbide tools to study the effect of cutting speed and feed rate 

on tools performance under wet conditions. Wear rate was observed to increase with increased 

cutting speed for each fixed feed. Coated tools performed better than uncoated tools at most of 

the cutting conditions which can be attributed to the high wear resistance and low thermal 

conductivity of TiN coating layer.  

Alauddin et al. [8] used uncoated tungsten carbide inserts in end milling of IN 718 under 

dry conditions to test tool life on the basis of flank wear. Immersion ratio (ar/D: radial depth of 

cut/cutter diameter) was used to classify end milling processes. Full-immersion and half-

immersion end milling operations were utilized for tool life testing. For most of the cutting tests, 

non-uniform flank wear and localized flank wear were dominant. It was found that cutting speed 
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influences the tool life significantly in full-immersion milling and down cut provides longer tool 

life than up cut in half-immersion milling.     

 

7.3. Experimental procedure  

 

7.3.1. Work material and cutting tool  

In this study, nickel-based alloy IN 718 was prepared for milling experiments. Table 7.1 

shows the nominal chemical composition of the precipitation hardened IN 718 with a bulk 

hardness of 45 ± 1 HRC. Before end milling tests, the blocks were ground on the top and bottom 

surfaces to remove surface defects from heat treatment and ensure flatness to eliminate errors 

that may affect experimental results. 

 

Table 7.1  Chemical compositions of IN 718 (wt. %). 

 

 
                            Element                wt % 

 

                    

                                            

                                                     

                                                      

                                                      

                  

                                              

 

Ni 51.49 

Cr 18.31 

Fe Balance 
Cb 5.03 

Mo 2.93 

Ti 1.04 
Al 0.54 

Co 0.20 

Si 0.07 
Mn 0.070 

C 0.043 

P 0.007 

Cu 0.039 
B 0.002 

Ta 0.001 

S 0.0007 
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End milling of IN 718 was carried out on a CNC vertical machining center. The cutting 

tool used in the machining tests was a 20 mm diameter end milling cutter with one PVD (Ti, Al) 

N/TiN-coated carbide insert. The tool holder and the insert were made by SECO Tool Company. 

The tool flank wear was monitored and measured by an on-line optical tool monitoring system 

integrated with CNC machining center [9]. Flood coolant was applied throughout all the tests. 

 

7.3.2. Tool wear vs. surface integrity experiment 

Detailed milling experimental design is shown in Table 7.2. 

 

Table 7.2  End milling conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Sample 

# 

VB 

(mm) 

Cutting 

condition 

# 

Cutting 

speed 

[m/min] 

Feed per 

tooth 

[mm/tooth] 

Radial 

DOC 

[mm] 

1 0 

1 40 0.15 0.5 2 0.1 

3 0.2 

4 0 

2 60 0.15 0.5 5 0.1 

6 0.2 

7 0 

3 80 0.15 0.5 8 0.1 

9 0.2 

10 0 

4 60 0.1 0.5 11 0.1 

12 0.2 

13 0 

5 60 0.2 0.5 14 0.1 

15 0.2 

16 0 

6 60 0.15 0.3 17 0.1 

18 0.2 

19 0 

7 60 0.15 0.4 20 0.1 

21 0.2 
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Twenty one milling tests (7 different cutting conditions, with 3 levels of initial tool flank 

wear: VB = 0, VB = 0.1 mm, and VB = 0.2 mm used for each cutting condition) were performed 

to study the effect of tool flank wear on surface roughness of machined samples at a variety of 

milling parameter combinations (Table 7.2). The axial depth of cut for each case was fixed as 0.5 

mm.  

The dimension of the IN 718 samples was 25 mm × 21 mm × 13 mm. This relatively 

small area helped to reduce the progression of tool wear. Initial tool wears (VB = 0.1 mm, VB = 

0.2 mm) were produced by machining on dummy samples before milling tests. Even though tool 

wear is developing all the time in machining, the cutting tool condition after each test was 

examined and wear variation could be neglected.   

 

7.4. Results and discussions 

 

The representative optical images of cutting tools with the three different levels of flank 

wears used in the tool wear vs. surface integrity experiment are shown in Figure 7.1. 
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Fig. 7.1  Flank wear of cutting tools. 

 

7.4.1. Characterization of surface roughness 

Since surface roughness differs in the feed and step-over directions in end milling process 

[10], roughness in both directions for all the milled samples was measured by Sloan Dektak II 

profiler (stylus radius: 12.5 µm). Surface roughness data along feed direction and step-over 

direction for all the milled surfaces was shown in Figure 7.2. 

VB = 0 

(1) Fresh tool (flank wear = 0) 

VB = 0.1 mm 

(2) Tool with flank wear = 0.1 mm 

VB = 0.2 mm 

(3) Tool with flank wear = 0.2 mm 
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Fig. 7.2  Roughness (Ra) in feed and step-over directions. 

 

In order to get statistically reasonable surface roughness results, three measurements 

along each direction were made and measuring locations were different when tracing the 

machined surfaces. Figure 7.2 shows that 18 of all the 21 milled surfaces had much higher 

roughness Ra along step-over direction than along feed direction under the milling conditions 

listed in Table 7.2. Also, only 3 of all the 21 milled samples had an average surface roughness 

value of 0.3 µm < Ra < 0.4 µm and the others were between 0.1 µm and 0.3 µm. 

To investigate the effect of feed per tooth on surface roughness at different levels of tool 

flank wear, 9 of the 21 cases were extracted from surface roughness results, see Figure 7.3 (color 
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bars: Ra in step-over direction; white bars: Ra in feed direction). The highest feed per tooth: fz = 

0.20 mm/tooth generated much higher roughness in step-over direction compared to lower feed 

per tooth at all tool wear levels. While, the use of intermediate, not the smallest, feed per tooth: fz 

= 0.15 mm/tooth gave the lowest roughness in step-over direction at all the cases.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 7.3  Effect of feed on surface roughness at different tool wear levels. 

 

Similarly, the cutting speed effect on surface roughness at different tool wear levels can 

also be analyzed by extracting the cases associated with different cutting speeds, see Figure 7.4. 

For VB = 0 and VB = 0.1 mm, surface roughness along step-over direction increased with 

increased cutting speed, while Ra is almost stable (≈ 0.20 - 0.25 µm) at Vc = 80 m/min under the 

three different tool flank wears. In feed direction, the increased tool flank wear produced rougher 

surfaces at each cutting speed level.  
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Fig. 7.4  Effect of cutting speed on surface roughness at different tool wear levels. 

  

7.4.2. Predictive model of surface roughness 

Milled surface roughness is closely related to process parameters including cutting speed 

Vc, feed per tooth fz, radial depth of cut ae, and tool flank wear VB. In order for manufacturers to 

maximize their gains and minimize tooling cost in production, accurate predictive models for 

surface roughness incorporating the four process parameters need to be constructed. 

Comprehensive study on surface roughness in machining was performed by several investigators 

[11-14]. Classical empirical models of surface roughness for turning have been proposed by 

Taraman et al. [15] and Hasegewa et al. [16]. While, tool wear effect was not included in those 

models. A modeling of surface roughness and tool flank wear in turning of tool steel was 

developed by Özel et al. [17]. Prediction models for surface roughness in milling including 
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process parameters, especially tool wear, are necessary to be built up based on experimental 

results.  

A basic theoretical model for surface roughness is given in Equation (7.1): 

e

a
r

f
R

32

2

                                   (7.1) 

Where f is feed rate and re is the tool nose radius. While, it does not take into account any 

geometry change of the cutting tool due to cutting forces and tool wear. Also, the effect of other 

process parameters was not incorporated in the model. 

Another popular model was later proposed for surface roughness prediction in hard 

turning: 

 
4

0
321

k

e

kkk

a rdfVkR                                     (7.2) 

Where V is cutting speed, f is feed, d is depth of cut, and re is the tool nose radius. k0, k1, 

k2, k3 and k4 are constants to be determined. Equation (7.2) combines both process parameters 

and tool geometry parameter. However, it may not work well in machining difficult-to-cut alloys 

since it lacks tool wear related parameter and tool wear is a common issue in these scenarios 

[18]. 

In this study, the relationship between surface roughness and the process parameters are 

represented by the following equation: 

VBc
e

c
z

c
cavga cafVcR 40/

321                                   (7.3) 

- Ra/avg: average surface roughness (µm) 

      = (Ra/feed + Ra/step-over)/2 

- Vc: cutting speed (m/min) 

- fz: feed per tooth (mm/tooth) 
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- ae: radial depth of cut (mm) 

- VB: initial tool flank wear (mm) 

- c0, c1, c2, c3 and c4 are constants to be determined 

Equation (7.3) can be expressed as: 

VBcacfcVccR ezcavga  )(lnlnlnlnln)ln( 43210/       (7.4) 

Based on the characterized surface roughness results, 21 groups of data incorporating the 

effect of process parameters: Vc, fz, ae, and VB are imported to Minitab as data input. A multiple 

linear regression analysis was carried out by Minitab to model the relationship between the 

process parameters and the average surface roughness.  

The detailed data input for regression analysis of all the process parameters and the 

average surface roughness can be seen in Table 7.3. 
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Table 7.3  Experimental matrix in end milling of IN 718. 

 

Case # Vc 

[m/min] 

fz 

[mm/tooth] 

ae 

[mm] 

VB 

[mm] 

Ra/avg 

[µm] 

1 40 0.15 0.5 0 0.1330 

2 40 0.15 0.5 0.1 0.1384 

3 40 0.15 0.5 0.2 0.1955 

4 60 0.15 0.5 0 0.1441 

5 60 0.15 0.5 0.1 0.1502 

6 60 0.15 0.5 0.2 0.1545 

7 80 0.15 0.5 0 0.1836 

8 80 0.15 0.5 0.1 0.2054 

9 80 0.15 0.5 0.2 0.2358 

10 60 0.1 0.5 0 0.1838 

11 60 0.1 0.5 0.1 0.1526 

12 60 0.1 0.5 0.2 0.1926 

13 60 0.2 0.5 0 0.2054 

14 60 0.2 0.5 0.1 0.2516 

15 60 0.2 0.5 0.2 0.2601 

16 60 0.15 0.3 0 0.0884 

17 60 0.15 0.3 0.1 0.1533 

18 60 0.15 0.3 0.2 0.1773 

19 60 0.15 0.4 0 0.2495 

20 60 0.15 0.4 0.1 0.1646 

21 60 0.15 0.4 0.2 0.2175 

 

The regression analysis shows the equation as: 

VBafVR ezcavga  1047.1ln5067.0ln3907.0ln4530.0535.2-)ln( /    (7.5) 

A detailed regression analysis table was generated by Minitab which can be seen in Table 

7.4. 
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Table 7.4  Regression analysis from original data input. 
 

Predictor Coef. SE Coef. T P 

Constant -2.535 1.156 -2.19 0.043 

cVln  0.4530 0.2541 1.78 0.094 

zfln  0.3907 0.2541 1.54 0.144 

ealn  0.5067 0.2606 1.94 0.070 

VB 1.1047 0.5816 1.90 0.076 

 

Coef.: the estimated coefficient of corresponding predictor  

SE Coef.: the estimated standard deviation of the coefficient 

T: equal to Coef. divided by SE Coef. 

P: p-value, directly related to T (p < 0.05 generally indicates significance of the predictor) 

 

The result from Table 7.4 shows that only the Constant has a p-value less than 0.05 

which means that other predictors are not significant. It helps to draw the conclusion that the 

current regression analysis cannot be accepted. The Minitab result also noted that cases 16 and 

19 are unusual observations for the regression analysis. To optimize the prediction model, cases 

16 and 19 were deleted from the data input and regression analysis was performed again with 

only 19 cases from Table 7.3. 

The regression analysis table generated from the reduced data input showed that fz (feed 

per tooth) and ae (radial depth of cut) are still insignificant in the model. Case 6 and 10 were 

marked as unusual observations and were removed from data input before another regression 

analysis was performed. The reduced data set with 17 cases (see Table 7.5) produced the 

regression analysis table in Table 7.6: 
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Table 7.5  Reduced experimental matrix in milling of IN 718. 

 

Case 

# 

Vc 

[m/min] 

fz 

[mm/tooth] 

ae 

[mm] 

VB 

[mm] 

Ra/avg 

[µm] 

1 40 0.15 0.5 0 0.1330 

2 40 0.15 0.5 0.1 0.1384 

3 40 0.15 0.5 0.2 0.1955 

4 60 0.15 0.5 0 0.1441 

5 60 0.15 0.5 0.1 0.1502 

6 60 0.15 0.5 0.2 0.1545 

7 80 0.15 0.5 0 0.1836 

8 80 0.15 0.5 0.1 0.2054 

9 80 0.15 0.5 0.2 0.2358 

10 60 0.1 0.5 0 0.1838 

11 60 0.1 0.5 0.1 0.1526 

12 60 0.1 0.5 0.2 0.1926 

13 60 0.2 0.5 0 0.2054 

14 60 0.2 0.5 0.1 0.2516 

15 60 0.2 0.5 0.2 0.2601 

16 60 0.15 0.3 0 0.0884 

17 60 0.15 0.3 0.1 0.1533 

18 60 0.15 0.3 0.2 0.1773 

19 60 0.15 0.4 0 0.2495 

20 60 0.15 0.4 0.1 0.1646 

21 60 0.15 0.4 0.2 0.2175 

 

Table 7.6  Regression analysis from the reduced data input. 
 

Predictor Coef. SE Coef. T P 

Constant -2.2478 0.5486 -4.10 0.001 

cVln  0.4434 0.1175 3.77 0.003 

cVln  0.6093 0.1345 4.53 0.001 

ealn  0.3979 0.1481 2.69 0.020 

VB 1.8112 0.3381 5.36 0.000 

 

All the p-values in Table 7.6 are smaller than 0.05 which verified the significance of all 

the coefficients. Also, ANOVA (analysis of variance) was also carried out to investigate the 

influence of all the factors on the average roughness Ra. Table 7.7 represents the ANOVA 
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analysis at a significance level of α = 0.05, i.e. for a confidence level of 95%. It may be observed 

that fz (feed per tooth), VB (tool wear), and Vc (cutting speed) presented significant influences on 

surface roughness (p < 0.05). However, the effect of ae (radial depth of cut) on Ra would be 

ignored (p > 0.05).  

 

Table 7.7  Analysis of variance. 

 

Source DF Seq SS Adj SS Adj MS F P 

cVln  2 0.0043 0.0047 0.0023 17.92 0.001 

zfln  2 0.0107 0.0102 0.0051 39.02 0.000 

ealn  2 0.0019 0.0007 0.0003 2.58 0.137 

VB 2 0.0070 0.0070 0.0035 26.58 0.000 

Error 8 0.0010 0.0010 0.0001   

Total 18 0.0250     

 

The regression analysis result from Table 7.6 shows the equation as: 

 

VBafVR ezcavga  8112.1ln3979.0ln6093.0ln4434.02478.2-)ln( /
  (7.6) 

Thus the five constants c0, c1, c2, c3, and c4 in Equation (7.3) can be calculated by comparing 

Equation (7.4) and Equation (7.6): 

 0ln c = -2.2478 

  1c = 0.4434  

                         2c = 0.6093                              (7.7) 

  3c = 0.3979 

4ln c = 1.8112 

 The constants are:  

                               0c = 0.1056 

1c = 0.4434 

  2c = 0.6093                               (7.8) 

                               3c = 0.3979 

                               4c = 6.1178 

which makes Equation (7.3) can be represented as follows: 

 
VB

ezcavga afVR 1178.61056.0
3979.06093.04434.0

/                      (7.9) 
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Based on the predictive model (Equation (7.9)) constructed by regression analysis in 

Minitab, surface roughness measured by surface profiler and predicted can be compared, see 

Figure 7.5. The outliers (case # 6, 10, 16, and 19) of the model were marked with dotted ellipses.  

 

 

Fig. 7.5  Comparison between the measured and predicted surface roughness. 

 

By incorporating the main process parameters to this model, including tool wear, it 

makes the predicting of milled surface roughness possible even for milling of difficult-to-cut 

alloys where rapid tool wear happens. In addition, if tool wear is not considered significant in the 

process, the tool wear effect on surface roughness can be ignored by making VB = 0. Axial depth 

of cut and tool nose radius are not included in this prediction model since they are not variables 

in the experimental design. But they could be introduced into the model when experimental plan 

defines these two parameters as variables. 
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7.5. Conclusions 

 

End milling of superalloy IN 718 has been conducted to investigate the effects of tool 

flank wear and process parameters on surface roughness. The key findings of this research can be 

summarized as follows:  

 Surface roughness in step-over direction is much higher than in feed direction under 

most of the milling conditions. The increased tool flank wear does not necessarily 

produce a rougher surface in both directions. The highest feed per tooth generates 

much higher roughness in step-over direction compared to lower feed per tooth at all 

tool wear levels. In feed direction, the increased tool flank wear produces rougher 

surfaces at each cutting speed.    

 A predictive model of surface roughness by incorporating tool wear and process 

parameters (cutting speed, feed per tooth, radial depth of cut) has been constructed to 

determine the cause-effect relationship.  

 A significance analysis by ANOVA shows that feed per tooth, tool wear, and cutting 

speed presented significant influences on surface roughness. However, the effect of 

radial depth of cut would be negligible.     
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