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ABSTRACT 
 
 

Diamond-coated cutting tools have been widely employed in machining applications due 

to their superior properties. However, during the deposition process, significant residual stresses 

will be generated to affect the coating-substrate adhesion quality. In addition, interface 

delamination is another major factor causing catastrophic tool failure. 

The objectives of this research consist of: (1) to evaluate deposition-induced residual 

stresses of diamond-coated drills, (2) to analyze the interface failure of diamond-coated tools by 

numerical simulations of indentations, and (3) to evaluate deposition-induced residual stresses 

developed on diamond-coated macro/micro end mills with the inclusion of a cohesive zone 

model. The research scopes of this research are to investigate diamond-coated tool residual 

stresses as well as interface behaviors under the contact loading. The research methodologies 

include: (1) 3D CAD modeling of diamond coated drills and macro/micro end mills, (2) finite 

element analysis (FEA) of diamond-coated cutting tools after the deposition, and (3) indentation 

based simulations incorporating a cohesive zone model for the analysis of interface behaviors. 

The major findings were summarized as follows: (1) for diamond-coated drills, FEA 

results indicated that the edge radius had the most dominant effect on interface stresses, which 

were 1.41 GPa, 3.11 GPa for 3 µm re and 0.73 GPa, 2.94 GPa for 15 µm re in terms of σrmax and 

σθmax, (2) for the indentation with a spherical indenter, increasing the coating Young’s Modulus 

reduced delamination sizes, and a thicker coating tended to have greater resistance to the 

interface delamination. Residual stresses facilitated the interface delamination. For the 
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indentation with a wedge indenter, substrate surface curvature slightly affected the loading vs. 

displacement curve. Residual stresses increased delamination sizes. The coating with a larger 

Young’s Modulus had less delamination sizes, and (3) as for diamond-coated end mills, the edge 

radius still dominantly affected residual stresses. When the size of macro end mills was scaled 

down to micro level, interface stresses were increased. The existence of a CZM reduced residual 

stresses. The major achievements included (1) diamond-coated tool geometry and cohesive zone 

effects on residual stresses and interface stresses, and (2) coating attribute, residual stresses, and 

substrate surface curvature effects on the interface behavior. 
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CHAPTER 1 

INTRODUCTION 

Background and Motivation 

            With the development of surface engineering technologies, diamond-coated tools have 

been widely studied for tooling applications in machining high silicon aluminum alloys, copper 

alloys, metal-matrix composites, nonferrous metals, ceramics, fiber-reinforced plastics, and 

graphite. Due to their excellent tribological and mechanical properties, diamond-coated tools 

have been considered as an alternative to the synthetic polycrystalline diamond (PCD) tools. 

With regard to the manufacturing of PCD tools, they are fabricated by distributing micrometer-

sized diamond grains in a metal matrix. The tool tip is made by pressing, sintering, and brazing 

to a shank of cemented carbide. However, fabricating and processing of PCD tools are high 

costly. On the other hand, chemical vapor deposition (CVD) of diamond films has been widely 

explored for cutting tool applications. 

            Due to the abrasive nature of the reinforced phase in metal matrix composites (MMC), 

machinability is poor and tool wear is rapid when using conventional tools. Thus, diamond-

coated tools, with their economical viability, superior mechanical properties, and tribological 

behavior, are better suited for MMC machining. Under such conditions, Chou and Liu (2005) 

conducted a study of the CVD diamond tool performance in MMC machining. The tool wear 

was measured and compared under different machining conditions. The authors of this paper 

concluded that the cutting speed and the feed affect the tool wear, and coating failure due to high 

stresses is the dominant wear mechanism, which suggested that the tool performance is strongly 
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affected by the bonding between the coating and substrate. Because of the different thermal 

expansions between the coating and substrate, a significant interfacial stress is induced at the 

bonding surface. 

            Later, Hu and Chou (2007) applied finite element analysis (FEA) to study the stress 

distributions in diamond coating tools. The major finding in this study showed that increasing the 

edge radius reduces the maximum radial normal stress as well as the tangential stress. Radial 

normal stress and tangential stress are the stress components after the Cartesian coordinate 

system is changed to the local polar coordinate system. 

            Besides numerical studies of diamond-coated cutting tools, experiments have also been 

conducted to compare nano-crystalline diamond (NCD) coating tools, conventional 

microcrystalline diamond coating (MCD), and PCD tools regarding surface topography, grain 

sizes, carbon bonds, and mechanical properties (Hu et al., 2007). The diamond tools were 

characterized and were evaluated while machining an Al-matrix composite and a high-strength 

aluminum (Al) alloy. The study (Hu et al., 2007) indicated that coating delamination is the major 

tool wear mechanism leading to catastrophic tool failures. 

            Since diamond-coated tools have been increasingly used for machining advanced 

materials, Hu, Chou, and Thompson (2008) evaluated nanocrystalline diamond (NCD) coating 

tools in machining a high-strength Al alloy. The study demonstrated that catastrophic failures are 

affected by cutting speeds, and at a high feed rate, coating delamination is even propagated to 

rake face. 

            It has been widely reported and found that diamond coating tool performance in 

machining is limited by interface delamination. Hence, Hu et al. (2008) conducted a numerical 

study of the interface behavior of diamond-coated cutting tools. This study incorporated the 
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cohesive zone model (CZM) to characterize the interface behavior between the coating and the 

substrate. Also, a finite element code was applied to simulate the indentation process and 

interface delamination. The results of this study showed that (1) due to the delay of substrate 

yielding, increasing the coating Young’s Modulus reduces the delamination size, (2) the 

delamination size marginally increases with the increase of coating residual stresses 

(compressive), and (3) thicker coatings have greater resistance to the interface delamination. 

            The functions and parameters describing the properties of the CZM vary from model to 

model, and the cohesive zone studies can be dated back to the mid-20th century. Barenblatt 

(1959, 1962) initiated the study of the CZM as a possible alternative to the concept of fracture 

mechanics in perfectly brittle materials. Figure 1.1 describes the cohesive zone response under 

loading. 

 

Figure 1.1. First proposed cohesive zone concept (Barenblatt, 1959, 1962). 

            Geubelle and Baylor (1998) simulated the delamination process in thin composite plates 

using a 2D cohesive finite element scheme, which introduced the cohesive elements along the 

boundaries of the inner layers and inside the transverse plies to simulate the spontaneous 

initiation and propagation of transverse matrix cracks. Figure 1.2 describes the cohesive zone 

model proposed by Geubelle and Baylor. 
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Figure 1.2. Bilinear cohesive zone model (Geubelle & Baylor, 1998). 

            Renaud et al. (2009) conducted a 3D simulation of residual stresses developed in 

diamond-coated tools, and the results showed that (1) the cutting edge radius is the most 

significant factor, and (2) for a 5 μm edge radius insert, the radial and circumferential normal 

stresses are about 1.5 GPa in tension and 3.7 GPa in compression, respectively. Figure 1.3 (a) 

illustrates the stress distribution along the cutting tip and Figure 1.3 (b) plots the interfacial 

stresses around the cutting edge. It is noted that high stresses are concentrated at the edge 

rounding area. 

                            

Figure 1.3. (a) Stress distribution around the cutting tool edge (b) Edge radius effects on 
interfacial radial normal stresses (Renaud et al., 2009). 
 
            Following the work of Renaud et al., Qin et al. (2009) employed a 3D FEA to investigate 

diamond-coated tungsten carbide cutting inserts with different edge radii because the cutting 

edge geometry has compound effects on diamond-coated tools, and edge radius affects the 

(a) (b) 
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deposition stresses and machining loads in an opposite way. The results of this study showed that 

(1) with increasing of the edge radius, the deposition residual stresses decrease significantly, (2) 

cutting forces increase with the increase of the edge radius; however, the increasing rate 

decreases at a higher feed, and (3) the combined effects cause complex wear behavior of 

diamond-coated tools with different edge radii. 

            Besides the edge radius, coating thickness effects on depositional residual stresses were 

also investigated. Qin et al. (2009) conducted a study of coating thickness effects on the 

deposition residual stresses, particularly around a cutting edge. Coating failure modes were 

investigated numerically as well. The results showed that increasing the coating thickness 

increases the residual stresses at the coating–substrate interface. On the other hand, increasing 

the coating thickness will generally increase the resistance of coating cracking and delamination. 

            While there are plenty of papers discussing the mechanical properties and tribological 

behavior of diamond-coated tools, few studies have been found to properly address diamond 

coating tools’ interfacial delamination. Additionally, almost no study has focused on studying the 

curvature effect on interfacial delamination. Similarly, little attention has been emphasized to the 

residual stresses developed in diamond-coated cutting tools with complicated geometry, such as 

twist drills and end mills, and the effects of their geometry on the magnitude of deposition 

residual stresses, even though the deposition residual stresses generated by the thermal expansion 

mismatch are critical to their machining performance. With regard to the residual stresses 

developed in diamond-coated cutting tools, few studies have included cohesive zone models. 

Research Objectives and Scope 

            This research focused on investigating the thermal-mechanical and the interface behavior 

of conventional diamond-coated cutting tools, such as inserts, drills, and end mills. Since this 
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research discussed various aspects of diamond-coated cutting tools, each of the subsequent 

chapters formed an independent paper. Thus, their specific objectives were listed below: 

1. To develop a 3D modeling technique, and investigate the residual stresses of 

diamond-coated drills with 2D and 3D finite element analysis (FEA). 

2. To evaluate the interfacial failure of diamond-coated tools under the indentation by 

developing a numerical method. 

3. To develop a 3D modeling technique, study the deposition residual stresses of 

diamond-coated macro/micro end mills with 2D and 3D FEA, and investigate the 

cohesive zone effects on interface stresses. 

            The diamond-coated drills were designed by applying 3D CAD modeling methodologies. 

2D/3D FEA were applied to investigate the geometric parameter effects on the residual stresses 

during deposition process. Since the depositional residual stresses affect the coating-substrate 

adhesion quality, and interface delamination limits diamond-coated tool performance, 

indentation based simulations incorporating a cohesive zone model has been developed to 

analyze the interface behavior under the contact loading. Coating attribute, residual stresses as 

well as curvature effects on interface delamination have been discussed. Besides, 3D CAD 

modeling methodologies have been extended to design diamond-coated macro/micro end mills, 

and 2D/3D FEA have been applied to investigate the end mill geometric parameter as well as 

size effects on depositional residual stresses. A cohesive zone model has also been incorporated 

into the macro end mill 2D cross-section to study its effect on interface stresses. 

Organization of the Thesis 

            Chapter 1 presents the background, motivation and research objectives of this thesis. 
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            Chapter 2 develops a 3D modeling technique for the diamond-coated drill. 2D/3D finite 

element analysis is conducted on diamond-coated drill to investigate the deposition-induced 

residual stresses. With regard to the 2D cross-section FEA, the geometric parameter effects, such 

as point angle, helical angle, and web-thickness etc., are studied, discussed, and compared. 

            Chapter 3 presents finite element methods to numerically investigate the interface 

behavior of diamond-coated tools under indentation with spherical and wedge indenters. In this 

chapter, a cohesive zone model characterized by traction-separation law is proposed to simulate 

interface delamination under the indentation. The coating attribute, residual stresses, and the 

curvature effects on interface delamination are studied. 

           Chapter 4 develops 3D modeling techniques of diamond-coated macro/micro end mills. 

2D/3D FEA are conducted on diamond-coated macro end mills to investigate the deposition-

induced residual stresses. The same methodologies are repeated on the diamond-coated micro 

end mills to investigate interface stresses. In addition to the FEA of 2D cross-sections of rigid 

contact models, cohesive zone models are incorporated into the 2D macro end mill cross-sections 

to characterize their interface behavior. The geometric parameter effects, such as helix angle, 

edge radius, and coating thickness etc., are studied, discussed, and compared. 

            Chapter 5 provides the summary, major contributions and future recommendations of this 

thesis.
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CHAPTER 2 

 INTEGRATED DESIGN AND ANALYSIS OF DIAMOND-COATED DRILLS 

Abstract 

            The objective of this chapter is to investigate the drill geometry effects on the deposition 

residual stresses in diamond coated carbide drills, especially the interface stresses. The 

approaches include (1) solid modeling of diamond-coated two-flute twist drills using 

commercial computer-aided design (CAD) software, and (2) finite element analysis (FEA) to 

simulate residual stresses in a diamond-coated drill, which are generated during the deposition 

process as a result of the mismatched thermal expansion coefficients. It is noted that the residual 

stresses generated by deposition in diamond-coated drills can be significant, on the order of GPa. 

The modeling methodology is employed to design drills of different geometries. Further, to 

compare interface stresses around the cutting edge, 2D FEA is applied to simulate residual 

stresses of the drill cross-sections, and the interface stress data at the drill cutting edge is 

manipulated to quantitatively evaluate the drill geometry effects. The major results are 

summarized as follows: (1) the micro-level geometry such as the edge radius has the most 

dominant effects on the interface stresses, (2) in particular, the radial normal stresses can 

become largely tensile, over 1.0 GPa, which may affect the coating adhesion integrity, and (3) 

changing the macro-level geometry such as the helix angle, point angle, and web-thickness will 

affect the wedge angle, 10o to 20o

 

 difference, at the drill tip. However, the effects on the 

interface stress magnitudes are rather minor. 
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Introduction 

            Drilling is among the most difficult machining processes because of chip-flow 

restrictions, poor heat dissipation, and rapid wear, which severely limits its productivity. Drilling 

constitutes about 40% of all metal-cutting operations (Hamade & Ismail, 2005), and 50% to 70% 

of all production time is spent on making holes (Benes, 2000). Twist drills used for hole making 

have one of the most complex shapes in machining tooling. A standard two-flute twist drill has a 

configuration as shown in Figure 2.1(a), which includes spiral flutes running along a cylindrical 

body and the point (drill tip) area. Drill geometry studies can be dated back to the mid-20th 

century. Several research groups developed drill models to formulate mathematical equations 

describing the drill geometry, some relying on computer software to generate the drill model. 

Galloway (1957) pioneered the drill geometry research with the focus on the drilling process 

mechanics. The author developed analytical equations relating the point shape of a two-flute 

twist drill to the geometry of the grinding cone used to generate the flute shape and tip area. 

Fujii et al. (1970) developed a method to create a drill by using CAD software. In their work, the 

orthogonal and oblique cutting planes were defined to conduct the geometric analysis of the drill 

point, and the cutting angles were also defined. Drills have a complex geometry, and designing 

an accurate drill tool based on the actual manufacturing parameters presents a challenge. Tsai 

and Wu (1979) presented the formula describing the ellipsoidal and hyperboloidal drills in 

addition to the conventional drills. Further, the grinding parameter effects on the cutting angles 

were studied. Ehmann (1990) introduced an approach for the inverse problem in the manufacture 

of drill flutes and developed the analytical equation to form the grinding wheel profile used to 

generate the flute cross-section. The comparison between the analytical results and actual 

measured cutting angles of drill samples indicated that the average error was less than 5%. Ren 
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and Ni (1999) studied both the drill cutting angles and the flute surface models. They developed 

a new mathematical model to describe the drill flute and the drill flank face with a quadratic 

model based on the grinding parameters. Drill angles in a two-flute drill and its grinding 

parameters were related via vector analysis. Shyu (2002) performed FEA simulations of the 

drilling process and developed drill meshing. Choi et al. (2003) created an applet to generate the 

meshing of multi-flute drills. Vijayaraghavan and Dornfeld (2004) developed a modeling 

algorithm for two-flute twist drills based on CAD software. Their work ensures that the models 

created are practical usage for subsequent finite element simulations of the drilling process. 

Their drill CAD models are defined based on the actual fabrication processes. 

 

 

Figure 2.1. (a) Configuration of a standard two-flute twist drill (Stephenson & Agapiou, 1996) 
and (b) an actual twist drill. 
 
            Recently, diamond coatings using chemical vapor deposition (CVD) technologies have 

been applied as tooling applications to enhance machining performance. Cutting tools coated 

with diamond, 5µm to 30µm, can have a tool life over 50 times longer than uncoated plain 

tungsten-carbide (WC) tools (Oles, Inspektor & Bauer, 1996). One of the challenges in coating 

diamond on carbide tooling is residual stresses generated in the tool after depositions due to the 

largely mismatched thermal expansion coefficients between diamond and carbide (Hu, Chou & 

(a) 

(b) 
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Thompson, 2007). The deposition residual stresses affect the adhesion quality of the diamond 

film and impact the cutting tool life which is mostly limited by coating delamination (Hu, Chou 

& Thompson, 2008). Diamond-coated drills have a potential for high performance drilling for 

difficult-to-machine materials. Applying diamond coating on complex-shaped tooling such as 

drills has also been attempted, however, few studies have been reported (Chen et al., 2002). 

Moreover, deposition residual stresses in diamond-coated carbide drills have not been 

investigated before. It is also known that around any geometric changes, stress distributions will 

be altered and stress concentration can be significant around the substrate edge compared to the 

uniform coating area. Since drills have a very complex shape, drill geometry is expected to have 

strong interactions with the deposition stresses. To effectively use diamond-coated drills, it is 

necessary to integrate the design and stress analysis from the drill geometry aspect. 

            In this study, a method to generate diamond-coated two-flute twist drills is developed 

using commercial CAD software. FEA software is further applied to simulate 3D deposition 

residual stresses in a diamond-coated drill. Further, 2D FEA stress simulations of drill cross-

sections at the cutting edge, at different locations, are approximated to obtain stress distributions 

around the cutting edge which can be extracted and transformed to quantitatively evaluate local 

interface stresses of different components. The solid modeling methodology is also employed to 

develop drill models with different geometry parameters such as the helix angle, point angle, and 

web thickness, and the models are further used for 2D residual stress simulations. Therefore, 

drill geometry effects including the cutting edge radius on the deposition stresses are quantified. 

Solid Modeling of 3D Diamond-Coated Two Flute Twist Drills 

            Solid modeling of a twist drill consists of several procedures. With Solidworks used in 

this study, first, a helix curve with a specified helix angle (later serving as the sweep trajectory) 



 

12 
 

is defined. Then, the spline curve of the flute cross-section is constructed according to the 

mathematical representation of specific drill geometry (Vijayaraghavan & Dornfeld, 2004). Once 

the flute cross-section (spline as well as the circular portion) is completed, the sweeping function 

is used to create the drill flute body. Next, the left and right grinding cones are defined to mimic 

the fabrication process generating the drill tip: two cutting lips and a chisel edge. Finally, an edge 

radius is incorporated along the cutting lips and chisel edge. The description of modeling 

processes can be found in Appendix A. 

            In order to model diamond-coated drills, the drill model developed above serves as the 

substrate, and revolve-cut and shell functions are employed to generate the coating with a given 

coating thickness and an edge radius. The completed drill substrate and coating models can then 

be assembled, assuming a rigid interface, to obtain a diamond-coated twist drill. Figure 2.2 

shows an example of solid models of a twist drill body and a diamond-coated drill.  

     

Figure 2.2. An example of (a) fully defined twist drill solid model and (b) diamond-coated twist 
drill. 
 

Finite Element Analysis of Deposition Stresses 

3D Drill Stress Analysis 

            Due to the mismatched thermal expansions between the drill substrate (WC) and coating 

(diamond), residual stresses will be developed in the diamond-coated drill when the deposition 

process is completed and the drill is returned to room temperature. To conduct 3D deposition-

(b) (a) 
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stress simulations, the drill substrate and coating model files from Solidworks are imported into 

the FEA software, ABAQUS, for assembly and merging. Meshing is then performed using the 

element type C3D4 free Tet elements, and the coating area receives finer meshing. For the 

meshed model, the cutting-lip and chisel edge areas are further refined, as shown in Figure 2.3 

below, as high stress gradients can be expected. Moreover, the material properties for the 

substrate material, WC, are 620 GPa for Young’s modulus, 0.22 for Poisson’s ratio, and 5.5 

µm/(m.K) for thermal expansion coefficient. For diamond coatings, the Young’s Modulus is 

1200 GPa, Poisson’s ratio is 0.07, and the thermal expansion coefficient is 2.5 µm/(m.K). For 

the stress simulations, static structural analysis is conducted and a deposition temperature of 

800oC is set as the initial condition, and the room temperature of 25o

    

C is defined as the final 

temperature. Material behaviors of both WC and diamond are assumed to be elastic due to their 

high melting points and brittleness. Thus, the coating-substrate interface is considered to be rigid. 

The boundary condition includes an axially constrained surface at the drill bottom. 

Figure 2.3. Element meshing for diamond-coated drill stress simulations: (a) the entire drill 
model and (b) around drill tip. 
 
            For illustration purposes, a stress analysis example from a diamond-coated drill with 6.34 

mm diameter, 34. 5 mm flute length, 30o helix angle, 135o point angle, 1.33 mm web-thickness, 

and 3 µm edge radius is given below. The length of the coating area along the longitudinal 

(a) (b) 
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direction is 12.7 mm. Figure 2.4 shows the stress contours (longitudinal normal stress) of the 

coated drill. It is noted that on the coating surface with moderate curving, the longitudinal stress 

is in the neighborhood of 3.0 GPa in compression. This is consistent with the results obtained 

from the biaxial stress analysis. On the other hand, the substrate has tensile stresses, on the order 

of 100 MPa, and is generally small in the area away from the coating area. It is further noted that 

around the drill tip, large stress gradients are prominent. Figure 2.5 plots the longitudinal stress 

in the sectional view of a coated drill to illustrate high stress concentrations near the drill tip, 

especially around the cutting edge. 

            It is known that interface stresses (between the coating and substrate) are more closely 

related to the coating integrity. Thus, it was intended to obtain the stress data along the interface. 

However, this is a complex and time-consuming process for the 3D drill model. Thus, a 2D 

approximation of stress analysis, described next, was applied to attain the interface stress data 

for further evaluations and investigation of drill geometry effects. 

    

Figure 2.4. An example of stress distributions (longitudinal normal stress) in a diamond-coated 
drill: (a) overall and (b) near drill tip. 
 

(a) (b) 
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Figure 2.5. Longitudinal normal stress contours in a sectional view of a diamond-coated drill: (a) 
overall and (b) near drill tip. 
 

2D Approximation 

            In order to evaluate the drill geometry effects on the interface stresses of a diamond-

coated drill, 2D drill cross-sections around the drill tip were generated at different locations, 

both the cutting lip and chisel edge, using a plane normal to the cutting edge. Figure 2.6 shows 

an example of a 2D drill section being generated.  

 

 

 

 

 

 

(a) (b) 
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Figure 2.6. An example of 2D section of a drill for FEA stress analysis: (a) Sectional plane 
specification, (b) Intersected profile on the drill, and (c) 2D view of the cross-section. 
 
            Considering the relative motion at the local drill edge (i.e., rotation, as in actual drill 

operation), a workpiece plane can be defined, Figure 2.6(b), to evaluate the cutting geometry 

such as the rake angle. As seen from Figure 2.6(b), the highlighted area is the cross-section, and 

the two planes represent the sectional and workpiece planes. In this particular cross-section, 

which is about 1 mm away from the outer diameter, the rake and relief angles are 30.11o and 5.8o, 

respectively. The cross-section profile can then be extracted and exported to ABAQUS. With the 

addition of a specified edge radius and a uniform coating layer, 2D FEA simulations of 

deposition stresses are conducted, with an assumption of 2D plane strain. The material 

properties and the deposition temperature are the same as in the 3D analysis. The boundary 

Cutting edge 

Cutting lip 

(a) (b) 

(c) 
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conditions applied include one fully constraint corner (away from the cutting edge) and another 

partially constrained (one direction) point. 

            As an example, Figure 2.7 shows the maximum principal stress contours in the studied 

cross-section. This example is from a diamond-coated drill: 6.34 mm diameter, 34. 5 mm flute 

length, 30o helix angle, 135o 

  

point angle, 1.33 mm web-thickness, and 3 µm edge radius. The 

coating is 5 µm thick. The cross-section is on the cutting lip, about 1 mm away from the outer 

diameter. The stresses range from 2 GPa to 3 GPa. Though the stress distribution is uniform in 

most areas, the area around the coating-substrate interface, particularly near the cutting edge, has 

high stress gradients, as shown in Figure 2.7(b). 

Figure 2.7. Deposition stress contours (maximum principal stress) in a 2D coated-drill section: 
(a) overall distribution and (b) around the cutting edge area. 
 
            In order to quantify the interface stresses around the cutting edges, the stress data along 

the interface of 2D results is extracted and stress transformation is conducted using the Mohr’s 

circle concept. The stresses in the Cartesian coordinate system in FEA are changed to stress 

components associated with the local polar coordinate system around the cutting edge, including 

3 components, namely, the radial normal stress (σr), the circumferential normal stress (σθ), and 

the shear stress (τrθ). Figure 2.8(a) illustrates the 3 stress components around the cutting edge, 

(a) (b) 
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noting that they vary along the rounded curve and can be evaluated in reference to a point where 

the rounded edge begins. 

            Figure 2.8(b) plots the interface stress profiles, all 3 components, for the example 

illustrated above. The stresses are at the coating-substrate interface and plotted around the edge 

(coordinate 0 is where the edge curve starts). The abscissa in the figure is the distance 

normalized by the arc length of the rounded edge (Figure 2.8(a)). It can be seen that tensile 

radial normal stresses, as high as close to 1.5 GPa, are developed because of the edge sharpness. 

Such high tensile stresses can be detrimental in brittle fracture due to crack propagations and 

require greater adhesion strengths. On the other hand, the circumferential stresses are in the 

neighborhood of 3 GPa in compression. The large compressive tangential stresses have been 

viewed to be beneficial for abrasive wear rate reductions; however, buckling could be another 

mechanism risky to the coating failure (Gahlin, Alahelisten, & Jacobson, 1996). The shear 

stresses are in the range of ±0.6 GPa. 

   

Figure 2.8. (a) A schematic drawing showing the interfacial stress components around the edge 
area, and (b) Interface stress profiles around the cutting edge of a diamond-coated drill cross-
section. 
 

Drill Geometry Effects 

            Using the developed modeling methodology, CAD is applied to design twist drills with 

different geometries. Among drill geometry parameters, the helix angle, the point angle, and the 
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web thickness are considered as the major parameters to be investigated (Stephenson & Agapiou, 

1996). These parameters affect the cutting geometry, mainly the rake angle, and thus, the drilling 

process. In addition, the wedge angle changed may possibly affect the deposition stresses, the 

studied subject of this paper. In this study, the helix angles tested were 20o, 30o, and 40o, and the 

point angles included 90o, 118o, and 135o

   

. The web-thicknesses changed from 0.64 mm, to 1.3 

mm and 1.9 mm. Figure 2.9 and Figure 2.10 are examples of twist drills with different helix and 

point angles, respectively. Moreover, the micro-level of drill geometry, namely, cutting edge 

radius, is investigated as well. Three levels of edge radii were simulated: 3 µm, 7 µm, and 15 µm. 

Figure 2.9. Drills with different helix angles: (a) 20o, (b) 30o, and (c) 40o

   

. 

 

Figure 2.10. Drills with different point angles: (a) 90o, (b) 118o, and (c) 135o

            Applying the same procedures defined earlier, different 2D cross-sections along the drill 

cutting lip and chisel edge, at 3 different locations (See Figure 2.11), are obtained for further 

stress analysis. The wedge angle of each section is also evaluated and compared between 

different types of drills. Table 2.1 lists the wedge angles for different cross-sections of drills 

with different helix and point angles. 

. 

 

(a) (b) (c) 

(a) (b) 

(c) 
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Table 2.1 

Wedge Angle (o

Point angle (

) at Different Sections of Drills with Different Point and Helix Angles 

o Sec. 1  ) Sec. 2 Chisel 

Sec. 

Helix angle (o Sec. 1 ) Sec. 2 Chisel 

Sec. 

90 47 53 90 20 65 68 113 

118 54 59 114 30 54 59 113 

135 57 61 129 40 43 49 113 

 

 

Figure 2.11. Locations of different drill cross-sections analyzed in Table 2.1. 

            Further, a layer of diamond coating with a given thickness is added to the drill cross-

section, uniformly all around. Then, FEA deposition stress analysis is conducted to all generated 

diamond-coated sections according to the simulations specified earlier. Then, the stress data 

along the interface is extracted and transformed to evaluate the interface stress profiles. Figure 

2.12 shows the helix angle effects on the radial normal stresses. It is noted that the radial normal 

stresses are virtually not affected by the helix angle. Note that the wedge angle, formed by the 

Sec. 2 Sec. 1 

Chisel Sec. 
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rake and relief angles, changed due to different helix angles, is fairly noticeable, 10o to 20o 

differences, but the effect on the deposition stresses is little. On the other hand, Figure 2.13 plots 

the normal stress components affected by the drill cutting edge radius. It is clearly noted that the 

edge radius (re) significantly modifies the deposition interface stresses. For the radial normal 

stress (σr), the maximum reduces from 1.4 GPa for 3 µm re to 0.7 GPa for 15µm re. The large 

edge radius also shows smooth stress gradients along the edge. For the circumferential normal 

stress (σθ), stress reductions by the edge hone are from -3.0 GPa for 3 µm re to -2.7 GPa for 15 

µm re. For the shear stress component (τrθ), the stress magnitude is smaller and reductions at a 

large radius are also evident: from ~0.7 GPa for 3 µm re to ~0.3 GPa for 15 µm re

 

. 

Figure 2.12. Interface stress profiles, radial normal component, for drills of different helix 
angles. 

  

Figure 2.13. Edge radius effects on interface stress profiles of diamond-coated drills: (a) radial 
normal stress, and (b) circumferential normal stress. 
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            In order to reach quantitative conclusions, the maximum values of stress magnitudes of 

all 3 components are obtained to examine the drill parameter effects studied. Table 2.2, Table 

2.3, Table 2.4, and Table 2.5 compare the edge radius, helix angle, point angle, and web-

thickness effects, respectively, on the maximum interface stresses by deposition. It is clear that 

the smallest edge radius drill, i.e., 3 µm, has the largest σrmax and σθmax, 1.41 GPa and 3.11 GPa, 

respectively. For the drill with 15 µm edge radius, it has the σrmax = 0.73 GPa and σθmax 

Table 2.2 

= 2.94 

GPa, respectively. On the other hand, the macro-level parameters of drill geometry do not affect 

the deposition stress magnitudes.  

Maximum Interface Normal Stresses for Different Edge Radii 

Edge Radius (µm) 3 µm 7 µm 15 µm 

σrmax 1.41 (GPa) 1.08 0.73 

σθmax 3.11 (GPa) 2.80 2.94 

 

Table 2.3.             

Maximum Interface Normal Stresses for Different Helix Angles       

Helical angle (o 20 ) 30 40 

σrmax 1.24 (GPa) 1.23 1.21 

σθmax 3.05 (GPa) 2.89 2.73 

 

 

 

. 
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Table 2.4             

Maximum Interface Normal Stresses for Different Point Angles      

Point angle (o 90 ) 118 135 

σrmax 1.217 (GPa) 1.227 1.234 

σθmax 2.78 (GPa) 2.89 2.94 

 

Table 2.5             

Maximum Interface Normal Stresses for Different Web Thicknesses      

Web thickness 

(mm) 

0.635 1.33 1.91 

σrmax 1.22 (GPa) 1.23 1.23 

σθmax 2.85 (GPa) 2.89 2.92 

 

Conclusions 

            Solid modeling of diamond-coated drills using CAD software has been achieved in this 

study. 3D FEA simulations have been developed as well to study deposition residual stresses in 

a diamond coated drill. The nominal longitudinal normal stresses in the area of less curvature are 

about 3 GPa in compression, which is consistent with the biaxial stress analysis. The model can 

be used to design drills with different geometric parameters. Moreover, 2D approximation of 

FEA stress simulations is applied to investigate drill geometry effects on interface stresses 

around the drill cutting edge. The residual stresses generated by deposition in the diamond-

coated drills can be significant. The micro-level geometry, such as the edge radius, has the most 

dominant effects on the interface stresses. In particular, the radial normal stresses can become 
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largely tensile, over 1.0 GPa, which may affect the adhesion integrity. Changing the macro-level 

geometry such as the helix angle, point angle, and web-thickness will affect the wedge angle, 

10o to 20o

            For future work, the coating thickness effects on the interface residual stresses in 

diamond coated drills will be incorporated. Moreover, during machining, the deposition residual 

stresses will be affected by the induced mechanical and thermal loads. Thus, it is necessary to 

concurrently investigate the stress field evolutions during drilling in order to effectively use 

diamond coated drills. 

 difference, at the cutting tip. However, the effects on the interface stress magnitudes 

are rather minor. 
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CHAPTER 3 

 NUMERICAL ANALYSIS OF INTERFACE BEHAVIOR OF DIAMOND COATED 
TOOLS 

 
Abstract 

            Interface delamination is the major weakness limiting diamond-coated tool performance 

in machining. Thus, quantitative characterizations of interface behavior are important to better 

understand and design diamond-coated tools. In this study, a cohesive zone model is used to 

investigate coating-substrate interface behaviors. The cohesive zone model is based on a bilinear 

traction-separation law. The model is implemented in finite element codes to simulate the 

indentation processes with either a spherical or a wedge indenter, and to analyze the 

delamination size of diamond-coated tungsten-carbide substrates. 

            The simulations of the indentation with a spherical indenter indicate the following 

outcomes; (1) increasing the coating Young’s Modulus reduces the delamination size, (2) a 

thicker coating tends to have greater resistance to interface delamination, and (3) the deposition 

residual stresses facilitate interface delamination. The results of the indentation simulations with 

a wedge indenter can be summarized below. (1) The substrate surface curvature slightly affects 

the loading vs. displacement curves; however, it makes the specimens more susceptible to 

interface delamination. (2) The residual stresses increase the delamination size under 

indentations, and make the substrate more compliant. (3) The coating with a larger Young’s 

Modulus has less delamination sizes. (4) The coating thickness provides the coating-substrate 

specimen with greater resistance to interface delamination. 
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Introduction 

           As the candidates for alternatives to the polycrystalline diamond tools in machining 

applications, diamond-coated tools have been widely studied for their superior tribological and 

mechanical properties. However, diamond-coated tools are not without their problems. There is 

literature reporting that coating-substrate adhesion for diamond-coated tools limits their 

performance in machining. Delamination is considered to be the result of poor adhesion quality 

of diamond-coated tools. Hence, characterizing the interface strength will be critical for better 

understanding diamond-coated tools. 

           Among different tests, indentation techniques have been demonstrated to be useful 

methods for testing the mechanical properties of various materials, and several pioneers have 

studied coating adhesion through indentations for decades. Mehrotra and Quinto (1985) defined 

the critical load to form the Hertzian ring crack to measure coating adhesion. By conducting 

several indentations with increasing loads, Jindal et al. (1987) assessed the slope of the load vs. 

crack length curve and related it to an interface fracture toughness parameter. Following their 

works, other researchers (Swain & Mencik, 1994; Gagchi & Evans, 1996; Wang et al., 1998; 

Kriese & Gerberich, 1999) began to use indentation tests to measure interfacial energy. In 

addition to conventional indentation experiments and simulations with spherical indenters, 

investigators (Begley, 2000; Gao & Bower, 2004; Su & Anand, 2006; Kim et al, 2007; Liu et al., 

2007; Fredriksson & Larsson, 2008; She et al., 2009; Zisis & Giannakopoulos, 2009) used 

indentation tests with wedge indenters to evaluate interface cracks and thin film mechanical 

properties. Although several studies have been conducted with a ductile film on a hard substrate, 

few researches have been done on hard coatings on ductile substrates. Also, little is known about 
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the substrate surface curvature effects on the interface delamination of coating-substrate 

specimens with deposition residual stresses. 

           Regarding the numerical methodologies, finite element (FE) methods have been widely 

used for studying the failure of coated solids (Chai, 2003; Michler & Blank, 2001; Miranda et al., 

2003; Souza et al, 2001). It has been proven that bending the coating over the compliant 

substrate produces the concentrated tensile stresses at the coating surface, which initiates lateral 

or ring cracks there (Chai, 2003). Multiple studies have been carried out on the fracture behavior 

of coatings and the plasticity of substrates; however, interface delamination has seldom been 

discussed. In addition, the ring crack initiation mechanism does not explain or evaluate the 

adhesion strength of an interface. The primary difficulty of analyzing interfacial strengths is 

modeling of interface behaviors. 

           For cohesive zone concepts, Barenblatt (1959, 1962) initially proposed the cohesive zone 

model (CZM) as a possible alternative to explain the fracture mechanics in perfectly brittle 

materials. Dugdale (1960) assumed the existence of a process zone at the crack tip to propose 

perfectly plastic materials. Later on, based on models of Barenblatt and Dugdale, the CZM 

model’s application was extended to the fractures of polymers, metals, ceramics, and their 

composites (Needleman, 1990b; Needleman, 1997; Rice & Wang, 1989; Wappling et al., 1998). 

Needleman (1987, 1990a, 1990b, 1997) initiated the usage of polynomial and exponential types 

of traction–separation equations to simulate the particle debonding in metal matrices (See Figure 

3.1 (a)).  Tvergaard (1990) employed a quadratic traction–displacement jump form to evaluate 

the interface. A trapezoidal shape of a traction–separation model was used by Tvergaard (1992). 

Later, a linear traction–separation equation with an additional fracture criterion to propagate 

multiple cracks along arbitrary paths was used by Camacho and Ortiz (1996). By utilizing a 
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bilinear CZM, Geubelle and Baylor (1998) simulated the spontaneous initiation and the 

transverse matrix crack propagation and delamination in thin composite plates. 

                           

   

Figure 3.1 (a). Polynomial type cohesive zone (Needleman, 1987), (b) polynomial and 
exponential type cohesive zone (Needleman, 1990a), and (c) exponential fit for normal Tn and 
trigonometric fit for shear Tt 
 

(Needleman, 1990b). 

           In the previous studies on interface delamination of diamond-coated tools, Hu et al. (2008) 

have already conducted a numerical study of the interface behavior of diamond-coated tools 

through an indentation simulation of a diamond-coated tungsten carbide specimen. The cohesive 

zone model has been incorporated into the indentation simulation codes and the numerical results 

reveal the importance of the coating Young’s Modulus and the coating thickness effects on 

interface delamination. Figure 3.2 illustrates the traction-separation response. The cohesive crack 

tip is initiated when the displacement reaches δmax (characteristic length), where the traction 

reaches the cohesive strength σmax

 

. 

(a) 

(b) (c) 
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Figure 3.2. Traction-separation response (Hu et al., 2008). 

           In this chapter, a bilinear traction-separation law (Figure 3.3) was used to evaluate 

interface response. The T axis represents the traction and the Δ axis represents the interface 

opening (separation) due to the contact loading. The area of the triangle embodies the work of 

separation (fracture energy). When the displacement reaches δmax (a characteristic length), the 

corresponding damage initiation criterion is reached, and then, the damage evolution follows 

with the damage initiation, which characterizes the rate at which the cohesive stiffness is 

degraded once the damage initiation criterion is met. Interface delamination will happen once the 

displacement reaches δc 

 

(displacement at failure). 

Figure 3.3.  Bilinear traction-separation response. 
 

           In this research, finite element (FE) simulations incorporating a cohesive zone model are 

conducted to model the indentation testing of diamond-coated tungsten-carbide tools. The 
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objective is to better understand the delamination mechanism of a hard coating deposited on a 

compliant substrate under contact loading. 

Finite Element Model of Indentation with a Spherical Indenter 

Physical Phenomenon Formulation of Indentation Simulation with Spherical Indenter 

            ABAQUS is employed to conduct the indentation simulations for coating-substrate 

specimens with a cohesive zone interface. Referring to Figure 3.4, which is the indentation of an 

axis-symmetric coating-substrate system, the indenter, with a radius = 50 μm (assumed to be 

analytically rigid for simplification) is progressively pressed into the specimen until reaching the 

specified maximum depth, and then gradually withdrawn from the coating surface. Regarding the 

size of the model with residual stresses (Figure 3.4), R = 6400 μm, h = 3200 μm, and t represents 

the coating thickness. For the model without residual stresses, the substrate length (R) is equal to 

300 μm because scaling down the size of the model without residual stresses can reduce 

calculation time, and the model size does not affect the FEA results of the model without 

residual stresses. However, for the model with residual stresses, size reductions cannot be 

conducted because the size will affect the magnitude and distribution of the residual stresses, 

thus affecting the final FEA results. For the material behavior, the CVD diamond coating is 

assumed to be an elastic body with the following material properties: E (Young’s Modulus) = 

600 – 1200 GPa and υ (Poisson’s ratio) = 0.07. An elastic-plastic constitutive relation is defined 

for WC-Co substrates (Table 3.1) (Dugdale, 1960). The residual stresses induced due to the 

thermal expansion mismatch between diamond coatings and carbide substrates are incorporated 

by applying a deposition temperature (800oC) to this specimen, and cooling this down to the 

room temperature (25oC) to generate residual stresses, which are specified as the initial state of 

this specimen for the subsequent indentation simulation. For the element property of the coating 
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and the substrate, they are specified to be Quad, Structured CAX4R (a 4-node bilinear 

axisymmetric quadrilateral, reduced integration, hourglass control). For the interface element 

properties, they are defined as a cohesive element, which is COHAX4 (a 4-node axisymmetric 

cohesive element). The loading applied to the specimen is controlled by the indentation depth. 

The static, general analysis is conducted to simulate the loading (30 steps and 1 step per second) 

and the unloading cycles (30 steps and 1 step per second) of the indentation process. 

 

Figure 3.4. Schematic of the indentation on a coated substarte by a sphere (Hu et al., 2008). 

Table 3.1 

Materials Properties of WC-Co Substrate (Hu et al.,2008) 

E (GPa) υ σ0 n  (MPa) σy (GPa) 

619.5 0.24 18036 0.244 5.76 

σ0: Strength coefficient, n: Strain hardening exponent, σy

Interface Behavior Modeling 

: Yield strength. 

            Geubelle and Baylor (1998) utilized a bilinear CZM to simulate the damage initiation and 

propagation of the delamination in thin composite plates subjected to a low-velocity impact. The 

traction-separation relation for the interface is such that with the increasing of interfacial 

separations, the traction across the interface lineally reaches a maximum value (the damage 

initiation value) and then decreases linearly (the damage evolution), and finally allows a 
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complete decohesion (delamination). The traction-separation under the pure tension and the pure 

shear are plotted in Figure 3.5. 

 

                   
 
Figure 3.5. (a) Normal traction Tn as a function of the normal separation Δn for Δt=0, (b) shear 
traction Tt as a function of the shear separation Δt for Δn
 

=0. (Geubelle & Baylor, 1998). 

            The interfacial constitutive relations for a bilinear CZM are given below (Geubelle & 

Baylor, 1998): 
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            σmax and τmax are the interface normal and tangential strength, respectively; δmax is the 

interface characteristic length parameter; Δc
n and Δc

t are the critical normal and tangential 

(a)  (b)  Tn/σmax Tt/τmax 

δn 

δt 
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separations at which the complete separation is assumed; and Δn, Δt

22,, tnc
t

t
tc

n

n
n δδδδδ +=

∆
∆

=
∆
∆

=

 and Δ denote the non-

dimensional normal, tangential and total displacement jumps, respectively, defined by 

                                                                                                    (4) 

            The normal (𝜙Rn) and tangential (𝜙Rt

,2/max
c
nn ∆=σφ

) works of separation per unit area of the interface are 

given by (Chandra et al., 2002) 

  ,2/max
c
tt ∆=τφ .                                                                                                   (5) 

 
Cohesive Zone Parameter Determination 

            In the model above, the cohesive zone model (normal mode) can be characterized by σmax, 

δnmax, Δc
n and the shear mode can be characterized by τmax, δtmax,  Δc

            The cohesive zone parameters are idealized as material constants determined by a soft 

layer (the substrate material). As Co in the WC inserts needs to be removed at the surface by 

etching prior to the diamond deposition, the cohesive characteristics are dominated by the 

tungsten carbide. Cavalli (2003) has confirmed this by modeling the deformation and the failure 

of spot-welded joints using a cohesive zone model. They found that the normal strength of a 

nugget is close to the measured ultimate strength of the bulk material of strips. 

t. 

            In Hu’s study (Hu, Chou & Thompson, 2008) on the diamond coating tungsten carbide 

model, normal and shear characteristic lengths equal 0.26 μm and 1.05 μm, respectively. Since 

,2/ maxmaxmax σδσφ n
c
nn e=∆= the normal strength σmax and Δc

n are dependent on each other, and 

only one needs to be determined. σmax is estimated to be 543 MPa by matching stress-strain 

curves between FE simulations and experiments for the single phase WC (Hu, Chou & 

Thompson, 2008). Thus, Δc
n is 1.4135 μm; assuming the shear work of separation has the same 

value as the normal work of separation (Hu, Chou & Thompson, 2008), τmax = σmax/30.5
 is 

adopted in this study; thus both τmax and Δc
t can be determined. G1 and G2 are the interface 
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stiffness for normal and shear modes, respectively, and G1 = σmax/δnmax = 2.088GPa and G2 = 

τmax/δtmax 

            In this study, quasi-static finite element computations are unable to converge to an 

equilibrium solution; therefore, a small viscosity is introduced in constitutive equations for the 

cohesive interface to avoid such numerical difficulties (Gao & Bower, 2004). 

= 0.299GPa. 

            The parameters of a cohesive zone for the diamond-coated WC are shown in the Table 

3.2. 

Table 3.2 

The Cohesive Zone Parameters for Diamond-Coated WC-insert 

G1/GPa G2/GPa σmax τ/MPa max Fracture energy (J/m/MPa 2 Viscosity factor (ξ)  ) 

2.088 0.299 543 314 383.77 1E-5 

 

Results and Discussions for Indentations with a Spherical Indenter 

Typical Examples for Indentations with a Spherical Indenter 

             In this example (Figure 3.6), the substrate length, the indenter radius, and the coating 

thickness are equal to 300 μm, 50 μm, and 30 μm, respectively. The indenter is pressed with a 6 

μm downward displacement, and no residual stresses are applied; in addition, Figure 3.6 (a) 

illustrates the normal traction (S22) of the coating-substrate system when the indenter is fully 

loaded, and Figure 3.6 (b) shows the normal traction (S22) of the coating-substrate system when 

the indenter is completely withdrawn from the coating surface. 
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Figure 3.6 Example of plastic behaviors in a coating-substrate system during the indentation 
process (a) fully loading and (b) completely unloading. 
 
            Figure 3.7 illustrates the normal traction and separation at the interface after the indenter 

is completely withdrawn. For a delamination radius, it starts from the axis of symmetry with 

initial cracks continuing to increase and crack tips propagating toward away from the axis of 

symmetry; thus, delamination sizes are equal to a delamination radius multiplied by two because 

this coating-substrate model is axisymmetric. In this study, definition of the delamination can be 

defined as “cohesive elements failing,” which means that cohesive elements experience both 

damage initiation and evolution phases, allowing a complete interface decohesion. For uncracked 

elements, these will still phenomenologically exist and bind between the coating and the 

substrate. In Figure 3.7 (a), the highlighted specified dimension is the magnitude of a 

delamination radius, and in this study, a delamination radius is measured from the axis of 

symmetry to the end of the cracked area. The highlighted oval-shape sign represents uncracked 

cohesive elements. In Figure 3.7 (c), it is noted that most of the normal separation value is 

negative. This is because the U2 displacement here represents the coordinate of cohesive 

elements along the “2” direction. During the initial state without any contact loading, cohesive 

zone elements are on the original location, which is the location giving zero U2 displacement. 

Even though the cohesive zone will go up, namely the positive direction, when the indenter is 

(a)  Unit: 103 GPa 

2 

1 

Unit: 103 GPa (b)  
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withdrawn from the sample, uncracked cohesive elements near the axis of symmetry are still 

located on the negative side of the “2” direction. The small positive value of the normal 

separation indicates that when a indenter is pressed into the sample, the side of the interface 

away from the axis of symmetry will go up slightly because the vertical displacement of both 

sides of the interface is not constrained. Hence, once one side is loaded, following a downward 

displacement, another side goes up slightly because the substrate length is long enough. 

 

 

Figure 3.7. (a) Stress contours of the normal separation as the indenter completely withdrawn, (b) 
the normal traction at the interface, and (c) the normal separation at the interface. 
 
            By extracting interface stresses on the above example, the plot for the normal traction vs. 

horizontal distance at the interface can be obtained (see Figure 3.8). This distance moves from 

the axis of symmetry to the right end of a substrate, which is 300 μm in length. In this graph, the 

peak traction is equal to 543 MPa, representing the location of cohesive tips. The traction value 

begins to decrease while this value reaches the normal strength (543 MPa).  

Delamination 
Radius 

Uncracked 
cohesive 
elements 

2 

1 

Unit: 103 GPa 

(b)  

Unit: μm 
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            Another phenomenon that deserves attentions is the fact that if the indentation depth is 

controlled with a small value, cohesive elements along the interface will not crack because the 

contact loading is not large enough to make cohesive elements experience both damage initiation 

and damage evolution processes. Figure 3.9 shows the above described conditions in which no 

cohesive elements fail. In this case, the indenter is pressed with a 4μm downward displacement. 

 

Figure 3.8. The normal traction at the interface after the indenter completely unloaded. 

 

 Figure 3.9. No cracked cohesive elements along the interface. 

            The above models are further used to investigate the relationships of indentation loadings 

and delamination sizes. Figure 3.10 indicates the non-linear relationships between the maximum 

indentation loading and delamination sizes. This plot reveals that the critical loading for the 
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interface delamination of the sample without residual stresses is around 110 N. However, for the 

model with residual stresses, the critical loading is around 98.2 N, which indicates that the 

residual stresses reduce the critical loading causing interface delamination. The model is also 

employed to study the coating attribute effects on delamination sizes. Table 3.3 shows the range 

of coating parameters studied. 

 

Figure 3.10. Loading vs. delamination sizes (E = 1200 GPa, Deposition Temperature = 800o

 

C, 
Coating Thickness = 30 μm). 

Table 3.3 
 
Range of Parameters Studied for Indentation Simulations with a Spherical Indenter 
 
Young’s Modulus, E (GPa) 600-1200 

Coating thickness, t (μm) 3-50 

Deposition Temperature (o 800C) oC 

 

 

 

0

10

20

30

40

50

60

70

90 100 110 120 130 140 150 160

D
el

am
in

at
io

n 
Si

ze
 (μ

m
)

Loading (N)



 

40 
 

Coating Attribute Effects on Indentations with a Spherical Indenter 

 

Figure 3.11. Effects of the coating Young’s Modulus and residual stresses on interface 
delamination sizes (Coating Thickness = 30 μm, Deposition Temperature = 800o

 
C). 

            The effect of the coating Young’s Modulus and residual stresses on the interface 

delamination is shown in Figure 3.11. The maximum loading of each case hereafter is kept as 

120 N. As shown, delamination sizes decrease nearly linearly with the increase of the coating 

Young’s Modulus. Young’s Modulus represents the ability of a material to resist elastic 

deformations. The larger the Young’s Modulus, the harder a material is to deform. Under the 

same loading, coating with a larger Young’s Modulus suffers less deformation and smaller strain, 

and permanent plastic deformations generated underneath a substrate is also smaller. When it 

comes to the unloading process, the delamination generated at the coating/substrate interface will 

also be less due to less resistance coming from the recovery. In addition, it is also noted that 

residual stresses can facilitate the interface delamination, which produces larger delamination 
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sizes than the sample without residual stresses. Hu’s simulations (Hu, Chou & Thompson, 2008) 

using ANSYS also demonstrates the same regularity. 

 

Figure 3.12. Effects of the coating thickness and residual stresses on delamination sizes (E = 
1200 GPa, Deposition Temperature = 800o

 
C). 

            The effects of the coating thickness and residual stresses on the interface delamination 

are plotted in Figure 3.12. The maximum loading for each case is also kept as 120 N. For 

coatings with a 40 μm and a 50 μm thickness, no delamination occurs at the coating/substrate 

interface. Available literature reports that the critical loading to initiate delamination increases 

with the coating thickness (Huang, Zhao & Zhang, 2004). For the coating thicknesses between 5 

μm - 40 μm, with the coating thickness decreasing, delamination sizes noticeably increase. 

However, further decreasing the coating thickness to a smaller value indicates a reverse 

regularity. This is because when the coating thickness is above a certain point, the thinner the 

coating, the easier for it to deform; thus, larger plastic deformations will be generated in the 

substrate, causing larger delamination sizes. However, when coating thickness is too thin, excess 
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loss of rigidity may exert an opposite effect. In addition, residual stresses here increase 

delamination sizes again. 

            A Finite Element Model of Indentations with a Wedge Indenter 

Problem Description 

           It has already been verified in the Chapter 2 that interface stresses along the cutting edge 

can be significant, and radial normal stresses are largely tensile, over 1.0 GPa, which may affect 

the adhesion integrity. A cohesive zone model developed in this chapter is further incorporated 

into the 2D diamond-coated insert to conduct the deposition residual stresses analysis. Figure 

3.13 illustrates residual stresses contours and interface stresses of the diamond-coated insert, 

which has a 30μm coating thickness and a 20μm edge radius. This model is analyzed under plain 

strain conditions, and the material properties are the same as those used in Chapter 2. Figure 3.13 

(b) provides a zoomed-in view of stress distributions along the interface of the cutting edge. It is 

noted that interface stresses are significant, which will affect interface behaviors of diamond-

coated tools. In addition, Figure 3.13 (c) and Figure 3.13 (d) reveal that with the inclusion of a 

CZM, the maximum interface stresses are reduced, and for σr (the radial normal stress), it 

decreases from 1.5 GPa (rigid contact) to 1.3 GPa (with a CZM). For σθ (the circumferential 

stress), it decreases from 3.81 GPa (rigid contact) to 3.51 GPa (with a CZM). The rigid contact 

model represents the model without a CZM. Hence, it is important to include both residual 

stresses and a CZM into indentation finite element models when investigating interface 

behaviors of diamond-coated tools. 
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Figure 3.13. Residual stresses effect on the diamond coated insert with the inclusion of a 
cohesive zone: (a) overall view, (b) zoomed-in view of the cutting edge, (c) radial normal stress, 
and (d) circumferential stress. 
 
           Even though the flat surface indentation simulation model provides good representations 

and explanations for interface behaviors of diamond-coated tools, this method is still under the 

question regarding the type of its contact load because during the machining process, it is the 

cutting edge area contacting the workpiece causing the interface delamination, and the shape of a 

cutting edge is obviously not flat. Hence, the contact load causing the coating delamination is 

located on a surface with curvature, strengthening the necessity to conduct indentation 

6400μm 

3200μm 
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1 
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(c)  (d)  



 

44 
 

simulations on a curved model. Thus, simulations of indentations with a wedge indenter are 

proposed. 

Physical Phenomenon Formulation of Indentation Simulations with a Wedge Indenter 

           ABAQUS is employed once again to conduct simulations of the indentation with a wedge 

indenter. Figure 3.14 describes the indentation finite element model with a wedge indenter. 

Regarding sizes of the model, for the model with a 100 µm specimen radius, the length and 

width are equal to 70 µm and 69 µm, respectively. Models with 300 µm, 500 µm, 700 µm, 1400 

µm, and 2800 µm specimen radius are given with a fixed width value equal to 600 µm, and the 

lengths for them are equal to 482 µm, 841 µm, 1200 µm, 1200 µm, and 1200 µm, respectively. 

The wedge indenter (90o

 

 wedge angle, 5 µm wedge radius), assumed to be an analytical rigid 

body for simplification, is progressively pressed into the specimen until reaching a specified 

maximum indentation depth and then gradually withdrawn from the coating surface. The 

methodologies to apply residual stresses and material properties are the same as before. With 

regard to element properties, CPE4R (A 4-node bilinear plane strain quadrilateral, reduced 

integration, hourglass control) is assigned to a coating and a substrate, and COH2D4 (A 4-node 

two-dimensional cohesive element) is assigned to a cohesive zone model. The mesh density of 

the indenter-coating and the coating-substrate contact areas is higher (0.6 μm element size), and 

for the area away from the contact area, the mesh is coarser (16 μm element size). As for 

boundary conditions, the X and Y movements of a specimen bottom surface are constrained. 
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Figure 3.14. Indentation finite element model with a wedge indenter. 

Interface Behavior Modeling and Cohesive Parameters Determination 

           The methodologies applied on the indention model with a spherical indenter are revisited 

here. Details regarding the determination of cohesive zone parameters can be referred to the 

indentation model with a spherical indenter. The only major difference is that a viscosity factor 

(ξ) is excluded in this study because this model is easy to converge under plain strain conditions. 

Results and Discussions for Indentations with a Wedge Indenter 

Typical Examples for Indentations with a Wedge Indenter 

           In this example (Figure 3.15), the indenter is progressively pressed into the specimen. The 

downward displacement is 10 µm. Figure 3.15 (a) shows the maximum principal residual 

stresses contour during the initial state.  Figure 3.15 (b) and Figure 3.15 (c) show two indenter 

fully loading pictures. Figure 3.16 illustrates equivalent plastic strains of the specimen after the 

indenter is fully unloaded. Due to the finite strength of the interface, the substrate yielding 

initiates under the interface. In addition, it is also noted that the maximum compressive stress 

value is really high, in the neighborhood of 319.3 GPa in compression; this is because the 

indenter radius is extremely small, which is only 5 µm, thus leading to a stress concentration. 
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Figure 3.15. (a) Residual stresses contours during the initial state, (b) S22 stress contour, fully 
loading, and (c) zoom-in view of the contact area between the indenter and the coating (E = 1200 
GPa, Coating Thickness = 30 μm, Deposition Temperature = 800o

 

C, Specimen Radius = 700 μm, 
Indentation Depth = 10µm). 

 
Figure 3.16. Equivalent plastic strains, fully unloading, 10 µm indentation depths (E = 1200 GPa, 
Coating Thickness = 30 μm, Deposition Temperature = 800o

 

C, Specimen Radius = 700 μm, 
Indentation Depth = 10µm). 

           Figure 3.17 depicts the interface normal traction and separation after the indenter is 

completely withdrawn from the sample. With regard to delamination sizes, they start from the 

Unit: 103 GPa 

Unit: 103 GPa 

Centerline  

2 

2 

1 

1 

Unit: 103 GPa 

2 

1 

(a) 

(b) (c) 



 

47 
 

centerline with initial cracks continuing to increase. The crack tips propagate away from the 

centerline to form interface cracks. Figure 3.17 (a) represents the dimension of delamination 

sizes, which are equal to the arc length of a cracked area. 

 

               

Figure 3.17. (a) Normal separations after indenter fully unloaded, (b) normal tractions at the 
interface, and (c) normal separations at the interface. (E = 1200 GPa, Coating Thickness = 30 μm, 
Specimen Radius = 700 μm, Deposition Temperature = 800o

 
C, Indentation Depth = 10µm). 

           Figure 3.18 shows the plot for the normal traction vs. the horizontal distance at the 

interface. This distance starts from the centerline to the end of the substrate. The peak traction is 

equal to 543 MPa, representing the location of cohesive tips. The traction value begins to 

decrease while the value reaches the instantaneous normal strength. 
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Figure 3.18. Normal traction vs. horizontal distance at the interface after indenter completely 

unloaded. 

           Figure 3.19 is intended to reveal non-linear relationships between the indentation loading 

and delamination sizes for models with curvature and planar characteristics. It is further noted 

that under the same loading conditions, models with curvature have larger delamination sizes 

than models without it, which indicates that models with curvature are susceptible to the 

interface delamination. This model is also used to study coating attribute effects on delamination 

sizes. Table 3.4 provides the range of coating parameters studied.

 

Figure 3.19. Loading vs. delamination size (E = 1200 GPa, σr (Residual Stresses) = 0 GPa, 
Coating Thickness = 30 μm, Specimen Radius = 700 μm). 
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Table 3.4 

Range of Parameters Studied for Indentation Simulations with a Wedge Indenter 

Young’s Modulus, E(GPa) 600 – 1200 

Coating thickness, t(μm) 10 – 50 

Deposition Temperature (o 600 – 1000 C)  

Specimen Curvature (μm) 100 – 2800 

 

Coating Attribute Effects on Indentations with a Wedge Indenter 

           Figure 3.20 depicts the substrate surface curvature effect on loading vs. displacement 

curves, and in this plot, it is concluded that the curvature slightly affects loading vs. displacement 

curves. Figure 3.21 and Figure 3.23 reveal that the curvature affects interface delamination sizes 

and that specimens with a large curvature are more susceptible to the interface delamination. 

Figure 3.21 also indicates that samples with residual stresses have larger delamination sizes. 

Figure 3.22 illustrates normal tractions and normal separations of the specimen with a smallest 

and a largest radius, respectively. Qasim et al. (2004) carried out both indentation 

experimentations and finite element (FE) simulations to test the specimen geometric effects on 

the critical loading to produce cone cracks at the surface of a coating and interface cracks 

between a coating and a substrate. Their results revealed that non-planar specimens appear more 

susceptible to the interface delamination. This result agrees with our conclusions concerning 

curvature effects. 
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Figure 3.20. Loading vs. displacement curves with different curvatures (E = 1200 GPa, σr

 

 
(Residual Stresses) = 0 GPa, Coating Thickness = 30 μm, Indentation Depth = 10 μm). 

 

Figure 3.21. Curvature and residual stresses effects on delamination sizes (E = 1200 GPa, 
Coating Thickness = 30 μm, Indentation Depth = 10 μm). 
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Figure 3.22. (a) Normal tractions and separations for a model with a specimen radius = 2800 μm, 
and (b) normal tractions and separations for a model with a specimen radius = 100 μm (E = 1200 
GPa, σr
 

 (Residual Stresses) = 0 GPa, Coating Thickness = 30 μm, Indentation Depth = 10 μm). 

 

Figure 3.23. Curvature effects on the critical loading (E = 1200 GPa, σr

 

 (Residual Stresses) = 0 
GPa, Coating thickness = 30 μm). 
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           Figure 3.24 shows the relationship between the coating Young’s Modulus and 

delamination sizes. The indentation loading is fixed at 133N for all cases in this example. The 

indentation depth for models with a curvature are 12.8 μm, 12.1 μm, 11.58 μm, 11.1 μm, 10.8 

μm, 10.3 μm, and 10 μm, respectively, with the coating Young’s Modulus from 600 GPa to 1200 

GPa. Besides, the indentation depth for planar models are 12.5 μm, 11.8 μm, 11.3 μm, 10.9 μm, 

10.5 μm, 10.1 μm, and 9.9 μm, respectively, with the coating Young’s Modulus from 600 GPa to 

1200 GPa. This demonstrates that with the increase of a coating Young’s Modulus, delamination 

sizes decrease. A possible explanation for this phenomenon is that since the Young’s Modulus 

represents the capability of a material to resist elastic deformations, under the same loading 

condition, the coating with a larger Young’s Modulus is more inclined to show less strain and 

less deformation, thus reducing permanent plastic deformations of a substrate as well as 

delamination sizes. The plot also reveals that the sample with a curvature is more inclined to the 

interface delamination as compared to the planar model. 

  

Figure 3.24.  Coating Young’s Modulus and curvature effects on delamination sizes (Specimen 
Radius = 700 μm, σr (Residual Stresses) = 0 GPa, Coating thickness = 30 μm, Indentation 
Loading = 133 N). 
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           Figure 3.25 and Figure 3.26 show the comparison for loading vs. displacement curves for 

samples with residual stresses and without residual stresses, as well as residual stresses effects on 

the interface delamination. Figure 3.25 shows apparent deviations between these lines with 

different residual stresses. The sample with residual stresses appears to be more compliant under 

the same indentation depth. In addition, the sample with residual stresses is more subject to the 

interface delamination, and its delamination sizes are larger than the one without residual stresses 

(see Figure 3.26). Vanimisetti et al. (2006) used ABAQUS to numerically analyze residual 

stresses effects on the indentation. They demonstrated that residual stresses make coating-

substrate systems more compliant. Similarly, Figure 3.26 demonstrates that the increased 

residual stresses correspondingly marginally increase delamination sizes. Jindal et al. (1987) 

employed the scratch testing on TiN coatings with WC-Co substrates to show that tensile 

residual stresses developed in the coatings reduce adhesion parameters. Through producing 

boron carbide coatings on a titanium alloy substrate by plasma spraying, and estimating the 

critical strain energy release rate of the interface by four-point bending tests, Tsui et al. (1994) 

demonstrated that remarkable errors would occur if residual stresses were not taken into 

consideration. 
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Figure 3.25. Residual stresses effects on loading vs. displacement curves (E = 1200 GPa, Sample 
Curvature = 700 μm, Coating thickness = 30 μm, Indentation Depth = 10 μm). 

 

Figure 3.26. Residual stresses effects on delamination sizes (E = 1200 GPa, Sample Curvature = 
700 μm, Coating thickness = 30 μm, Indentation Depth = 10 μm). 
 
           Figure 3.27 shows the coating thickness effect on the interface delamination. The plot 

indicates that an increase of the coating thickness reduces plastic deformations on a substrate and 

provides coating-substrate specimens with the resistance for the interface delamination, thus 

decreasing interface delamination sizes. Examining this plot, it shows virtually no difference in 
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the delamination size between two models (planar vs. curved). However, other plots have shown 

two models make noticeable differences in the delamination size (e.g., Figure 3.21). The 

explanations for this phenomenon are: (1) regarding the case without residual stresses in Figure 

3.21, the curvature effect on the delamination size is also very slight. In Figure 3.27, the residual 

stresses effect is excluded and thus, this result is consistent with the one in Figure 3.21, and (2) 

the mesh along the interface could also affect delamination sizes. 

  

Figure 3.27. Coating thickness effects on delamination sizes (E = 1200 GPa, Sample Curvature = 
700 μm, Indentation Depth = 10 μm, σr
 

 (Residual Stresses) = 0GPa). 

           It is noted that the curvature has an effect on the interface delamination and the non-planar 

curved model is more susceptible to the interface delamination, which is consistent with the 

conclusion of Qasim et al. (2004). In this example, residual stresses and curvature combined 

effects on the critical loading are explored. Based on the trend depicted in Figure 3.28, it can be 

concluded that the inclusion of both residual stresses and curvatures significantly facilitate the 

initiation of the interface delamination. Also, the critical loading decreases with an increase of 

the deposition temperature. 
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Figure 3.28. Residual stresses and curvature combined effects on the critical loading (E = 1200 
GPa, Coating thickness = 30 μm). 

 

Conclusions 

            In this research, a cohesive zone model is introduced to define interface behaviors 

between a diamond coating and a tungsten carbide substrate. The residual stresses are also 

included because they affect the adhesion quality of a coating and a substrate. Simulations of 

indentations with a spherical indenter indicate that (1) delamination sizes decrease with an 

increase of a coating Young’s Modulus under the same loading condition, (2) delamination sizes 

increase noticeably with a decease of a coating thickness; however, a further decrease of a 

coating thickness to a smaller value results in a reverse regularity, and (3) residual stresses 

facilitate the interface delamination and reduce the critical loading. Simulations of indentations 

with a wedge indenter indicate that (1) curvatures slightly affect the loading vs. displacement 

curve, and models with a curvature have larger interface delamination sizes; also, models with a 

curvature is more susceptible to the interface delamination, (2) residual stresses will not only 
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make coating-substrate systems more compliant but also cause more severe interface 

delamination, and (3) combined residual stresses and curvature effects on the critical loading are 

significant. 
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CHAPTER 4 

CAD AND FEA OF DIAMOND-COATED END MILLS WITH CZM INCLUSION 

Abstract 

            The objective of this chapter is to investigate the geometry effects on the deposition 

residual stresses in diamond-coated end mills, especially interfacial stresses. Computer-aided 

design (CAD) software is employed to create the 3D solid models of diamond-coated 

macro/micro end mills.  CAD models are exported into the finite element analysis (FEA) 

software to simulate deposition residual stresses in diamond-coated end mills after the deposition 

process; the results indicate that the residual stresses on diamond-coated end mills can be 

significantly large. In addition, the cross-sections of end mills are extracted from their 3D CAD 

models, and 2D FEA is used to simulate the residual stresses of cross-sections in order to 

compare interface stresses around cutting edges. The methodologies applied on diamond-coated 

macro end mills are further developed and conducted on their micro counterparts. The cohesive 

zone model (CZM), characterized by a traction-separation law, is also incorporated into the 2D 

macro end mill cross-sections. Stress transformations of the interface stresses of end mill cutting 

edges have been conducted to quantitatively evaluate the end mill geometry effects. The obtained 

results show that (1) 3D FEA results indicate high stresses concentrate on the cutting edge, and 

the high tensile radial stresses can affect adhesion quality, (2) the edge radius is the most 

dominant geometric parameter affecting the deposition residual stresses; also, the coating 

thickness ranks second, only to the edge radius, for effects on the deposition residual stresses, (3) 

the macro-level geometric parameters, such as the helix angle, the rake angle, and the relief angle, 
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slightly alter the interface stresses around cutting edges, (4) when the macro size is scaled down 

to a micro level, the interfacial residual stresses are slightly increased, and (5) the inclusion of a 

cohesive zone reduces the interface stresses compared to the models without a cohesive zone. 

Introduction 

            The actions of each intermittent cutting edge are important features of all milling 

operations. Cutting times are small fractions of a second and such actions repeat several times, 

involving both thermal and mechanical fatigue of the tool (Trent & Wright, 2000). There are two 

major categories of milling operations: facing milling and peripheral milling, and two general 

types of milling cutters: solid and the inserted-tooth cutters. Considering the wide range of 

materials that must be machined, an ideal milling cutter should have high abrasion resistance, 

hardness, and edge toughness (Walker, 2000). With regard to end milling cutters, they could 

generate two workpiece surfaces at the same time, and cutting edges are located on both the end 

face and the periphery of a cutter body. They are usually used in facing, profiling, slotting, 

shoulder, slabbing, and plunging operations. End mills are considered to be the most versatile 

milling tools and they are a more robust version of drills when producing hollow shapes such as 

dies cavities (Stephenson & Agapiou, 1997; Trend & Wright, 2000). End mill geometric 

parameters (Figure 4.1 and Table 4.1), such as the diameter and the flute length, must match the 

dimensions of pockets to be machined. The tooth edge geometry, the rake angle, the relief angle, 

and the flute forms are all important parameters of end mills (Stephenson & Agapiou, 1997). 

 
Figure 4.1. (a) Section dimensions and (b) external shape dimensions of end mill (Kim, Park and 
Ko, 2008). 
 
 

 
 

 

 
 
 

 



 

63 
 

Table 4.1 

Parameters to Define End-milling Cutter Dimensions 

Ø First Relief Angle 1 Ø Second Relief Angle 2 

γ Rake Angle R Radius of Inner Circle i 

R Chamfer Length c D Shank Diameter s 

β Helix Angle D Cutter Diameter c 

L Cutter Length c L Shank Length s 

L Overall Length N Number of Flutes f 

      

            The coating, material, and shape of an end mill are the critical factors in improving the 

cutter performance, whereas the shape mainly affects the machining accuracy and the dynamic 

stability. The shape elements of an end mill include the relief angle, the rake angle, and the helix 

angle; these are the main determinants of the performance of end mills (Ehmann, 1990; Tlusty et 

al., 1991; Kandaa et al., 1995; Gunnars et al., 1996; Gabler et al., 2000; Kim and Ko, 2002; Kim, 

Park & Ko, 2008). The helix angle dramatically affects the end mill cutter performance 

(Stephenson & Agapiou, 1997). Regarding the design of an end mill, certain difficulties lie in 

modeling the exact three-dimensional shape of an end mill since parts of the shape cannot be 

determined until actual machining. It is necessary to fabricate a physical prototype and conduct 

cutting tests to improve the cutter shape if a 3D end mill solid model is not available (Kim, Park 

& Ko, 2008). In order to predict the sectional profile of an end mill, it is important to obtain the 

helical groove shape as accurately as possible, because it determines the critical end mill 

geometric parameters, such as the rake angle, which substantially affects the machining 

performance. One useful methodology to predict the profile curve for the helical groove of an 
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end mill is the direct method. The “direct method” means the approximation of the grinding 

wheel as a set of a finite number of thin disks. The intersections between the primitive wheels 

and the tool workpiece are calculated to obtain a profile curve (Kim, Park & Ko, 2008). By using 

the “direct method”, Friedman and Meister (1973) studied the profile of a helical slot machined 

by a form-milling cutter. Kaldor et al. (1988) conducted the geometric analysis and software 

development for the design of milling cutters and grinding wheel profiles. Later, Ko (1994) 

conducted the geometrical analysis of helical flute grinding and applied it to end mills. Kim and 

Ko (2002) proposed the design and manufacturing technologies for end mills and the wheel was 

properly determined by using the developed simulation program. 

            When referred to the shapes of an end mill, they can be basically categorized into five 

types (see Figure 4.2): square end mills, corner chamfer end mills, corner radius end mills, ball 

nose end mills, and corner rounding end mills. Their machining properties and applications vary 

from each other. For a square end mill, it has a true square angle; thus, its corner is fragile. For a 

corner chamfer end mill, it displays resistant corners, good cutting in roughing operations, and 

suitability for coated tools and long tool life. Similarly, a corner radius end mill, which is mainly 

used for aeronautics use and roughing operations, has high corner resistance; therefore, it is 

suitable for coated tools. A ball nose end mill is usually suitable for molds, dies, and finishing 

operations. When a ball nose end mill is used to machine a workpiece, the cutting speed at the 

center is equal to 0, leading to a poor surface quality on soft materials. Finally, a corner rounding 

end mill is employed to round surfaces. The corner of such end mills is also fragile. 
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Figure 4.2. Different types of end mills: (a) square end end mill, (b) corner chamfer end mill, (c) 
corner radius end mill, (d) ball nose end mill, and (e) corner rounding end mill 
(http://www.hssforum.com/MillingEN.pdf). 
 
            Recently, micro-manufacturing is a rapidly growing worldwide industry estimated at $60 

billion (Bruno et al., 1995; Torres et al., 2009). Mechanical micro machining begins to enjoy an 

increasing attention due to its promising fabrication process (Kim et al., 2007; Jun et al., 2007). 

Micro end milling is also a material removal process that can generate a high aspect ratio in a 

single step (Liu et al., 2004; Kobayashi, 2005; Williams et al., 2005; Torres et al., 2009). In 

addition, mechanical micro machining is not limited to special clean room environments, and it 

is, therefore, more affordable and simpler to carry out. It is also compatible with various 

engineering materials such as polymers (Damazo et al., 1999), metals, metal alloys (Damazo et 

al., 1999; Kim, Bono & Ni, 2002; Isomura et al., 2003; Jackson, Robinson & Ahmed, 2006), and 

pre-sintered powder ceramics (Isomura et al., 2003; Jeon & Pfefferkorn, 2007).  Even though 

there are many advantages of micro end milling, there are challenges for industrial practitioners 

when scaling down end mills to microscopic sizes. One typical challenge is that sintered tungsten 

carbides with a cobalt binder are quite brittle so micro-scaled features of end mills are easily 

damaged. This results in rapid tool degradation. Additionally, micro tools with small diameters 

have low flexural stiffness and strength (Kim, Bono, & Ni, 2002; Liu et al., 2004; Kobayashi, 

2005; Torres et al., 2009). Due to many beneficial mechanical and tribological properties, for 

example, chemical inertness, low friction and high hardness, diamond coatings have been 

(b) (a) (c) (e) (d) 
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applied to micro end mills to increase the tool operational life as well as the performance (Gabler, 

Schafer, & Westermann, 2000; Jackson et al., 2004; Sein et al., 2004; Torres et al., 2009). 

            Though diamond-coated end mills have a potential for high performance milling, 

machining performance evaluations of complex-shaped diamond-coated tools, such as diamond-

coated end mills and drills, have not been studied in detail (Kandaa et al., 1995). 

            In this study, a method to generate diamond-coated four-flute macro/micro end mills is 

developed by using the commercial CAD software Solidworks. ABAQUS is also employed to 

simulate 3D deposition residual stresses generated in diamond-coated end mills. In addition, 2D 

approximation of stress analyses is proposed to simulate end mill cross-sections, and the stresses 

around cutting edges are extracted and transformed to quantitatively evaluate the local interface 

stresses of different components. The 3D solid modeling methodology is also utilized to generate 

end mills with different macro-level geometric parameters such as the helical angle, the rake 

angle, and the relief angle. Micro-level geometric parameters, such as the edge radius and the 

coating thickness, are also investigated by the finite element analysis (FEA) software to quantify 

and evaluate their effects on the residual stresses distributions. The same approaches are repeated 

and applied on diamond-coated micro end mills to investigate the residual stresses distributions 

after the size is scaled down. Finally, for the 2D case, a cohesive zone model (CZM) is 

incorporated into the macro end mill cross-section. The simulation processes above are repeated 

to address the cohesive zone effect on the residual stresses distributions. 

Solid Modeling of 3D Diamond-Coated Four Flutes Corner Chamfer Macro End Mills 

            3D solid modeling procedures of a diamond-coated end mill in Solidworks can be 

summarized as follows. To begin with, a helix curve with a specified helix angle and a pitch 

(length advancement per revolution) is created and then, the flute cross-section is generated 
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according to the geometric relationship of a specific end mill (Kim, Park & Ko, 2008). Then, the 

former designed helix curve is used as the sweep trajectory and the flute cross-section is swept 

along the helix curve to create the end mill flute body. For the next step, the extrude-cut function 

is used to create a cut feature to remove a portion of the head to develop one portion of the cutter 

head. With this created as one portion of the cutter head, a pattern feature is used to produce 

another three portions of the cutter head to form 4 cutting edges on the end mill head. Then, a 

small hole is drilled with a specified depth and a diameter on the top of the end mill. All cutting 

edges on the head and the peripheral edges are rounded, and chamfer the peripheral edges on the 

cutter head. Finally, the shank is added into the 3D end mill model to form a completed end mill 

body. With respect to modeling of the diamond-coated end mill, the established end mill model 

serves as the substrate, on which the revolve-cut and the shell features are employed to generate 

the diamond coating with a given coating thickness and an edge radius. Then, the completed end 

mill substrate and the coating models are assembled to attain a diamond-coated four-flute corner 

chamfer macro end mill. Figure 4.3 illustrates the 3D view of a completed diamond-coated four-

flute corner chamfer macro end mill. Details regarding the modeling procedures are described in 

Appendix B. 

      

Figure 4.3. (a) a completed end mill solid model and (b) a diamond-coated end mill. 

 

(b) (a) 
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Finite Element Analysis of Diamond-Coated Macro End Mill Deposition Residual Stresses 

3D Diamond-Coated Macro End Mill Residual Stress Analysis 

            With regard to the 3D simulations process, the above completed 3D model is imported 

from Solidworks to ABAQUS, where the assembly and merging process are conducted. As for 

the material properties, boundary conditions, element properties, and deposition temperature 

definition, they are the same as the ones discussed in Chapter 2. Since high residual stresses 

occur on the cutting edge areas when the deposition  temperature is returned to the room 

temperature, the mesh is further refined in these areas with a 0.05 mm element size (Figure 4.4 

(b)). The total number of elements in this end mill is 917360. 

                 

Figure 4.4. Mesh distributions on a diamond-coated macro end mill: (a) whole model (b) around 
head. 
 
            The finite element simulation can be executed according to the above model setup. A 

typical example is illustrated in Figure 4.5 and geometric parameters of this end mill are 6 mm 

diameter, 18.85 mm cutter length, 30o helix angle, 5o 1st relief angle, 6o rake angle, 5 μm edge 

radius, 5 μm coating thickness, and 29 mm shank length. Figure 4.5 shows the longitudinal stress 

contours of a diamond-coated end mill. It can be noted that the magnitude of longitudinal 

stresses on the coating surface with the moderate curving is around 3 GPa in compression, which 

is consistent with the results attained from the biaxial stress analysis. It is reported that since the 

compressive stresses inhibit crack initiation and growth to a certain level, suitable high 

(b) (a) 
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compressive residual stresses in PVD coated surfaces are tribologically beneficial (Wiklund, 

Gunnars & Hogmark, 1999). Quinto, Santhanam and Jindal (1988) also indicated that the 

compressive residual stresses within the plane of a coating are beneficial to the surface fracture 

strength which translates to a better performance, particularly in milling. However, at the same 

time, it is important to notice that very high compressive stresses in a coated surface may result 

in buckling, and exert effects at the corners, holes, or surface topography asperities (Wiklund, 

Gunnars & Hogmark, 1999). Alternatively, the substrate receives tensile stresses and the stress 

values are comparatively higher on the coated area. For the area away from the coating, the 

tensile stresses on the substrate are generally small. Further noted is that the deposition stresses 

concentrate around a cutting edge, which is consistent with the drill results reported by Miao et 

al. (2009). 

       

Figure 4.5. Longitudinal stress distributions in a diamond-coated macro end mill (a) entire end 
mill (b) around end mill head. 
 

2D Approximation 

            2D end mill cross-sections can be generated using a plane normal to a peripheral cutter 

and a workpiece plane, defined by considering the relative motion at a local end mill edge. 

Figure 4.6 demonstrates how to employ the principle of end milling processes to define the 

workpiece plane, as well as the plane normal to the cutter, to construct the cross-section. In this 

(b) (a) 

Unit: MPa Unit: MPa 
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specific cross-section, the rake angle is equal to 6o and 5o for a 1st

 

 relief angle. The highlighted 

cross-section profile (Figure 4.6 (c)) can be extracted and exported to ABAQUS for 2D FEA 

simulations of deposition residual stresses analysis with a 2D plain-strain assumption. The edge 

radius and coating layer, uniformly all around, can be generated in the ABAQUS. The material 

properties and the deposition temperatures are the same as in the 3D analysis. In addition, as in 

the case of 3D simulations, the cutting edge areas also receive further refined meshing, with a 

0.03 μm element size. With regard to the boundary conditions, one corner is fully constrained 

and another corner, diagonal to the corner mentioned, is constrained on only one direction 

(Figure 4.6). 
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Figure 4.6. 2D cross section of an end mill for FEA: (a) sectional plane specification and 
workpiece plane view#1, (b) sectional plane specification and workpiece plane view#2, (c) 
highlighted cross section area, and (d) extracted 2D cross section. 
 
            With these steps accomplished, the extracted 2D cross-section (Figure 4.6 (d)) can be 

exported into ABAQUS for the 2D deposition residual stresses analysis. Figure 4.7 illustrates the 

maximum principal stress contours, both the entire model and the edge rounding area, of a 

(a) (b) (c) 

(d) 
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typical end mill without a cohesive zone inclusion. The maximum principal stresses distributed 

on the cross-sections are in the neighborhood of 2 GPa to 3 GPa. It can be further noted that the 

cutting edge area, where the 3 μm edge rounding is located, receives high stresses. 

 

Figure 4.7. Maximum principal stress contour of a 2D diamond-coated macro end mill cross 
section (a) entire model (b) around the cutting edge. 
 
            With the obtained 2D FEA results, the interface stresses of the end mill can be extracted 

and transformed by employing the Mohr’s circles concept in order to quantitatively address the 

interface stresses around a cutting edge. Three stress components, the radial normal stress (σr), 

the circumferential normal stress (σθ), and the shear stress (τrθ

Diamond-Coated Macro End Mill Geometric Parameters Effect 

), are introduced by changing the 

Cartesian coordinate system to a local polar coordinate system around a cutting edge (Miao et al., 

2009). 

            The CAD program is applied to generate end mills with different helix angles (Figure 4.8) 

using the developed modeling methodology. Among the end mill macro-level geometric 

parameters, the helix angle is selected for further study because for end mills, the helix angle 

strongly affects cutter performance (Stephenson & Agapiou, 1997). In addition to the helix angle, 

the rake angle and 1st relief angle effects are also tested with values of -6o, 0o, 6o for the rake 

angle, and 5o, 7o, 9o for the 1st relief angle. With regard to the micro-level of end mill geometry, 

(a) (b) 
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since the coating thickness is the key factor improving the cutter performance, it is tested with 5 

μm, 10 μm, 15 μm and 30 μm coating thickness. Edge radii are tested at 3 μm, 7 μm and 15 μm 

since the edge radius has already been proven to be an important factor affecting the residual 

stresses developed around cutting edge (Hu, Chou & Thompson, 2007; Miao et al., 2009). 

 
Figure 4.8. End mills with different helix angles (a) 15o (b) 30o (c) 45

            Cross-sections are generated in the above models, and the deposition residual stress finite 

element simulation is conducted again. Similarly, the interface stress data is extracted and 

transformed again to evaluate sectional profiles. The FEA results show that the helix angle’s 

effect on interface stresses is negligible. Similarly for the rake angle and the relief angle, their 

effects on radial normal stresses are also minor, but they slightly affect circumferential stress 

(σ

o 

θ). Alternatively, it can be noted that the edge radius (re) significantly alters interface stresses 

compared with the helix angle, the rake angle and the relief angle (Figure 4.9). With regard to the 

radial normal stress (Figure 4.9(a)), the maximum stress increases from 0.75 GPa for 15μm re to 

1.45 GPa for 3μm re. As for the circumferential stress (Figure 4.9(b)), the maximum stress 

increases from 3.08 GPa for 15μm re to 3.67 GPa for 3 μm re. In addition, models with a large 

edge radius have smooth stress gradients along the cutting edge. As for shear stresses, the stress 

magnitude is relatively smaller and stress reductions by edge hone are also evident: 0.84 GPa for 

3 μm re and 0.36 GPa for 15 μm re. In our previous study, Qin et al. (2009) proved that an 

increase of a coating thickness significantly increases interface stresses; thus, it is important to 

quantify the coating thickness effect on deposition residual stresses around the cutting edges of 

(a) (c) (b) 
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diamond-coated end mills as well. As for the coating thickness effect (Figure 4.10), radial 

normal stresses increase from 0.75 GPa for 5 μm to 1.51 GPa for 30 μm, and circumferential 

stresses increase from 3.08 GPa for 5 μm to 3.86 GPa for 30 μm. 

    

 Figure 4.9. Edge radius effect on interface stresses of 2D diamond-coated macro end mills (a) 
radial normal stresses (b) circumferential stresses (helical angle = 30o

 

 and coating thickness = 
5μm). 

   

Figure 4.10. Coating thickness effect on interface stresses of 2D diamond-coated macro end 
mills (a) radial normal stresses (b) circumferential stresses (re (edge radius) = 15μm and helical 
angle = 30o). 
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            With the attained interface stress data, all maximum values of three stress components for 

end mill cross-sections with different geometric parameters are documented in several tables. 

Table 4.2 and Table 4.3 depict the maximum interface stress comparisons of 2D diamond-coated 

macro end mills with different edge radii and coating thicknesses. It can be noted that an end mill 

with the smallest edge radius, i.e., 3 μm re, has the largest σrmax and σθmax, 1.45 GPa and 3.67 

GPa, respectively. On the contrary, the end mill with the largest edge radius, i.e., 15 μm re, has 

the smallest σrmax and σθmax, 0.75 GPa and 3.08 GPa, respectively. This is consistent with our 

previous results concerning edge radius effects on diamond-coated drills (Miao et al., 2009) and 

diamond-coated inserts (Hu, Chou & Thompson, 2007). As for the coating thickness, the end 

mill with the smallest coating thickness, i.e., 5 μm, has the smallest σrmax and σθmax, 0.75 GPa 

and 3.08 GPa, respectively. Then, the end mill with the largest coating thickness, i.e., 30 μm, has 

the largest σrmax and σθmax, 1.51 GPa and 3.86 GPa, which agrees with our previous results (Qin 

et al., 2009).  Regarding the magnitude of wedge angles, the end mill and the drill have the 

largest (79.4 o) and the smallest (54o) values, respectively. The wedge angle of an insert (79o

 

) is 

only second to that of an end mill. For the helix angle, its effect on end mill deposition residual 

stresses is quite minor, which is also consistent with our previous results on the helix angle effect 

on diamond-coated drills (Miao et al., 2009). With regard to the rake angle and the relief angle 

effects on end mill residual stresses, their effects are also slight but more remarkable than that of 

the helix angle. 
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Table 4.2 

Maximum Radial Normal Stress for Different Edge Radii 

 
Edge Radius Effect on Interfacial Stress  

(Coating Thickness = 5μm) 
 

Edge 
Radius 

 
 

 
Radial Normal Stress  

(Unit: GPa) 

 
Circumferential 

Stress(Unit: GPa) 
End Mill Drill End Mill Drill 

3µm 1.45 1.41 3.67 3.11 

7µm 1.11 1.08 3.14 2.80 

15µm 0.75 0.73 3.08 2.94 
 

Table 4.3 

Maximum Radial Normal Stress for Different Coating Thicknesses 

 
Coating Thickness Effect on Interfacial Stress 

(re = 15μm) 
 

Coating 
Thickness 

 
 

 
Radial Normal Stress 

(Unit: GPa) 

 
Circumferential Stress 

(Unit: GPa) 
End Mill Insert End Mill Insert 

5µm 0.75 0.6 3.08 2.61 
10µm 1.08 0.84 3.13 2.6 
15µm 1.26 1.0 3.34 2.73 

30 µm 1.51 1.25 3.86 3.09 

 

Finite Element Analysis of Diamond-Coated Micro End Mill Deposition Residual Stresses 

Modeling Process and Cross Section Generation of Diamond-Coated Micro End Mills 

            The 3D solid modeling process of micro end mills is identical with macro end mill 

modeling process. The only difference is that all of the geometric parameters, except the edge 
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radii and coating thicknesses of macro end mills, are scaled down 50 times to get micro end mills. 

Figure 4.11 provides an illustration of a micro end mill geometric shape as well as its dimension 

specifications. From the illustration, it can be noted that the micro end mill geometric shape is 

almost the same as its macro counterparts, and the only difference is the size for each of them. 

With this completed micro end mill, it can be imported into ABAQUS again for 3D deposition 

residual stress simulations. 

 

Figure 4.11. (a) a micro end mill substrate and (b) a diamond-coated micro end mill. 

3D Diamond-Coated Micro End Mill Analysis 

            The methodology of 3D simulations of diamond-coated micro end mills is based on the 

simulations of diamond-coated macro end mills. As for material properties, boundary conditions, 

element properties and mesh distributions, they are the same as their macro counterparts. 

            Based on the above model setup, finite element simulations can be achieved. The 

diamond-coated micro end mill geometric parameters are 0.12 mm for the diameter, 0.377 mm 

for the cutter length, 30o for the helix angle, 5o for the 1st relief angle, 6o for the rake angle, 0.5 

μm for the edge radius, 1 μm for the coating thickness, and 0.58 mm for the shank length. Figure 

4.12 shows the plot for longitudinal stress contours of a diamond-coated micro end mill. It can be 

noted that the magnitude of longitudinal stresses on the coating surface with moderate curving is 

Cutter Diameter  
= 0.12 mm 

Cutter 
Length  

= 0.377 mm 

Overall 
Length  

= 0.957 mm 

Coating 
Length  

= 0.2 mm 

(a) (b) 
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still around 3 GPa in compression. By comparing the maximum longitudinal compressive stress 

of a micro end mill with a macro end mill, it can be concluded that the maximum compressive 

stress of a micro end mill is slightly larger than that of a macro end mill, which indicates that if a 

macro end mill is scaled down to a micro size, corresponding compressive stresses of it are 

increased. 

               

Figure 4.12. Longitudinal stress distributions in a diamond-coated micro end mill (a) around end 
mill head (b) sectional view. 
 

Diamond-Coated Micro End Mill 2D Cross Section FE Simulation 

            Similarly, in terms of the methodology to generate 2D cross-sections, identical processes 

on generating macro end mill 2D cross-sections have been repeated. After the cross-section is 

determined, it can be extracted and exported into ABAQUS for 2D FE simulations of deposition 

residual stress analysis with an assumption of a 2D plain-strain condition. The edge radius and 

coating layer, uniformly all around, can be generated in ABAQUS. The operations in ABAQUS 

are also replicated according to the FEA of macro end mill cross sectional. Due to the geometric 

symmetry of end mill cross-sections, a quarter part of a micro end mill cross-section is extracted 

for FEA. 

(a) 

Unit: 102 MPa Unit: 102 MPa 

(b) 
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            For the modeling parameters of a micro end mill, geometric parameters are scaled down 

by 50 times, except a edge radius and a coating thickness. The edge radius range under 

investigation here is 0.5 μm ~ 1 μm, and the coating thickness is 1 μm. There are two reasons for 

selecting these values: (1) our previous study in FE simulations of diamond-coated drills has 

shown that if all geometric parameters are equally, proportionally scaled down, interface stresses 

as well as overall stresses remain almost the same; this phenomenon is supposed to be the same 

as the micro end mill model, and (2) if edge radii and the coating thickness are scaled down by 

50 times, which means 0.06 μm ~ 0.3 μm for edge radii and 0.1 μm for the coating thickness, the 

associated microscopic size will be too difficult to achieve from fabrication perspectives. In 

previous chapters, it has been concluded that the edge radius is the most dominant factor 

affecting interface stresses; thus, it is more critical to know the edge radius effect on micro end 

mills than the effects of other factors. 

            FE simulations are applied on completed micro end mill sectional profiles and Figure 

4.13 provides maximum principal stress contours on a 2D micro end mill. Figure 4.13 (b) is a 

local view of the edge rounding area. As for the geometric parameters of this cross-section, they 

are generated from a diamond-coated micro end mill with a 0.12 mm diameter, a 0.377 mm 

cutter length, a 30o helix angle, a 5o relief angle, a 6o rake angle, a 0.5 μm edge radius, a 1 μm 

coating thickness, and a 0.58 mm shank length. It can be seen that stresses developed on cross-

sections is in the range of 2 GPa to 3 GPa. Further noted is that the cutting edge area receives 

exceptionally high stresses compared with other locations. 
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Figure 4.13. Maximum principal stress contours in a 2D diamond-coated micro end mill cross 
section (a) entire model (b) around the cutting edge. 
 
            The extraction and transformation of interface stresses are repeated according to the 

methodologies in previous paragraphs. Figure 4.14 provides a clear quantitative comparison 

between a 2D diamond-coated micro end mill and a 2D diamond-coated macro end mill in terms 

of their radial normal stresses and circumferential stresses. For the micro end mill, it can be seen 

that the edge radius significantly affects interface stresses, and for radial normal stresses (Figure 

4.14 (a)), the maximum stress increases from 1.12 Gpa for 1.0 μm re to 1.52 GPa for 0.5 μm re. 

As for circumferential stresses (Figure 4.14(b)), the maximum stress increases from 3.12 Gpa for 

1.0 μm re to 3.92 GPa for 0.5 μm re. Through the maximum stress comparisons between macro 

and micro end mills (Table 4.4), it can be said that the maximum radial normal stress as well as 

the circumferential stress of micro end mills are larger than those of macro end mills. 

(a) (b) 

Unit: MPa Unit: MPa 

38μm 
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Figure 4.14. Edge radius effect on the interface stresses of diamond-coated micro/macro end 
mills (a) radial normal stresses of micro end mills, (b) circumferential stresses of micro end mills, 
(c) radial normal stresses of macro end mills, and (d) circumferential stresses of macro end mills. 
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Table 4.4 
 
Edge Radius Effect on Interfacial Stresses for 2D Diamond-Coated Macro/Micro End Mills 
 

Edge Radius Effect on Interfacial Stress (Unit: GPa) 

 

r

Micro End Mill (D = 0.12mm) 

e 

 

r

Macro End Mill (D = 6mm) 

e σ σr σθ σr 

0.5 μm 
θ 

1.52 3.92 3 μm 1.45 3.67 
0.75 μm 1.27 3.45 7 μm 1.11 3.14 
1.0 μm 1.12 3.12 15 μm 0.75 3.08 

 

2D Approximation with the Inclusion of a CZM 

            The above FEA results of diamond coated end mills under an assumption of the coating-

substrate perfect contact provide well explanations and approximations for residual stress 

distributions; however, in reality, the coating-substrate interface does not perfectly adhere with 

each other, and deposition induced residual stresses exert a detrimental effect on the adhesion 

quality of diamond films as well as the cutting tool life (Hu, Chou & Thompson, 2008). Thus, a 

CZM needs to be incorporated into macro end mill 2D cross-sections. Chapter 3 has already 

provided the details regarding the cohesive zone modeling. Figure 4.15 illustrates maximum 

principal stress contours, normal tractions, and separations of quarter end mill cross-section 

models. It is also noted that U2 displacement values are all negative in Figure 4.15 (d). That is 

because after the deposition process, the entire cohesive elements drop along the negative 

direction in reference to the original location, which represents the zero U2 displacement. 
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Figure 4.15. Maximum principal stress contours in a 2D diamond-coated macro end mill cross 
section with the inclusion of a cohesive zone model (a) entire model, (b) around the cutting edge, 
(c) normal tractions at the interface, and (d) normal separations at the interface (re = 7 μm, 
coating thickness = 5 μm and helix angle = 30o

 
). 

            With regard to the geometric parameter effect on residual stresses, rake angle, relief angle 

and helix angle effects on 2D cross-sections are minor as well. This is identical with rigid contact 

results excluding the CZM. Figure 4.16 and Figure 4.17 illustrate edge radius and coating 

thickness effects on radial normal stresses and circumferential stresses, respectively. 

Cohesive Zone 

Unit: MPa Unit: MPa 

Unit: MPa 

(a)  (b)  

(c)  (d)  

Unit: μm 
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Figure 4.16. Edge radius effect on interface stresses of 2D diamond-coated macro end mills with 
the inclusion of a CZM (a) radial normal stress (b) circumferential stress (coating thickness = 5 
μm and helix angle = 30o

 
). 

    

Figure 4.17. Coating thickness effect on interface stresses of 2D diamond-coated macro end 
mills with the inclusion of a CZM (a) radial normal stress (b) circumferential stress (re = 15 μm 
and helix angle = 30o

 
). 

            From Figures 4.16 and 4.17, it can be noted that edge radii and coating thicknesses still 

exert remarkable effects on deposition residual stresses with the inclusion of a CZM. With regard 

to radial normal stresses (Figure 4.16(a)), the maximum stress increases from 0.57 GPa for 15 

μm re to 0.9 GPa for 3 μm re. As for circumferential stresses (Figure 4.16(b)), the maximum 

stress is reduced from 2.94 GPa for 3 μm re to 2.43 GPa for 15 μm re. Regarding the coating 
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thickness effect on interface stresses, the radial normal stress increases from 0.57 GPa for 5 μm 

to 1.39 GPa for 30 μm, and the circumferential stress increases from 2.93 GPa for 5 μm to 3.57 

GPa for 30 μm. In order to quantitatively address the difference between models with and 

without a CZM, Table 4.5 and Table 4.6 are presented for comparison and evaluation. 

Table 4.5 

Maximum Radial Normal Stresses and Circumferential Stresses for End Mills with Different 
Edge Radii with the Inclusion of a CZM 
 

 

r

σ

e 
r σ(Unit: GPa) θ (Unit: GPa) 

End Mill 

(CZM) 

End Mill  

(Rigid Contact) 

End Mill 

(CZM) 

End Mill 

 (Rigid Contact) 

3 µm 0.9 1.45 2.94 3.67 

7 µm 0.82 1.11 2.64 3.14 

15 µm 0.57 0.75 2.43 3.08 

 

Table 4.6  

Maximum Radial Normal Stresses and Circumferential Stresses for End Mills with Different 
Coating Thicknesses with the Inclusion of a CZM 
 

 

Coating 

Thickness 

σr σ(Unit: GPa) θ (Unit: GPa) 

End Mill 

(CZM) 

End Mill 

(Rigid Contact) 

End Mill 

(CZM) 

End Mill 

(Rigid Contact) 

5 µm 0.57 0.75 2.86 3.08 

10 µm 0.99 1.08 2.93 3.13 

15 µm 1.13 1.26 3.06 3.34 

30 µm 1.39 1.51 3.57 3.86 
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           Based on the evaluation of above tables, it can be noted that a CZM does play a role in 

altering the magnitude of residual stresses in diamond-coated end mill cross-sections. For the 

case with a smallest edge radius with the inclusion of a CZM, the interface stress curve fluctuates 

and becomes unsmooth. It is also interesting to note that with the inclusion of a cohesive zone, 

interface stresses all decrease without exception. The reasons for these phenomena are: (1) A 

CZM provides a buffering zone between a coating and a substrate; also, interface stresses 

induced from the thermal expansion mismatch transfer stresses to the cohesive zone, thus 

reducing interface stresses on both coating and substrate sides; however, for rigid contact cases, 

since coatings and substrates bond perfectly with each other, residual stresses are certainly larger 

since no stress loss caused by the cohesive zone happens along the interface, and (2) the cohesive 

zone inclusion slightly alters the overall and the edge shape of the interface, thus affecting 

interface stresses. 

Conclusions 

            In this study, diamond-coated macro/micro end mill solid modeling techniques have been 

accomplished using CAD software. The obtained 3D diamond-coated end mill CAD model has 

also been successfully imported into FEA software for residual stress analysis. FEA results 

indicate that the magnitude of longitudinal normal stresses in the area of less curvatures is in the 

neighborhood of 3 GPa in compression. The developed CAD modeling techniques for end mills 

have been further employed to design end mills with different geometric parameters, i.e. the 

helix angle. 2D approximation of residual stresses has been applied for diamond-coated end mill 

cross-sections. The residual stresses distributed on diamond-coated end mills can be remarkable. 

With regard to micro-level geometric parameters, the edge radius is a most dominant factor 

affecting interface stresses, and the coating thickness effect on interface stresses is only second 
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to the edge radius. Radial normal stresses are largely tensile which are supposed to affect the 

adhesion quality. With macro-level geometric parameters changed, i.e. the helix angle, interface 

stresses are slightly affected.  Further noted is that when the size of macro end mills is scaled 

down to a micro level, interface stresses are increased. Last but not the least, the trial and the 

investigation of a CZM effect on deposition residual stresses are conducted, and 2D 

approximation is duplicated, as has been conducted in rigid contact cases. The results show that 

with the CZM inclusion, all three of stress components are altered and reduced to smaller values, 

and for the small edge radius case, i.e., 3 μm, the interface stress curve slightly fluctuates due to 

stress concentrations caused by geometric sharpness. Regarding future works, since deposition 

residual stresses will also be affected by induced mechanical and thermal loads during milling 

processes, it is critical to study stress field evolutions during milling processes to make best use 

of diamond-coated end mills. 
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CHAPTER 5 

 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH 

Conclusions 

            This thesis studies the interface behavior of diamond-coated tungsten-carbide tools, the 

deposition residual stresses as well as the methodologies to model complex diamond-coated tools 

such as drills and end mills. The conclusions and major findings reached from this research are 

summarized in this chapter. 

            Chapter 2 discusses CAD modeling techniques to achieve 3D diamond-coated drill 

models as well as FEA of the residual stresses in diamond-coated drills during the deposition 

process. 3D FEA results indicate that the nominal longitudinal normal stresses in the area of less 

curvature are about 3 GPa in compression. The 2D approximation of FEA results reveals that 

significant residual stresses are generated on the diamond-coated drills during the deposition 

process. Among different geometric parameters, the micro level geometry, such as the edge 

radius, has the most dominant effect on the interface stresses. It has also been detected that the 

radial normal stresses can become largely tensile, over 1.0 GPa. The helix angle, point angle, and 

web-thickness affect the wedge angle at the cutting tip, but their effects on the interface stresses 

are slight. 

            Chapter 3 develops numerical methods to study the interface behavior of diamond-coated 

tools through indentation simulations. A bilinear cohesive zone model (CZM) is introduced into 

the coating-substrate interface to characterize its behavior. The major findings attained from the 

indentation simulations with a spherical indenter are summarized as follows: (1) under a coating 
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thickness equal to 30μm, the relationship between the indentation loading force and the 

delamination size is non-linear and the minimum indentation loading force to initiate interface 

delamination of the samples with and without residual stresses are about 98.2 N and 110 N, 

respectively, which indicate that the residual stresses will reduce the critical loading for interface 

delamination, (2) under the same indentation loading force, the delamination size decreases with 

the increase of the coating Young’s Modulus, (3) under the same indentation loading force, no 

delamination occurs at the coating-substrate interface for coatings with 40 μm and 50 μm 

thicknesses. For coatings with a 5 μm to 40 μm thickness, the delamination size increases 

noticeably with the decrease of the coating thickness; however, further deceasing the coating 

thicknesses to smaller values results in a reverse relationship, and (4) the samples with residual 

stresses included are more susceptible to interface delamination. The results obtained from the 

indentation simulations with a wedge indenter are listed here: (1) the specimen surface curvature 

slightly affects the loading vs. displacement curve, and it influences interface delamination; a 

large curvature model is more susceptible to interface delamination, (2) the augmented coating 

Young’s Modulus decreases interface delamination, and coatings with a larger Young’s Modulus 

are more resistant to interface delamination, (3) the residual stresses not only make the coating-

substrate system more compliant but also cause more severe interface delamination, (4) the 

system with a thicker coating thickness will have more resistance to interface delamination, and 

(5) the combined residual stress and curvature effects on the critical loading are significant. 

            Chapter 4 discusses the CAD modeling methodologies of diamond-coated macro/micro 

end mills, and the FEA of deposition residual stresses developed in the diamond-coated end mills. 

It is concluded that (1) the magnitude of longitudinal normal stresses in the area of less curvature 

is in the neighborhood of 3 GPa in compression, (2) the 2D FEA approximation indicates that the 
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residual stresses distributed in diamond-coated end mills can be remarkable, and the edge radius 

dominantly affects the interface residual stresses; the radial normal stresses are largely tensile, 

greater than 1.0 GPa, (3) with the macro level geometric parameters changed, i.e. the helix angle, 

the interface stresses are slightly affected, (4) the interface residual stresses increase when macro 

end mills are scaled down to the micro-size, and (5) with the inclusion of the CZM, all three 

residual stress components are altered and reduced to smaller values compared with the rigid 

contact models excluding the CZM, and for the small edge radius case, i.e. 3 μm, the interface 

stress curve slightly fluctuates due to the stress concentration caused by the geometric sharpness. 

Contributions 

            The contributions of this study can be summarized below. 

            1. This study conducts systematic approaches regarding the CAD modeling 

methodologies of diamond-coated drills and diamond-coated macro/micro end mills with 

different geometric parameters. The FEA of 3D and 2D cross-sectional approximation of those 

diamond-coated tools have been developed to investigate the depositional residual stresses as 

well as the interface stresses around cutting edge. The cohesive zone model is incorporated into 

the 2D cross-section model to study its effect on depositional residual stresses. 

            2. A bilinear traction-separation law has been applied to characterize the interface 

behavior of diamond-coated tungsten carbide tools. The FEA has been developed and 

implemented to simulate the indentations with a spherical indenter on diamond-coated tools to 

investigate the coating attribute effects on the interface behavior. 

            3. The same methodologies discussed have also been applied to the indentation models 

with a wedge indenter to investigate the coating attribute, substrate surface curvature, residual 
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stresses, and their combined effects on interface delamination, which provides more accurate 

approximations for the tool failure mechanism. 

Recommendations for Future Research 

            This study provides a better understanding of modeling methodologies, geometric shapes, 

and the depositional residual stresses development of the diamond-coated tooling with complex 

geometries, as well as the tool failure mechanism of coating-substrate systems. The directions of 

the future research can be summarized as follows: 

            1. The tool stress and temperature distributions during machining processes can be 

critical to tool failures and wears of the diamond-coated tooling. With the geometric shape and 

depositional residual stress distributions of diamond-coated tools with complex shapes attained 

in this study, this research can be advanced to investigate the wear mechanism through 2D 

drilling and 2D end milling simulations with the consideration of depositional residual stresses 

on diamond-coated tools. Parametric studies, such as the point angle, the helical angle, the rake 

angle, the relief angle, the coating thickness, and the edge radius, etc. can be conducted to 

analyze their corresponding effects on the coated tool wear mechanism with cutting simulations. 

            2.  The indentation with a wedge indenter experiments can be conducted on the tool edge 

rounding area to investigate the curvature effects on the interface delamination. The achieved 

experimental results can be compared with simulated outcomes to test the validity and the 

feasibility of numerical results. 

            3. The developed cohesive zone model can be incorporated into 2D turning simulations to 

investigate the delamination condition during material removal processes. The parametric study 

(for example, the feed, the cutting speed, and the depth of cut) effects on the interface 

delamination during machining processes can also be carried out with 2D cutting simulations. 
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For verification purposes, cutting experiments with the same process parameters can be 

conducted and used to compare with the simulation results. 
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APPENDIX A 

3D DIAMOND-COATED DRILL CAD MODELING PROCESS 

            The basic geometric parameters of the designed drill could be summarized below. Radius 

(R): 3.175mm, point angle (p): 118o, web thickness (w): 1.35mm, helical angle (ℎ): 30o

                   

. 

(A1) Create a circle with 6.35mm diameter. 

(A2) use the circle created in the step (A1) to generate a helix curve with a 34.96mm drill flute 

length (𝑙) and the helix direction is counter clockwise. The drill flute length (𝑙) can be calculated 

by the following: equation:                                          

ℎ = 𝑡𝑎𝑛−1 2𝜋𝑅
𝑙

  ………………………………………………………………………………...(a1) 

In equation (a1), ℎ is the helix angle, R for drill radius and 𝑙 for drill flute length. 

 

 

(A1) (A2) 

Drill Diameter 

Drill flute  
Length 

(l) 
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                      ………………………………………………………………………………. (a2) 

(A3) With regard to the geometric parameters in this equation, w is the webthickness, p for point 

angle and h for helical angle. 

The drill cross-section is determined by the equation (a2). Here, r is varying from w/2 to drill 

radius. This ensures that the flank section produces a drill with a straight cutting edge.  

 

 

 

 

(A3) 

ψ Web 
thickness Drill 

radius (R) 
 

r 
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(A4) With the created cross-section and helix curve, the drill flute body can be generated by 

sweeping the cross-section along the helix curve.  

    

 

 

(A4) 

(A5) 

s 
Top Plane  

Offset Plane  
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(A5) The left and right grinding cone can be generated based on the values of the point angle, the 

helical angle, d (5.5mm) and s (1.2mm). s represents the distance between the top plane and the 

offset plane and this offset plane that locates on both sides, on which the left and the right 

grinding cones are defined and generated, respectively. 

 

(A6) after finishing the procedures above, the illustration in figure A6 can be obtained. However, 

in order to attain the fully designed drill, it is necessary to add the shank to the drill flute body. 

 

 

(A6) 
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(A7) use the swept cut function to create the cut feature on both sides in order to create hollow 

areas on the drill which could facilitate the chip flow. 

 

(A8) this figure illustrates the fully designed uncoated drill. 

(A7) 

(A8) 



 

102 
 

 

(A9) create a revolve cut feature on the drill in order to reserve a portion for coating creation. 

(A10) use the shell function to remove the highlighted surface to create a shell body representing 

the diamond coating. 

       

(A11) round two cutting lips and one chisel edge on the coating. 

(A12) sectional view of a diamond coating. 

 

(A9) (A10) 

(A11) (A12) 
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(A13) a diamond-coated drill. 

 

 

 

 

 

 

 

 

 

 

 

 

 

(A13) 
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APPENDIX B 

3D DIAMOND-COATED END MILL CAD MODELING PROCESS 

              

(B1) Create a circle with Dc

(B2) Based on the circle created above, a helix curve is generated with a pitch = 32.6mm (= Lc) 

and helical angle = 30

 (Cutter Diameter) = 6.0mm. 

o

 

. 

(B3) Draw two concentric circles with Dc (Cutter Diameter) = 6.0mm, Ri (Inner Radius) = 

1.89mm. Besides, two circles here are set as the construction lines. 

(B1) (B2) 

End Mill 
Cutter 
Length 

(Lc) 

Dc 

(B3) 
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(B4) Connect the point#1 and the point#2 to create a curve with the point#1 located on the 

quarter point of the outer circle and the point#2 on the inner circle. Set this curve tangent to the 

inner circle. Then, draw a construction line passing the point#1 and make this line tangent to the 

curve1, 2. Again, connect the point#1 and the origin point, then define the γ (Rake Angle) = 6.0o

(B5) Draw another curve passing the point#2 and the radius of this curve is equal to t

 

between those two lines. 

1 (first 

wheel thickness) = 2.47mm. In order to determine the curve length, θ1 (first wheel angle) = 45o is 

defined between two curve end points. This curve is set to be tangent to the curve created by 

(B4). 

1 

2 

o 

2 

(B4) (B5) 
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(B6) Draw a construction line passing the point#2 and set this construction line tangent with the 

outer circle. Then, draw another two lines in the outer circle passing through the point#2, the 

point#3 and the point#4. Set Ф1 (First Relief Angle) = 5o between the line2, 3 and the construction 

line tangent to the outer circle. Similarly, set Ф2 (Second Relief Angle) = 17o between the line3, 4 

and the construction line tangent to the outer circle. The width of curve2, 3, 4 is defined as Cw

(B7) Connect the point#4 and the point#5, and the point#5 is located on the inner circle. The 

radius of the curve

 

(Cutter Width) = 0.9mm with point#3 set as mid-point. 

4, 5 is set as t2 - t1 (second wheel thickness) = 4.5 - 2.47 = 2.03mm. Besides, 

create two construction lines passing through the point#4, the origin and the point#5, the origin 

and set the angle between those two lines as θ2 (second wheel angle) = 10o. Until now, all the 

dimensions are defined and what is needed to be done next is nothing, but circularly patterns all 

created curves. 

4 

2 

3 
4 

5 

(B6) (B7) 
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(B8) Circular pattern all created curves. Also, round off all of the transitional area with a radius = 

0.5mm. 

(B9) sweep the section along the helix curve to create the flute body. 

 

(B10) create a reference plane illustrated above, and the distance between the point #6 and the 

point #7 represents the width of head cutter. 

 

 

(B8) 

(B10) 

6 
7 

(B9) 
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(B11) based on the plane created above, generate an extrude-cut feature on the head. 

(B12) circular pattern the cut feature to generate four cut blades on the head and also drill a hole 

on the top of the end mill head. 

 

(B13) create a shank bar on the bottom of the end mill by using the extrusion function 

(B14) create the hollow area by extrusion cut along path function and pattern this feature to 

create another 3 features. 

 

(B11) (B12) 

(B14) (B13) 
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(B15) chamfer the highlighted circled areas. 

(B16) chamfer the bottom of the shank. 

 

(B17) view of fully designed uncoated end mill. 

 

 

 

 

(B15) (B16) 

(B17) 
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(B18) extrude cut the end mill substrate to reserve a portion for a coating. 

(B19) use the shell feature to remove the highlighted surface to create a diamond coating. 

 

(B20) round off all cut edges and assemble a coating and a substrate to create a diamond-coated 

end mill. 

 

 

(B18) (B19) 

(B20) 


