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ABSTRACT
The goal of this research is to enhance the diamond-coated cutting tool
performance through fundamental understanding of the interface adhesion of
chemical vapor deposition (CVD) diamond-coated tungsten carbide cutting tools.
CVD diamond-coated cutting tools have the advantages of superior tribological
properties and low cost in fabrications compared to polycrystalline diamond tools.
However, the applications of diamond-coated tools are limited by interface
delamination. Therefore, it is necessary to not only accurately detect interface
delamination events, but also understand the delamination behavior affected by
coating fractures.
The primary objectives of this research are: (1) to utilize acoustic emission
(AE) signals for wear monitoring of diamond-coated tools in machining, (2) to
develop a finite element (FE) model of indentation for investigating the interface
adhesion related to coating-substrate system parameters, (3) to combine micro-scratch
testing and FE sliding model to assess the interface cohesive characteristics, and (4) to
investigate the interface delamination considering coating cracking by developing a
3D indentation/sliding model using the extended finite element method (XFEM).
The research methods include: (1) machining test A359/SiC-20p composite
with an acoustic emission sensor, (2) finite element (FE) modeling and analysis of
indentation and sliding with different configurations, and (3) scratch testing on
diamond-coated tools. The major results are summarized as follows. (1) The shorttime Fourier transform method has a potential for monitoring diamond coating
failures. (2) In scratch testing, the tangential force and AE signal intensity vary
significantly when the coating delamination critical load is reached. (3) Increasing the
coating elastic modulus will reduce the delamination length and a thicker coating
ii

tends to have greater resistance to the interface delamination. (4) Coating cracking
will decrease the interface delamination size, while the deposition stress will increase
the delamination radius and critical load of interface failures.
The contributions of this study include the following. (1) This study correlates
the AE frequency response during machining with diamond-coated tool failures. (2) A
cohesive zone model has been incorporated in FE modeling of indentation and scratch
processes on a diamond-coated tool in evaluating coating adhesion with interface
characteristics. (3) XFEM models of indentation and scratch simulations on a
diamond-coated tool with an embedded cohesive layer are developed to
simultaneously study coating cracking and interface delamination.
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CHAPTER 1
INTRODUCTION
1.1 Background and Motivation
Synthetic diamond produced through chemical or physical processes has been widely
used in the application of automotive and aerospace industries, due to its supreme physical
properties comparable to those of the natural diamond, such as high hardness, large elastic
modulus, ultra-high thermal conductivity, low frictional coefficient, and good chemical
stability. For the reasons above, diamonds have been used in the applications of cutting tools
for a long time, especially in machining ceramics, metal-matrix composites, nonferrous
metals, high silicon aluminum alloys, copper alloys, and fiber-reinforced plastics, which
produce rapid abrasive wear if conventional cemented carbide tools are used.
The most commonly used diamond tools are made by distributing micrometer-sized
diamond grains in a metal matrix (binder phase), hardening and then sintering onto the tool
tip. This is usually referred to as the polycrystalline diamond (PCD) tool in industry. Another
type of diamond tools, single-crystal diamond tools, is too expensive and to be widely
employed.
Actually, only two kinds of diamond tools have received wide applications:
polycrystalline diamond (PCD) tools and chemical vapor deposited (CVD) tools. PCD is the
most commonly used diamond tool material. CVD diamond tools have been developed over
the past fifteen years due to the chemical vapor deposition technology. As a protective
coating, CVD diamond has attracted more and more interests from researchers and been used
in various industrial situations, such as biomedical equipment, magnetic disk coating,
electrically insulating, cutting tools, etc.
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CVD diamond coatings have many advantages over PCD diamond tools, such as
coating growth over a large area, capability to be coated for tools with complex geometry,
and low-cost fabrication. However, the practical use of diamond coated tools is still limited
because of the poor adhesion of diamond coatings on the carbide substrate. According to the
literature, coating delamination is the major failure mode of CVD diamond coatings. Figure
1.1 (a) shows one typical tool wear history of a diamond-coated tool in machining A359/SiC
composite. The machining conditions are cutting speed (V) of 4 m/s, cutting feed (f) of 0.10
mm/rev, and depth of cut (d) of 1 mm. After about 10 minutes’ testing, a drastic increase of
the tool flank wear was observed. Tool failure occurs suddenly during a single cut and was
characterized by coating delamination and subsequent massive substrate material loss, which
could be seen in Figure 1.1 (b).
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Figure 1.1. Machining A359/SiC/20p composite with a diamond-coated tool: (a) tool wear
history, (b) SEM micrograph of the tool tip after failure.
With the increased requirement of lightweight high-strength products and parts,
innovated materials of Al-Si alloys and Al-matrix have been developed and applied
increasingly in the industry of automotive and aerospace. These relatively new kinds of
materials have many advantages comparing to the conventional materials, e.g. higher strength
but lighter weight, stronger wear resistance, and better stability on mechanical properties at
elevated temperature. The conventional carbide tools will experience abrupt tool wear in a
very rapid manner no matter whether they are plain or coated. Diamond tools behave best
performance among all the available tool materials. CVD diamond-coated tools, as the
potential counterpart to replace PCD tools, have been widely used in machining these highly
abrasive materials.
In Recent years, a significant amount of studies have been carried out on CVD
diamond coated tools machining Al-Si alloys and Al-matrix composites in regard to interface
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behavior, tool wear and coating fracture. Researchers have done a lot of experiments to
investigate the evaluation of interface strength between diamond coating and substrate and
the parameters affect it. However, there is no coherent perspective study on this.
Since coating delamination is the major failure mode for the CVD diamond coated
tools in machining, which greatly affects the cutting performance. The diamond coated tools
have attracted interest from considerable researchers, especially in how to monitor the tool
failure. A lot of investigators have been devoted to the study of monitoring the tool failure by
using acoustic emission, or tool wear respectively but just limited to some common cutting
tools, such as carbide tools. The more specifications, in particular, the tool wear combined the
acoustic emissions, as the major method to monitor the failure of CVD diamond-coated tools
in fabrication, are not addressed.
How to evaluate the adhesion of diamond coated tools is a big issue, some literatures
have studied the evaluation for the adhesion for different kinds of coating-substrate systems.
However, very few literatures were focused on the diamond coating on tungsten carbide
substrate, since diamond is the hardest material in nature.
Furthermore, how the tool coating thickness, loading rate, interlayer and coating
fracture affect the coating-substrate adhesion is a very complicated topic due to the
interwoven effects combined mechanical and chemical properties. The modeling difficulties
always leave it an important research target in the metal cutting area of coated tools. All of
above issues inspire us to come up with the following research.
1.2 Research Objectives and Scope
This research intends to investigate the adhesion of diamond-coated cutting tools,
made by CVD when machining Al-matrix composites, with objectives centered on a better
understanding of the effect of tool coating thickness, its mechanical properties and interlayer
on the adhesion of CVD diamond- coated tools.
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The objectives of this research include the following:
(1) To examine the AE signals produced when using diamond-coated tools in
machining aluminum composites, and to correlate the AE characteristics with the
tool conditions, e.g., coating failures.
(2) To develop a numerical FE model of indentation to investigate the effect of
coating thickness, coating elastic modulus and load on the crack length of the
interface, thus better understanding the delamination mechanism of hard coating
deposited on compliant substrate under stress.
(3) To combine micro-scratch testing and FE sliding model to assess the interface
cohesive characteristics
(4) To investigate the interface delamination considering coating cracking by
developing a 3D indentation/sliding using the extended finite element method -.
(5) To provide guidelines for the understanding and design of diamond coated tools
and to better exploit the performance of diamond-coated tools.
Due to the deposition-induced residual stress and the contribution of thermalmechanical loading during machining, coating delamination is commonly considered as the
major failure mode of diamond coated tools. Acoustic emission signal will be used to monitor
the coating delamination wear in machining Al-matrix composites. Finite element model of
indentation will be applied to evaluate diamond-coated tool adhesion. Furthermore, a finite
element model to simulate scratch testing will be developed to investigate the correlation
between coating adhesion and interface characteristics. Scratch testing will also be conducted
to correlate and verify the developed simulation model. The effect of the coating thickness,
interlayer, and loading rate on the coating adhesion will be also discussed. In order to address
the issue of adhesion/interfacial failure, the interfacial behavior of coating and substrate will
be described by an enhanced cohesive zone model (CZM). Last, extended finite element
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method will be employed to model the coating crack to study the fracture phenomenon. Data
from indentation and scratch testing will also be utilized to validate XFEM model. The effect
of coating thickness, coating fracture energy, coating elastic modulus and interface fracture
energy on the critical load for coating crack and interface failures will be discussed.
1.3 Outline of Dissertation
Chapter 2 presents a literature review on the machining with diamond-coated tool,
diamond-coated tool failure mode and its forecast and monitoring. The simulation and
evaluation for the adhesion of diamond-coated tool will also be discussed.
In Chapter 3, the correlation between the AE characteristics with the tool conditions is
stated.
Chapter 4 presents a numerical FE model of indentation on a diamond-coated tool
with different coating thickness, coating elastic modulus and loading force. The FE model is
first verified with the results from indentation experiments, and then the coating adhesion of
these diamond tools is compared in terms of crack size.
Chapter 5 presents the evaluation of coating adhesion by scratch testing. A 3D FE
model by embedding a cohesive layer between coating and substrate is developed. The
correlation between the coating adhesion and fracture energy of cohesive layer is investigated.
The preliminary results are evaluated.
Chapter 6 presents a 3D FE model of indentation on diamond-coated WC-Co insert
with the incorporation of coating fracture by XFEM. The FE model is first validated by
indentation testing on brittle materials from literature. Then, comparison is made between the
model with and without XFEM. Last, deposition residual stress is incorporated to study its
effect.
Chapter 7 presents evaluation of coating fracture and adhesion by scratch testing and
simulation. A 3D XFEM model with embedded cohesive layer on diamond-coated WC-Co
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insert is developed to simulate the scratch process. The model is validated by the scratch
testing results and utilized to obtain the parameters of coating adhesion and coating fracture
energy. A parametric study is conducted based on the information from the scratch testing.
The last chapter proposes the future work of this research.
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CHAPTER 2
LITERATURE REVIEW
The objective of this research is to investigate interface adhesion of diamond coated
cutting tools by the experiments of scratch tests, machining tests and finite element method.
This chapter presents a literature review of fundamentals of composite cutting process with
diamond-coated tools, acoustic emission signal in the application of monitoring of the tool
wear and failure, and indentation and scratch testing process. In addition, the principles and
applications of cohesive zone model and XFEM in FEA are also reviewed.
2.1 Diamond Coated Cutting Tools
With the development of material science technology, lightweight high-strength materials
are widely used in the application of automotive and aerospace industries, which brings
challenges to the conventional cutting tools. For example, some of the aluminum metal
matrix composites materials composed of silicon carbide (SiC) or alumina (Al2O3) are even
harder than tungsten carbide (WC), the major constituent of conventional cutting tools and
other tool materials. Looney, Monaghan, O’Reilly, and Taplin (1992) carried out a series of
turning tests by using silicon nitride (Si3N4), cubic boron nitride (CBN), and cemented
carbide tools to machine an Al-SiC metal matrix composite, and results showed that
excessive flank wear occurred to the three cutting tools, in which CBN achieved the best
performance. For the hypereutectic Si-Al alloys, the wear of cutting tools will be accelerated
due to the excessive hard particles of silicon. The apparent wear mechanism is abrasion for
both materials.
Owing to the reasons above, more and more researchers conducted a lot of study to
search the suitable materials of cutting tools, later on, they discovered and verified that only
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PCD tools and CVD diamond-coated tools could meet industrial requirements by achieving a
satisfactory tool life (Durante et al. 1997; El-Gallab et al. 1998a, 1998b).
PCD tools are usually made by distributing micrometer-sized diamond grains in a metal
matrix (binder phase), hardening and then sintering onto the tool tip. Compared to PCD tools,
CVD diamond coatings have many advantages, such as coating growth over a large area,
capability to be coated for tools with complex geometry, and low-cost fabrication. To
compare the machining performance of PCD and CVD diamond tools, experiment results
have been reported and a few studies showed that the tool life of CVD diamond tools was
comparable to that of PCD tools. Schafer et al. (1999) discovered that the CVD diamond
tools with an interlayer had shorter life than the PCD tools in machining tests on AlSi10Mg
alloys, even when no flaking of coating occurred. To improve the adhesion strength between
the coating and the substrate, Saito et al. (1993) presented a new class metal by varying the
Co content at the interface before the deposition process. The results of machining tests on
the Al-18%Si alloy testified that the evolution of flank wear for the CVD diamond tools was
similar to the PCD tools due to proper substrate pretreatment greatly improving the interfacial
adhesion. Oles, Inspektor, and Bauer (1996) found that the CVD diamond tools can meet or
even exceed the PCD tool life during machining hypereutectic Si-Al alloys and aluminum
matrix composites, where the diamond coating adhesion is enhanced by applying different
pre-deposition treatments. The machining tests on A6061/SiC/20p and A383/Al2O3/20f
conducted by Davim (2002) showed that the behavior of CVD diamond-coated tools in terms
of the cutting force was similar to that of the PCD ones before coating delamination
happened. The author also found that flank wear was the most common type of wear for
diamond cutting tools. Polini et al. (2003) indicated that a slow wear rate comparable to that
of the PCD tools in machining Al2O3 reinforced Aluminum composite could be reached by a
proper combination of the substrate microstructure, CVD process parameters, surface
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pretreatment, and coating thickness. Shen (1996) reported that during machining A390
aluminum alloy, a few types of CVD diamond coated tools attained a tool life longer than that
of the PCD tools. To compare brazed PCD tools in turning aluminum composites, D’Errico
and Calzavarini (2001) investigated the tool life of CVD diamond tools with various coating
thickness, from 20 m to 500 m. They reported that the tool life of thick CVD coating might
exceed that of PCD tools at high cutting speed and low feed, whereas thin coatings showed
inferior performance at all cutting conditions, and adhesion was a big concern for them. To
compare the mechanical properties of conventional microcrystalline diamond coating (MCD),
nano-crystalline diamond (NCD) coating tools, and PCD tools, Hu et al., (2007) conducted
experiments of machining Al-matrix composite and high-strength aluminum (Al) alloy. The
authors indicated that coating delamination is the major tool wear mechanism resulting in
catastrophic tool failures.
2.2 AE Signals in Tool Wear
The application of diamond-coated tools is greatly restricted by the adhesion between the
coating and substrate. They may suffer several types of failure, including cracks in coatings,
coating delamination, and the combination of coating fracture and delamination. Among
them, coating delamination has been considered as the major failure mode, tool substrate is
often subjected to severe abrasive wear leading to catastrophic tool failure after coating
delamination initiates. In the meantime, tool wear progresses with the work time, thus it is
possible to detect and forecast the coating delamination events by observing the tool wear and
acoustic emission signals produced during machining process.
With the progression of tool wear, different contact conditions occur at the interface of
tool-chip and tool-work, thus the AE signals are expected to show different characteristics,
which also provide possible means to monitor and identify the tool wear condition for the
coated cutting tools. Lan and Dornfeld (1982) found that during tool fracture, the AE power
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spectrum displays large amplitude at a specific frequency range. However, it is possible that
chip breakage and entanglement produce the large-amplitude burst signals. Dornfeld and Lan
(1983) reported burst AE signals are generated by tool fracture and catastrophic failure,
followed by the crack nucleation and growth inside the tool. Burst signal features a short rise
time with an exponential decay attributed to the crack propagation, which makes it dissimilar
to the continuous AE signals. Moriwaki and Tobito (1990) reported that there was an obvious
transition from burst-type to continuous acoustic emission root-mean-square (AE-RMS)
amplitude with the evolution of tool wear, and it was found that RMS value increased both in
amplitude and variation as the tool was about to fail. Somasundaram and Raman (1993)
conducted machining tests using AISI 4340 steel with four different types of coated tools and
found that AE-RMS varied with coatings and did not necessarily increase with flank wear.
Cho and Komvopoulos (1997) implemented frequency analysis for the AE signals collected
in machining AISI 4340 steel using coated tools. Their results displayed that low-frequency
continuous signals are generated by the plastic deformation in the primary and secondary
shear zones, whereas high-frequency burst-type signals are produced by coating delamination
and WC grain pull-out resulting from tool wear produced. Mukhopadhyay and Venugopal
(2006) have found that AE signal increases dramatically with the cutting speed, in addition,
the AE magnitude will increase abruptly once a specific amount of tool wear was achieved.
2.3 Experimental Study of the Interface Adhesion
There are more than 20 methods used to examine the adhesion of a hard, thin coating to a
substrate, but the majority of tests can only be used in cases where the adhesion is poor,
namely less than 100 N·mm-2. (Perry, 1983) There are only two exceptions, one is shock
wave testing and another is scratch testing. The scratch testing is the most practical method of
evaluating the adhesion of a hard, thin coating on a substrate (Bull, 1992; Ollendorf and
Schneider 1999), since it is fairly reliable, simple to use and no additional specimen
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preparation or shape is required.
The scratch test was first analyzed by Benjamin and Weaver (1960). Their results showed
that plastic deformation of the substrate was involved during the scratch test, and shearing
force was generated at the deposit-substrate. They gave a simple relationship between the
hardness of the substrate and the shearing force. Later, the model was revised by Weaver
(1970). However, the model is still limited to the specified coatings and difficult to describe
the behavior of most common coatings (Bull et al., 1988; Steinmann et al., 1985) and,
Laugier (1984, 1986) has suggested that the strain energy released can be used to model the
adhesion behavior of the coating can be modeled during the removal of the coating.
Scratch testing is conducted by drawing a spherically tipped diamond indenter over the
surface of the coating. Usually, the applied normal load is increased stepwise or continuously
until a normal load is reached at which coating failure initiates. This critical normal load is
then taken as a semi-quantitative measure of the coating–substrate adhesion, (Perry, 1983).
Generally, the scratch test is most effective when the substrate does not deform plastically to
any great extent, thus the coating is effectively detached from it and the substrate uncovering
can be used as a guide to adhesion. However, the scratch testing is difficult to be quantified.
The scratch testing, as a semi-quantitative measure, is efficient in the comparison of
adhesion in the same coating-substrate system, and it is difficult to compare the coating–
substrate adhesion for those different coating-substrate systems. In such case, Bull and Ricker
(1990) developed a widely used model to estimate the work of adhesion, based on the
assumption that the work of adhesion at the interface is equal to the energy release rate from
coating detachment and the compressive stress responsible for coating detachment is equal to
the mean contact pressure between the indenter and the coating surface. However, it has been
questioned for the validity of this model to estimate the work of adhesion (Gruss and Davis,
1999), since coating detachment releases only the elastic energy stored in the coating. Hence,
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the compressive stress in the coating should be used to calculate the work of adhesion, not the
mean contact pressure on the coating-substrate system.
2.4 FEA Study of the Adhesion for the Coating-substrate System
Finite element method (FEM) is widely employed to investigate the failure of coated
solids. The application of the finite element analysis (FEA) successfully overcomes the
difficulties in solving the complex form of analytical equations, in addition, it allows the
study of the mechanics of composite systems, including the plastic deformation process
(Michler and Blank 2001). By means of FE calculations, Komvopoulos (1989) and Sun
(1995) have studied the elastic deformation and stress field for a few typical combinations of
ceramic coatings and metallic substrates. Weppelmann (1996) has presented a mixed-mode
fracture mechanics methodology to investigate the onset of ring cracks in hard coating/soft
substrate systems as a function of the geometric and material parameters. Begley (1999) has
investigated the DLC coatings on steel loaded by a spherical indenter for a fixed ratio of
indenter radius to coating thickness, and discussed the influence of friction coefficient,
substrate yield strength and strain hardening on the surface plastic strain. In correspondence
to indentation experiments of DLC coated steel with spherical and Rockwell C indenters,
Thomsen (1998) has modeled the maximum surface stresses in DLC coatings.
One problem with FE calculation is that the specific obtained solutions are only valid for
a specific load case, geometry (layer thickness and indenter shape) and a well-defined
combination of materials. Thus, Time-consuming parameter studies are necessary for a more
general view of the problem.
During indentation process, it has been found lateral or ring crack is initiated at the
coating surface, due to the bending of the coating over the compliant substrate producing
concentrated tensile stresses (Chai and Lawn 2004). However, the mechanism for the ring
crack initiation has little connection with the adhesion strength of the interface. Most reported
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studies only concerned the fracture behavior of the coating and plasticity of the substrate,
while the interface delamination was seldom discussed.
2.4.1 Cohesive Zone Element
Conventionally, interface delamination can be formulated by fracture approaches
including crack initiation, growth, and coalescence. Barenblatt (1962) and Dugdale (1960)
first proposed the concept of cohesive zone model (CZM) to model interface delamination
and study decohesion of atomic lattices in perfect brittle materials. Later, Dugdale (1960)
extended the CZM application in plastic materials. The functions and parameters describing
the properties of the CZM vary from model to model. Needleman applied exponential and
polynomial types of traction–separation equations to simulate the particle debonding in metal
matrices (Needleman, 1987, 1990a, 1990b, 1997). Tvergaard (1990) adopted a quadratic
traction-displacement jump form to investigate the interface behavior. Tvergaard and
Hutchinson (1992) have employed a trapezoidal-shape CZM to analyze the crack growth
resistance. Camacho and Ortiz (1996) have used a linear CZM with an additional fracture
criterion to simulate the multiple cracks propagation along arbitrary paths in brittle materials
subjected to impact damage. Geubelle and Baylor (1998) have presented a bilinear CZM to
simulate the spontaneous initiation and propagation of transverse matrix cracks and
delamination fronts during low-velocity impact damage in thin composite plates.
Unlike most deposited coatings, diamond coating on elastic-plastic substrates remains
intact until delamination. So it provides a relatively simple system for finite element analysis
(FEA) to study the coupling between interfacial delamination and plasticity in the substrate.
For the application of CZM in the FEA of the interface adhesion of the diamond-coated
cutting tools, , Hu et al. (2008) conducted a numerical study by incorporating the cohesive
zone model (CZM) to characterize the behavior of the interface between diamond coating and
substrate. In addition, FE code was employed to simulate the interface delamination with
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indentation process. The results of this study showed that the delamination size marginally
increases with the increase of compressive residual stresses in the coating and decrease of the
elastic modulus of diamond coating, but decreases with the increased coating thickness for
thicker coatings.
2.4.2 XFEM
To investigate the effect of the coating crack on the interface delamination of diamond
coated cutting tools, extended finite element method (XFEM) will be employed to model the
coating fracture and crack in the model
The XFEM is a recent improvement of the conventional FEM for modeling crack growth
in structure and was first proposed by Belytschko and Black (1999). The XFEM alleviates the
shortcomings associated with meshing crack surfaces based on the concept of partition of
unity (Melenk and Babuska 1996), which introduces local enrichment functions for the nodal
displacements near the crack to allow its growth and separation between the crack faces
(Moes, Dolbow, and Belytschko, 1999). The presence of discontinuities is ensured by the
special enriched functions associated with additional degrees of freedom. However, the frame
work and properties of finite element are retained.
Unlike the tensile/shear tractions-displacements used for the CZM, XFEM uses damage
laws for the prediction of fracture based on the bulk strength and strain of the materials for
the damage initiation and failure. XFEM excels CZM in modeling crack growth, since cracks
in XFEM are allowed to grow freely within a bulk region of a material without the
requirement of re-meshing near the crack (Mohammadi. 2008).
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CHAPTER 3
ANALYSIS OF ACOUSTIC EMISSION SIGNAL EVOLUTIONS FOR MONITORING
DIAMOND-COATED TOOL DELAMINATION WEAR IN MACHINING
Abstract
Diamond-coated cutting tools have been utilized as a cost-effective alternative to
brazed polycrystalline diamond tools in applications such as machining lightweight highstrength materials (e.g. metal matrix composites). However, coating delamination is a major
failure mode of diamond-coated tools, terminating tool life prematurely. Once delamination
failure occurs, the tool substrate often suffers severe abrasive wear, leading to catastrophic
tool failures and thus interrupting machining operations. Accurate detection and forecasting
of coating delamination events may thus prevent production losses and assist process
planning. In this study, the characteristics of acoustic emission (AE) signals acquired during
machining of an aluminum matrix composite bar using diamond-coated cutting tools were
analyzed in various ways. The AE signals were analyzed in both the time and the frequency
domains under various machining conditions and at different cutting times. The results from
machining experiments and analysis indicate that it may be feasible to use AE signals to
monitor the condition of diamond-coated tools in machining. AE root-mean-squared (RMS)
values decrease considerably once coating delamination occurs. The results also indicate a
correlation between tool condition and the fast Fourier transformation (FFT) spectra of AE
raw data. The AE-FFT spectra with cutting time generally show a decreased intensity for the
low-frequency peaks, but increased intensity for the high-frequency peaks. In addition, AEFFT analysis of data from various time periods during one cutting pass clearly indicates
coating failure transition. Further research using the short-time Fourier transform (STFT)
method shows that during the coating failure pass, there is a clear increase in the amplitude
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ratio (1/value change) of the high- vs. low-frequency component with cutting time, which
captures the coating failure transition. Repeatable results indicate that the applied STFT
method has the potential for monitoring of diamond-coated tool failure during machining.
However, for coating failures associated with less tool wear (flank wear-land width <0.8
mm), the amplitude ratio plot from the STFT analysis may not clearly identify the failure
transition.
Key words: Acoustic emission, delamination, diamond-coated tool, machining.
3.1 Introduction
Synthetic polycrystalline diamond (PCD) is commonly used in industry to machine nonferrous materials because of its exceptional tribological properties. However, the processing
and fabrication of PCD tools are costly. On the other hand, diamond-coated tools created by
chemical vapor deposition (CVD) on carbide substrates have been developed and evaluated
in various machining applications (Kustas et al., 1997; Grzesik et al., 2002), for example for
machining high-strength Al–Si alloys and aluminum matrix composites. Several previous
experimental investigations have shown that coating delamination is the main mechanism
that dictates the life of diamond-coated cutting tools (Hu et al., 2008a). Once delamination
occurs, tool wear is rapid and can be catastrophic, causing parts to be rejected and possible
damage to the machine tool. Moreover, delamination events are typically difficult to predict
because of the complexity of the tool wear process. Thus, it is of interest for tool users to be
able to detect coating delamination as a means of process monitoring. Among common
sensors deployed in machining operations, acoustic emission (AE) sensors have been
evaluated to monitor tool wear.
AE refers to the transient elastic waves generated during the rapid release of energy from
a localised source within a solid. For metallic materials, acoustic emissions may be associated
with plastic deformation, initiation and propagation of cracks, and frictional contacts between
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the tool, chip, workpiece, etc. Since the late 1960s, AE has been widely used to identify
cracks in pressure vessels, bridges, hydroelectric dams, composite laminates, etc. (Beggan et
al., 1999). Among the wide range of non-destructive evaluation techniques for detecting
cutting tool conditions, AE has been recognized as a feasible method for monitoring of inprocess tool wear due to its sensitivity to tool wear (Iwata and Moriwaki, 1977). In
machining, AE signals can be easily distinguished from signals associated with machine
vibrations and ambient noise because of its high-frequency nature, for example from 10 kHz
to 1 MHz (Dornfeld and Lan, 1983).
Dornfeld’s group at the University of California at Berkeley have perhaps been the
pioneers in the study of AE signals in cutting and exploring AE applications for monitoring of
machining processes. Dornfeld and Kannatey (1980) performed orthogonal cutting tests,
varied the process parameters and recorded the AE signals generated. They noted a strong
dependence of the AE root-mean-squared (RMS) intensity on both the strain rate and the
cutting speed. Moreover, Lan and Dornfeld (1982) reported that the AE power spectrum is of
high amplitude at a specific frequency range during tool fracture. In a separate study, the
same authors reported that tool fractures and catastrophic failures generate burst AE signals
(Dornfeld and Lan, 1983).
It has also been observed that an abrupt transition of AE magnitudes may occur with
progression of tool wear (Mukhopadhyay et al., 2006). By contrast, more recently, Feng et al.
(2009) analyzed the influence of tool wear on a microgrinding process by analyzing AE
signals, and the results showed that AE-RMS signals are not monotonic with tool wear
magnitude, and thus may not be suitable for monitoring of tool wear. Haber et al. (2004)
claimed that AE-RMS signals are robust and can provide a versatile means of detecting
contact between the tool and the workpiece. In addition, it was pointed out that, from spectral
analysis of AE signals, AE signals are very sensitive to the tool condition changes, with
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increasing amplitudes at a high-frequency range, up to 160 kHz. More recently, Jemielniak
and Arrazola (2008) used AE sensors to monitor tool condition in micromilling and reported
that AE signals still show a dependence on tool wear in microscale cutting. Kanga et al.
(2008) also applied AE sensors for tool condition monitoring in machining of small-scale
parts. The authors argued that AE-RMS values can be used for tool condition monitoring.
Investigations of AE signals for tool wear monitoring of coated tools are relatively scarce,
and even fewer literature sources indicate an understanding of AE characteristics and their
relationship with the wear and failure mechanisms of coated cutting tools. Somasundaram
and Raman (1993) conducted machining tests with different types of coated tools and noted
that AE-RMS values vary with the coating type and do not necessarily increase with tool
flank wear. Moriwaki and Tobito (1990) reported that there was a transition from the bursttype to the continuous AE-RMS amplitude with the progression of tool wear. In addition, the
RMS response increased in both amplitude and fluctuation as the tool was about to reach the
end of its life. Cho and Komvopoulos (1997) performed fast Fourier transform (FFT) analysis
of the AE signals collected when machining by coated tools. Their results indicated that
coating delamination may produce high-frequency burst-type signals. Preliminary
investigations by our lab (Hu et al., 2008b; Lu et al., 2009, 2010) applied an AE sensor to
monitor coating failures of diamond-coated tools in machining. It was found that AE-RMS
changes might be noticeable reduced before and after coating failure. Moreover, the
frequency response of AE signals during machining may alter significantly before and after
coating failure. In addition, burst signals of AE-RAW (raw) data were also noted, but not
consistently. However, the results were not able to specify the failure transition period. It is
possible that the diamond coating is brittle and failures may occur during entry or exit of the
cutting tool, which may become difficult to identify by simply analyzing AE signals at
different cutting passes. Thus, monitoring coating failures, especially the failure transition,
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via AE signals remains a serious challenge with regard to coated tools during machining
operations. The primary objective of this study was to examine the AE signals produced when
using diamond-coated tools in machining aluminum matrix composites, and to correlate AE
characteristics with tool conditions, for example coating failures. This will potentially lead to
more accurate detection and possibly forecasts of coating delamination events, thereby
preventing production losses and assisting in process planning. The AE signals from different
cutting passes in machining by diamond-coated tools are analyzed in detail, for example AEFFT spectra in subdivided cutting zones and the amplitude ratio of low vs. high frequency by
using short-time Fourier transform (STFT); the results are used to correlate the characteristics
of AE signals with the tool conditions, especially coating failures.
3.2 Experimental Set-up and Approaches
The tool substrates used to deposit diamond coatings were fine-grained tungsten carbides
(WC) with 6 wt% cobalt, in the shape of square inserts (SPG422). Chemical etching
pretreatment was applied to the samples with the aim to modify the as-ground surface before
diamond deposition, improving adhesion of the coating by halting the effect of the cobalt
binder in the cemented carbide substrate. The pretreatment conditions were selected from
previous analyses. For the coating process, diamond films were deposited using a high-power
microwave plasma-assisted CVD process. A mixture of methane in hydrogen was used as the
feedstock gas. Nitrogen, maintained at a certain ratio to methane, was inserted to the gas
mixture to obtain nanostructures by preventing cellular growth. The pressure was about 30-55
Torr and the substrate temperature was about 685-830 °C. The coating thickness varied from
about 5 µm to about 25 µm, as estimated from the tool cutting edge radius measured via an
interferometer.
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Table 3.1
Diamond-coated Cutting Inserts with Different Coating Thickness Used in the Experiment
with Different Machining Parameters
Insert
A,B,C
D
E
F

Coating thickness
(μm)
15
5~10
25
25

Cutting
speed(m/s)
4
4
4
8

Feed
speed(mm/rev)
0.3
0.15
0.15
0.3

Depth of
cut(mm)
1
1
1
1

A computer numerical control lathe, Hardinge Cobra 42, was used to perform machining
experiments, outer diameter turning, to evaluate the tool wear of diamond-coated tools. The
set-up is shown in Figure 3.1(a). With the tool holder used, the diamond-coated cutting
inserts formed a 0° rake angle, 11° relief angle and 75° lead angle. The workpieces were
round bars made of A359/SiC-20p composite. The machining conditions used (e.g. cutting
speed and feed) were varied for different tools used, except a fixed 1-mm depth of cut.
Machining was conducted without coolant. Cutting inserts with different coating thicknesses
(Table 3.1) were used in several tests to analyze AE signals collected during machining by
diamond-coated tools. During machining testing, the diamond-coated cutting inserts were
inspected, after each cutting pass, by optical microscopy to examine tool wear and diamond
coating conditions, failure or not. Worn tools after testing, reaching above around 0.8 mm
flank wear-land width, were also observed by scanning electron microscopy (SEM) to
examine tool wear patterns and sizes and to confirm coating failures. In addition, cutting
forces were monitored throughout testing using a Kistler dynamometer, Model 9257B.
An AE sensor was employed to acquire data, both AE-RMS and AE-RAW, during the
entire operation of machining. The sensor used was 8152B1 Piezotron acoustic emission
sensor from Kistler, and the frequency range for 8152B1 is from 50 KHz to 400 KHz. The
Piezotron acoustic Emission Sensor could be used for measuring acoustic emission above 50
KHz due to the pass filter inside the sensor. Figure 3.1 (b) shows the frequency response for
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the AE sensor (8152B1). It can be seen, the average sensitive is kept constant for the
frequency in the range of 50~400 KHz, but weakened outside of the range.
Dynamometer
Tool holder
AE sensor
Workpiece

Cutting insert

(b)

Figure 3.1. (a) Experimental set-up in a CNC lathe showing an AE sensor mounted on the
tool holder, and (b) frequency response of AE sensor.
The signal was first fed into a coupler, Kistler 5125B, for amplification and postprocessing. The time constant for the RMS values was 1.2 ms, and the calculation was
conducted by the RMS converter inside the AE coupler according to Eq. 3.1. The resulting
AE-RAW and AE-RMS data were digitized using an IOtech high-speed DAQ3000 PCI board
at 500 kHz sampling rate per channel. In addition, MATLAB software was used to evaluate
the frequency response, using FFT analysis (Eq. 3.2), with the AE raw data at different
cutting time.
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𝜏

1

𝑈𝑅𝑀𝑆 = √𝜏 ∫0 𝑈𝐴𝐸 2 𝑑𝑡

(3.1)

where URMS is the voltage after the RMS converter, UAE is the raw data and τ is the time
constant.
(𝑗−1)(𝑘−1)

𝑈𝐹𝐹𝑇(𝑘) = 𝑎𝑏𝑠 (∑𝑁
𝑗=1 𝑈𝐴𝐸(𝑗) 𝜔𝑁

)

(3.2)

where 𝜔𝑁 = 𝑒 (−2𝜋𝑖)/𝑁 , and is an Nth root of unity, UAE(j) is the jth member of the raw data
with total length N, UFFT(k) is the voltage corresponding to the kth member after FFT
transform, and abs returns the value of the complex modulus or magnitude.
3.2.1 AE-FFT at Different Cutting Passes
To examine if quantitative information of AE-FFT evolution can be utilized to identify
coating failures, the amplitudes associated with the low-frequency peak (about 25 kHz) and
high-frequency peak (around 125–160 kHz) were recorded and analyzed for each cutting
pass. Then, the amplitude of the high-frequency component and the low-frequency
component at different cutting passes can be plotted and compared. Figure 3.2 shows an
example of the AE-FFT intensity (low and high frequencies) from the initial cutting to the
tool failure cutting pass from one of diamond-coated insert F. During machining using insert
F, the cutting tool failed around 25 s after three cutting passes.
25000

Low frequency
High frequency

Amplitude

20000
15000
10000
5000
0
0
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15
20
Cutting time(s)
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Figure 3.2. AE-FFT intensity (high and low frequencies) with cutting time for insert F.
3.2.2 AE-FFT of a Cutting Pass with four divided Subsets
The AE signals collected during the coating failure pass (confirmed by optical
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microscopy after machining) were further analyzed in details; specifically, the AE-RAW data
from the cutting pass were divided into four equal cutting periods and FFT analysis was
further performed for each AE data subset. Figure 3.3 shows the AE-FFT spectra of insert F
at each subset during the coating failure pass.

(a) First 25% cutting time

(b) Second 25% cutting time

(c) Third 25% cutting time
(d) Last 25% cutting time
Figure 3.3. AE-FFT at different time periods for insert F during the failure pass: (a) first, (b)
second, (c) third and (d) last 25 per cent cutting time of the entire machining pass.
Figure 3.4 compares the AE-FFT intensity changes along the different cutting time
subsets, both low and high frequencies, for insert F during the coating failure pass.

28

5000
4500

Low frequency

4000

High frequency

Amplitude

3500
3000
2500
2000
1500
1000
500
0
1

2

3

4

Time period

Figure 3.4. AE-FFT amplitude comparisons in the four sub-periods during the coating failure
pass of insert F.
3.2.3 STFT Method
It was further speculated that finer cutting time subsets from a cutting pass (especially
that when a significant event occurs) may be required to capture and show the coating failure
transition, and thus the AE signals from different cutting passes were further analyzed based
on the STFT approach. Similar methodologies have been applied in event-related
desynchronization by Guilleminault (1997), and Sutoh (1997). Figure 3.5 shows the
schematic of the STFT approach for one cutting pass. The procedure of this method is as
follows. First, the AE-RAW data from a cutting pass are divided into many continuous
subsets (e.g. n). Each subset has the same cutting time interval (e.g. 2 s), but overlaps with
the contiguous subset, i.e. the previous subset data (e.g. subset 2), and can be 0.1 s earlier
than the next subset (i.e. subset 1), where the 0.1 s is the time increment. Therefore, a total of
n data subsets can be extracted from one cutting pass. Next, each subset will be processed by
the FFT method, and the amplitude associated with the low-frequency peak (about 25 kHz)
and high-frequency peak (around 125–160 kHz) was analyzed and recorded for each subset
to compute the amplitude ratio of the high vs. low frequency. The amplitude ratio is then
plotted along the cutting time of a cutting pass, to hope to capture the magnitude transition
for the high-frequency component. The advantage of this method is that the transition of the
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coating failure can be tracked continuously to detect the event, which can be found by the
change of the amplitude ratio of the high versus low frequency.
Subset n

Subset 2
Subset 1

Increment

Interval

Figure 3.5. Illustration of the short-time Fourier transform (STFT) method.
3.3 Results and Discussion
In this study, machining tests were conducted first by insert F on A359 composite bars
with a cutting speed of 8 m/s, a feed of 0.3 mm/rev and 1-mm depth of cut. After failure of
insert F, AE signals, of different cutting passes, relating to the time domain and frequency
response, including RAW, RMS and FFT, were analyzed. Machining tests were further
conducted by another two diamond-coated inserts (A and B) of a different coating thickness
and machining conditions (cutting speed 4 m/s, feed 0.3 mm/rev). Inserts A and B failed at
around 6 and 10 min, respectively. The AE-FFT from different cutting passes was analyzed,
as well as that of four subsets from different cutting passes. Moreover, the STFT method was
applied to the AE signals from different cutting passes. Insert C, which had the same coating
thickness as inserts A and B, was used to test the repeatability of the STFT methodology, and
inserts D, E and F were used to test the STFT method under different machining conditions.
3.3.1 AE-RAW, RMS, FFT from a Cutting Pass
Figure 3.6 shows an example of AE-RAW signals from the initial and tool failure cutting
passes for insert A. Note that the cutting tool failed around just 352 s with a large patch of
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coating delaminated at the tool flank surface, as observed under optical microscopy, and that
AE amplitudes reduced noticeably during the cut, indicating significant events had taken

3

2

2

1
AE-RMS(V)

AE-RAW(V)

place in the tool and the tool-workpiece as well as tool-chip contacts.
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(a) Initial cutting pass

(b) Tool failure pass

Figure 3.6. Raw AE signal for insert A at: (a) initial cutting pass and (b) tool failure pass.
Figure 3.7 shows overlapping AE-RMS amplitudes between the initial cutting (first
cutting pass of 30 s) and the tool failure pass (failure occurred after 352 s of total cutting
time), clearly showing the coating failure effects on AE-RMS amplitudes.
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Figure 3.7. AE-RMS amplitude during initial cutting and tool failure pass for insert A.
To investigate whether the same phenomenon could be observed for other inserts,
machining tests were conducted on A359 workpiece by another diamond-coated insert (B).
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Figure 3.8 shows AE-RMS evolution during the coating failure pass from two identical
cutting tests (same working conditions and same type of cutting inserts). One shows a clear
failure transition (insert A, Figure 3.8a) while the other does not (insert B, Figure 3.8b).

AE-RMS(V)

AE-RMS(V)

Therefore, AE-RMS alone from machining may not be sufficient to identify coating failure.

Time (s)

Time (s)

(a) With clear failure transition (Insert A) (b) Without clear failure transition (Insert B)
Figure 3.8. AE-RMS during tool failure pass: (a) with clear failure transition period (Insert A)
and (b) without clear failure period (Insert B).
In addition, FFT analysis of AE-RAW signals was conducted. Figure 3.9 compares the
FFT spectra from the initial cutting pass and the tool failure pass for insert A. As noted in
Figure 3.9(a), i.e. initial cutting, the dominant peak appears around 25 kHz, which
presumably is associated with chip formation. The remaining low-amplitude but highfrequency components were due to tool-chip/workpiece friction, and possible fractures of the
reinforcement phase, SiC particles, in the work material. For the tool failure pass (Figure
3.9b), the amplitude of AE signals decreased significantly. If the diamond coating is removed
from the tool substrate, chip formation and fragmentation were dramatically reduced and
more energy was consumed to overcome rubbing of the substrate material against the
machined surface. However, the relative intensity changed noticeably. The amplitude of lowfrequency peaks (about 25 kHz) reduced with cutting time, but that of high-frequency peaks
(around 125-160 kHz) increased with cutting time.
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Amplitude

Amplitude

Frequency (kHz)

Frequency (kHz)

(a) Initial cutting pass
(b) Coating failure pass
Figure 3.9. FFT spectra of raw AE signals from two cutting passes of insert A: (a) initial
cutting and (b) final cutting.
3.3.2 AE-FFT from Different Cutting Passes
Two tests (using two inserts A and B) performed under identical cutting conditions were
conducted to machine the A359 matrix composite bars. Figure 3.10(a) plots AE-FFT
magnitude changes, for insert A, with cutting time for low and high frequencies, revealing a
clear failure transition. By contrast, Figure 3.10(b) plots AE-FFT magnitude changes with
cutting time for insert B (unclear failure transition), also for low and high frequencies.
Figures 3.11 and 3.12 reveal a general trend of intensity reductions with cutting time.
However, the fluctuation of the peak intensity makes specifying certain threshold values for
identification of coating failure quite difficult.
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(a) Different passes of Insert A
(b) Different passes of Insert B
Figure 3.10. AE-FFT intensity of high- and low-frequency components with cutting time for
(a) insert A and (b) insert B.
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(a) Initial cutting pass
(b) Coating failure pass
Figure 3.11. AE-FFT of insert A: (a) initial cutting pass and (b) coating failure pass.

Frequency (kHz)

Frequency (kHz)

(a) Initial cutting pass
(b) Coating failure pass
Figure 3.12. AE-FFT of insert B: (a) initial cutting pass and (b) coating failure pass.
3.3.3 AE-FFT of Subsets of a Cutting Pass
The AE signals during the coating failure pass were further analyzed in detail via AE-FFT
with the cutting pass divided into four subsets. Figure 3.13 compares AE-FFT spectra of
insert A at different cutting periods during the coating failure pass. A clear reduction in
intensity is apparent, from period 2 to periods 3 and 4.
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(b) Second 25% cutting time
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(a) First 25% cutting time

Frequency (kHz)

Frequency (kHz)

(c) Third 25% cutting time
(d) Last 25% cutting time
Figure 3.13. AE-FFT at different time periods for insert A during the coating failure pass: (a)
first, (b) second, (c) third and (d) last 25 per cent cutting of the entire pass.
Figure 3.14 plots AE-FFT intensity changes with cutting time, for both low and high
frequencies, for two inserts during the coating failure pass. For insert A, between periods 2
and 3 the low-frequency peak decreases while the high-frequency peak increases. Similar
results can be observed from another insert (B) between periods 2 and 3. However, the results
are fairly qualitative with regard to monitoring coating failure and sometimes the difference
may not be sufficiently significant to discriminate the transition. It may be difficult to identify
coating failures simply by analyzing AE signals of the cutting time subsets. A more definite
method based on time increments may be needed to capture the transition during the coating
failure pass.
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Figure 3.14. AE-FFT amplitude comparisons, between the low- and high-frequency
components, in the four sub-periods during the coating failure pass: (a) Insert A and (b) Insert
B.
3.3.4 AE-STFT Method
From the previous results, during or after the coating failure pass, the high-frequency
peak will increase while the low-frequency peak will decrease. Thus, if the amplitude ratio of
the high/low-frequency peak dramatically increases during a cutting pass, the coating failure
pass will be identified and the transition can be captured accordingly by the STFT method.
The AE-STFT method was used to analyze the AE signals from identical cutting tests for both
insert A and B. Figure 3.15 first shows the amplitude ratio of the high/low-frequency peak
with the STFT method of insert A at (a) initial cutting, (b) prior to failure and (c) failure. Note
that the change of amplitude ratios during the coating failure pass is different from those from
the other two cutting passes; a clear increase (ratio change above 1) was noted during the
coating failure pass, while only a few fluctuations were observed from the other two cutting
passes (much less than 1). The result from the coating failure pass of insert B (Figure 3.16),
however, is different from that for insert A, without any noticeable continued increase.
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(a) Initial cutting pass

(b) Prior to failure pass

(c) Failure pass
Figure 3.15. Amplitude ratio of the high/low-frequency components by the STFT method
during different cutting passes of insert A: (a) initial cutting passes, (b) prior to failure pass
and (c) failure pass.
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Figure 3.16. Amplitude ratio of high/low-frequency components by the STFT method during
coating failure passes of insert B.
By further examining the value of tool wear (Figure 3.17), it was found the flank wearland width (VB) of insert B was much smaller than that of insert A, about 0.6 mm vs.
1.7 mm. Thus, it is assumed that a certain tool wear size may exist below which actual
coating delamination or failure cannot be identified via the STFT method. If further
machining was conducted using this insert, the amplitude ratio of high/low-frequency peaks
would reproduce the clear increase see during the next cutting pass.
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Figure 3.17. Tool wear development of cutting inserts (A, B and C) with cutting time.
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3.3.4.1 Repeatability test (Insert C)
To test the assumption above with the AE-STFT method, a cutting test under identical
conditions was conducted on A359 matrix composite bars using insert C (same coating
thickness as inserts A and B, Table 3.1). Insert C failed after about 14 min of machining time.
Figure 3.17 shows tool wear, flank wear-land width (VB), with cutting time of three inserts
(A, B and C). Noticeable variation was observed. In general, the tools showed a gradual
increase in wear followed by an abrupt increase in wear-land size after one or two passes. We
conclude that, during these passes, coating delamination occurred and resulted in rapid wear
of the exposed substrate. Such tool wear behavior of diamond-coated tools can be
consistently observed, as seen from the Figure 3.17, where the tool wear of inserts A, B and C
showed a gradual increase followed by an abrupt increase.
Figure 3.18 plots the amplitude ratio of high/low-frequency peaks vs. cutting time for
insert C during the coating failure pass. It is clear that the change of the high/low-frequency
amplitude ratio during the coating failure pass is variable, with a sharp increase (value
changes over 1.5). The result is similar to that seen for insert A during the coating failure
pass.

Figure 3.18. Amplitude ratios of high/low-frequency components by the STFT method
during coating failure pass for insert C.
We conclude from the results above that if the flank wear of a diamond-coated insert
39

exceeds a certain limit (e.g. 0.8 mm VB here), there will be a sharp increase in the high/lowfrequency amplitude ratio during the coating failure pass.
3.3.4.2 Additional testing (inserts D, E and F)
To further examine the hypothesis that a sharp increase in the high/low-frequency
amplitude ratio, from the STFT method, will occur during the coating failure pass if the flank
wear of an insert exceeds a certain limit, other diamond-coated inserts (D, E and F) were used
to machine the A359 matrix composites under different conditions (coating thickness and
machining conditions). Figure 3.19 shows tool wear (VB) versus cutting time of inserts D, E
and F, which had a coating thickness different from those of inserts A, B and C. In these tests,
inserts D and E had the same machining parameters as inserts A, B and C for machining the
A359 matrix composites. The VB values of the inserts all exceeded 0.8 mm after the final
cutting pass.
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Figure 3.19. Tool wear development of inserts D, E and F with cutting time.
Figure 3.20 shows the high/low-frequency amplitude ratio obtained by the STFT method
during the coating failure pass for inserts D, E and F. The same sharp ratio increase during the
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coating failure pass was noted for all three inserts, except that insert E exhibited a decrease
followed by a notable increase.

(a) Insert D

(b) Insert E

(c) Insert F
Figure 3.20. Amplitude ratio of high/low-frequency components during the coating failure
pass: (a) insert D, (b) insert E and (c) insert F.
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Based upon the results obtained, it can be confirmed that the amplitude ratio of the highfrequency component (about 125-160 kHz) to the low-frequency component (about 25 kHz)
may be used to monitor and capture the coating failure event using the STFT of the AE raw
signals.

3.4 Conclusions
Coating delamination is the primary failure mechanism of diamond-coated cutting tools
in machining, and from a process monitoring viewpoint, it is necessary to accurately capture
the coating delamination of diamond-coated cutting tools during machining operations. In
this study, cutting experiments were designed and conducted to investigate AE signals
generated during machining of A359/SiC/20p composite bars using diamond-coated cutting
tools. AE signals were collected and analyzed thoroughly, in particular the frequency
response during a cutting pass as well as along subdivisions of the cutting pass. The intent
was to correlate the characteristics of the AE spectral components with coating delamination.
The main results can be summarized as follows.
(1) AE-RMS values decrease significantly after coating delamination in a diamond-coated
cutting tool during machining of A359/SiC-20p composites. However, in some cases,
these may not show a clear transition linked to coating delamination.
(2) Frequency analysis of AE signals indicates the transitional nature of the spectrum in terms
of both amplitude and peak distributions. This implies that the frequency response of the
AE signal may be a suitable technique to monitor the condition of diamond-coated cutting
tools in machining.
(3) The FFT spectra of AE data with cutting time generally show a decreased intensity for the
low-frequency peaks, but increased intensity for the high-frequency peaks. In addition,
the AE FFT spectra of sub-divided cutting time zones during one cutting pass may clearly
indicate the coating failure transition. However, this is rather qualitative for monitoring of
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coating failures and sometimes the difference may not be significant enough to
discriminate the transition.
(4) During a coating failure pass, there a clear increase of the amplitude ratio (value change
over 1) of the high- vs. low-frequency component with cutting time. The STFT method
has potential for monitoring of diamond coating failure in machining. However, for
coating failures associated with smaller tool wear (<0.8 mm VB), the amplitude ratio plot
from the STFT analysis may not clearly distinguish the failure transition.
Acknowledgments
This material is based upon work supported by the National Science Foundation under
Grant No. CMMI 0728228.
References
Beggan, C., Woulfe, M., Young, P, and Byrne, G. (1999). Using acoustic emission to predict
surface quality. International Journal of Advanced Manufacturing Technology, 15, 737-742.
Cho, S.S., and Komvopoulos, K. (1997). Correlation between acoustic emission and wear of
multilayer ceramic coated carbide tools. ASME Journal of Manufacturing Science and
Engineering, 119, 238-246.
Dornfeld, D.A., and Kannatey, A.E. (1980). Acoustic emission during orthogonal metal
cutting. International Journal of Mechanical Sciences, 22, 285-296.
Dornfeld, D.A., and Lan M.S. (1983). Chip form detection using acoustic emission.
Proceedings of 13th North American Manufacturing Research Conference, 386-389.
Feng, J., Kim, B.S., Shih, A., and Ni, J. (2009). Tool wear monitoring for micro-end grinding
of ceramic materials. Journal of Materials Processing Technology, 209, 5110-5116.
Grzesik, W., Zalisz, Z., and Nieslony, P. (2002). Friction and wear testing of multilayer
coatings on carbide substrates for dry machining applications. Surface and Coatings
Technology, 155, 37-45.
Guilleminault, C., Black, J., and Carrillo O. (1997). EEG arousal and upper airway resistance
syndrome. electroencephalography and Clinical Neurophysiology, 103, 11.
Haber, R.E., Jiménez, J.E., Peres, C.R. and Alique, J.R. (2004). An investigation of tool wear
monitoring in a high-speed machining process. Sensors and Actuators A: Physical 116, 539–
545.

43

Hu, J., Chou, Y.K., Thompson, R.G. Burgess, J., and Street, S., (2008). Nanocrystalline
Diamond Coating Tools for Machining High-strength Al alloys. International Journal of
Refractory Metals and Hard Materials, 26, 135-144.
Hu, J., Qin, Chou, Y. K., and Thompson, R. G. (2008). Characteristics of acoustic emission
signals in machining using diamond coated cutting tools. Proceedings of the 2008
International Manufacturing Science and Engineering Conference, MSEC2008-72507.
Iwata, K., and Moriwaki, T. (1977). An application of acoustic emission measurement to inprocess sensing of tool wear. Annals of the CIRP, 26, 21-26.
Jemielniak, K., and Arrazola, P.J. (2008). Application of AE and cutting force signals in tool
condition monitoring in micro-milling. CIRP Journal of Manufacturing Science and
Technology, 1, 97-102.
Kustas, F.M., Fehrehnbacher, L.L., and Komanduri, R. (1997). Nanocoatings on cutting tools
for dry machining. Annals of CIRP, 46, 39-42.
Lan, M.S., and Dornfeld, D.A. (1982). Experimental studies of tool wear via acoustic
emission analysis. Proceedings of the 10th North American Manufacturing Research
Conference, 305-311.
Lu, P., Chou, Y. K., and Thompson, R. G. (2009). AE single evolution in machining by
diamond coated tools. Proceedings of the ASME 2009 International Manufacturing Science
and Engineering Conference, MSEC2009-84372.
Lu, P., Chou, Y. K., and Thompson, R. G. (2010). Short-time Fourier transform method in AE
Signal analysis for diamond coating failure monitoring in aachining applications. Proceedings
of the ASME 2010 International Manufacturing Science and Engineering Conference,
MSEC2010-34305.
Moriwaki, T., and Tobito, M. (1990). A new approach to automatic detection of life of coated
tool based on acoustic emission measurement. ASME Journal of Engineering for Industry,
112, 212-218.
Mukhopadhyay, C.K., Venugopal, S., Jayakumar, T., Nagarajan, R., Mannan, S.L., and Raj,
B. (2006). Acoustic emission monitoring during turning of metal matrix composite and tool
wear. Materials Evaluation, 64, 323-330.
Somasundaram, S., and Raman, S. (1993). Acoustic emission studies while machining with
coated tools. Transactions of NAMRI/SWE, XXI, 83-94.
Sutoh, T., Yabe, H, Shinozaki, N., Hiruma, T., Sato, Y., Nashida, T., and Kaneko, S. (1997).
‘Gabor
filter’
technique
for
analyzing
event-related
desynchronization.
Electroencephalography and Clinical Neurophysiology, 103, 154.

44

CHAPTER 4
FINITE ELEMENT SIMULATION OF INDENTATION ON DIAMOND-COATED
CUTTING TOOLS
Abstract
Interface delamination and crack are the major weakness limiting diamond coating tool
performance in machining. Thus, quantitative characterizations of the interface behavior are
important to better understand and design diamond coating tools. In this study, we attempt to
apply a cohesive zone model to investigate the coating-substrate interface behavior. The
cohesive zone model is based on the bilinear traction-separation law with three characteristics
determined from the material fracture properties. The model is implemented in finite element
codes to simulate the indentation process and to analyze the crack length of diamond-coated
tungsten-carbide substrates.
The simulation results indicate the following: increasing the coating elastic modulus will
reduce the crack length due to the delay of substrate yielding; on the other hand, a thicker
coating tends to have greater resistance to the interface delamination and crack.
4.1 Introduction
As an alternative to polycrystalline diamond tools for machining lightweight highstrength materials, diamond-coated cutting tools have been widely investigated for their
superior tribological properties. However, application of diamond coated tools in machining
is restricted by several types of failure they may suffer, such as the ring and median cracks in
coatings (Chai, 2003;Miranda et al. 2003a, 2003b), the coating interface delamination (Drory
and Hutchinson, 1996; Marshall and Evans, 1984; Sanchez et al., 1999), the combination of
coating fracture and delamination, etc. Among these failure mechanisms, delamination is
believed to be the main factor which limits the performance of the diamond coating.
Optimization of the coating-substrate adhesion can help to improve the coatings resistance to
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delamination. Thus, characterization of the coating-substrate interface strength is of big
importance for the understanding and design of diamond coating tools.
Indentation testing has been used to characterize the coating adhesion since decades ago.
For hard wear-resistant coatings, indentation can be viewed as an elementary step of
concentrated loading. Mehrotra and Quinto (1985) defined the critical load to form the
Hertzian ring crack as the measurement of the coating adhesion. Later, by performing a series
of indentation with increasing loads, Jindal et al. (1987) evaluated the slope of the load-crack
length curve, and related it to an interface fracture toughness parameter. Since the review by
Page and Hainsworth (1993) on the ability of using indentation to determine the properties of
thin films, researches (Swain and Mencik, 1994; Gagchi and Evans, 1996; Kriese and
Gerberich, 1999; Wang et.al., 1998) are continuously studying in the measurement of
interfacial energy from indentation tests. However, few researches have been done on the
circumstances of hard, strong coatings on ductile substrates, like diamond coatings on
tungsten carbide (WC) substrates.
Finite element (FE) method is widely employed to study the failure of coated solids
(Chai, 2003, Micheler and Blank, 2001, Miranda, et al., 2004, Souza, et al., 2001). It has been
found that bending of the coating over the compliant substrate produces concentrated tensile
stresses at the coating surface, which initiates lateral or ring crack there (Chai and Lawn,
2004). However, the above ring crack initiation mechanism has little connection with the
adhesion strength of the interface. Most reported studies only concerned the fracture behavior
of the coating and plasticity of the substrate, while the interface delamination was seldom
discussed. The primary difficulty of analyzing the interfacial strength is the modeling of the
interface behavior.
Conventionally, interface delamination can be formulated by fracture approaches,
involving crack initiation, growth, and coalescence. Barenblatt (1962) and Dugdale (1960)
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proposed an alternative approach, which applies the concept of cohesive zone model (CZM)
to model interface delamination. Barenblatt formulated the fundamentals of the CZM as a
traction-separation law for decohesion of atomic lattices. Accordingly, the traction force
across the interface firstly increases with the separation until it reaches a maximum value,
then decreases and eventually vanishes. Figure 4.1 shows a typical type of traction-separation
law which is bilinear. The area of triangle represents the work of separation or fracture
energy. Damage initiation criteria is reached at the cohesive crack tip which is located at the
point where the displacement reaches c (a characteristic length), also where the traction
reaches the cohesive strength max. Damage evolution followed after damage initiation
describes the rate at which the cohesive stiffness is degraded once initiation criterion is
reached. Crack opening occurs once displacement reaches max (displacement at failure).
Such a model is consistent with experimental observations that the micro-mechanical process
is active in both of the forward region and the wake (Hutchinson and Evan, 2000).

Figure 4.1. A typical type (Bilinear) of Traction-Separation response.
Unlike most deposited coatings, diamond coating on elastic-perfectly plastic substrates
remain intact until delamination. So it provides a relatively simple system for finite element
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analysis (FEA) to study the coupling between interfacial delamination and plasticity in the
substrate. In this study, an enhanced cohesive zone model incorporated FE simulation was
done to model the indentation testing of diamond coated cutting tools. The objective is to
better understand the delamination mechanism of hard coating deposited on compliant
substrate under stress.
4.2 Finite Element Model
4.2.1 Physical Phenomenon Formulation
Referring to Figure 4.2 which is the indentation of an axis-symmetric coating-substrate
system, the indenter assumed to be an analytical rigid for simplification is progressively
pressed into the specimen until reaching the specified maximum load and then gradually
withdrawn from the coating surface. For the material behavior, the CVD diamond coating, is
assumed to be elastic body with the following material properties: E (elastic modulus) = 6001200 GPa and v (Poisson’s ratio) = 0.07. An elastic-plastic constitutive relation is defined as
the WC-Co substrate (Table 4.1) (Dias et al., 2006). For the element property of the coating
and substrate, they are specified to be Quad, Structured CAX4R (A 4-node bilinear
axisymmetric quadrilateral, reduced integration, hourglass control). For the interface element
property, it is defined as cohesive element, which is COHAX4 (A 4-node axisymmetric
cohesive element). The static, general analysis was conducted to simulate the loading and
unloading cycle of the indentation model.

Figure 4.2. Schematic of the indentation on a coated solid by a sphere.
Table 4.1
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Material Properties of WC-Co Substrate
E (GPa)
v
σ0 (MPa)
n
619.5
0.24
18036
0.244
σ0: Strength coefficient, n: Strain hardening exponent, σy: Yield strength.

σy (GPa)
5.76

4.2.2 Interface Behavior Modeling
Geubelle and Baylor (1998) have utilized a bilinear CZM to simulate the spontaneous
initiation and propagation of transverse matrix cracks and delamination fronts in thin
composite fronts in thin composite plates subjected to low-velocity impact. The tractionseparation relations for the interfaces are such that with increasing interfacial separation, the
traction across the interface lineally reaches a maximum, then decreases linearly and
eventually vanished permitting a complete decohesion. The traction-separation under pure
tension and pure shear are plotted in Figure 4.3.
Tn
σmax

Tt
τmax

δc

δn

δt

Figure 4.3. (a) Normal traction Tn as a function of the normal separation △n for △t=0, (b)
shear traction Tt as a function of the shear separation △t for △n=0.
The interfacial constitutive relations for the bilinear CZM are given below:
For δn>0,
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 max 1   
  1   c n

(   c )
(4.1)
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Where σmax and τmax are interface normal and tangential strength, respectively; δc is
interface characteristic length parameter; △cn and △ct are the critical normal and tangential
separations at which complete separation is assumed; and δn, δt and δ denote the nondimensional normal, tangential and total displacement jumps respectively, defined by
n

(4.4)
,  t  ct ,    n2   t2
c
n
t
The normal (n) and tangential (t) works of separation per unit area of interface are

n 

given by (Chandra et al., 2002)

n   max cn / 2, t   max ct / 2,

(4.5)

4.2.3 Cohesive Zone Parameter Determination
In the model above, the cohesive zone model can be characterized by three parameters:
σmax, τmax and δmax.
In the study, the cohesive zone parameters were idealized as material constants
determined by 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 tungsten carbide. It has been confirmed by modeling the
deformation and failure of spot-welded joints using a cohesive zone model and found that the
normal strength of the nugget was close to the measured ultimate strength of the bulk
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material of the strips.
In Grujicic’s work (2001), the normal work of separation is related to the Mode I critical
stress intensity KIC by the following equation:

En
(4.6)
1  2
In Grujicic’s literature, KIC of WC was taken as 3.5 MPa·m0.5 ,since n   max cn / 2, the
K IC 

normal strength σmax and characteristic length △cn are dependent on each other and only one
needs to be determined. σmax was determined to be 543MPa by matching the stress-strain
curves between the FE simulations and experiments for the single phase WC. Thus δmax was
1.4135 μm. Assuming the shear work of separation has the same value as the normal work of
separation, in addition, the upper bound estimate of τmax by σmax/30.5 was adopted in this
study, thus both of τmax and △ct can be determined.
In the study, quasi-static finite element computations are unable to converge to an
equilibrium solution, which terminates the calculation and makes it impossible to the postinstability behavior; therefore a small viscosity is introduced in the constitutive equations for
the cohesive interface to avoid such numerical difficulties (Gao and Bower, 2004).
The parameters of CZ for diamond coated WC-insert is shown in Table 4.2.
Table 4.2.
The Cohesive Zone Parameters for Diamond-coated WC Insert
E/GPa
2.088

G/GPa
0.299

σmax/MPa
543

τmax/MPa
314

Fracture energy(J/m2)
383.77

Viscosity factor(ξ)
1E-5

4.3 Results and Discussion
4.3.1 Convergence Test for Indentation on a 2D Diamond-coated Tool
For the tested 2D indentation model, the indenter has a tip radius of 50 µm, and the
diamond coated tool has a coating thickness of 30 µm. In this converge test, three
specifications of mesh density in coating thickness direction, element size of 5 μm, 3 μm, and
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2μm are investigated. The maximum loading displacement is 6 µm. The maximum principal
stress and maximum equivalent plastic strain in the coating substrate system are compared
after completely unloading. The normal traction at the interface is also examined for the
model with different mesh density.
Figure 4.4 displays the normal traction (S22) component result of the 2D indentation
model for three different element size, 5, 3 and 2 μm. From the contours, it could be observed
that the stress distribution and magnitude in the three models are very close to each other.

2
1

(a) 5 μm
(b) 3 μm
(c) 2 μm
Figure 4.4. Normal traction (S22) of the coating substrate system after completely unloading
for the model with different element size (unit: 1000 GPa).
A quantitative comparison is made for the results of coating delamination size, maximum
principal stress and equivalent plastic strain in the models when the indenter is fully
unloading from the coating surface. Table 4.3 shows the results of coating delamination size,
maximum principal stress and equivalent plastic strain for the model with different mesh
densities. It can be seen that the results of coating delamination size are very similar.
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Table 4.3.
Maximum Principal Stress and Equivalent Plastic Strain under Different Mesh Densities
Element size/μm
5
3
2

Max principal stress/GPa
1.742
1.728
1.723

Max equivalent plastic strain
0.1111
0.1117
0.1119

Figure 4.5 plots the ratio of the maximum principal stress and equivalent plastic strain
from the three models with the reference value, which is valued from the model with element
size of 2 μm. The model with 5 μm and 3 μm result in 1.1% and 0.3% of maximum principal
stress, as well as 0.7% and 0.2% of maximum equivalent plastic strain from the reference
value, respectively.
Max principal stress comparison
1.1

1.0

0.8

0.7

0.6

0.8

0.4

0.6
0.4
0.2

Max. equivalent plastic strain comparison
Ratio of difference(%)

Ratio of difference(%)

1.2

0.3
0.0

0.0

0.0
2

0.2

0.2
0.0
2

3
5
Mesh density/μm

3

Mesh density/μm

5

Figure 4.5. Comparison with the reference value of element size of 2 μm in regard to (a)
maximum principal stress, and (b) maximum equivalent plastic strain.
Figure 4.6 shows the plots for the normal traction vs. the distance at the interface for the
models with different element size. The distance starts from the axis of symmetry to the end
of the substrate, which is 300 µm in length. It is found that the curves in the plot coincide
with each other.
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Normal traction(1000GPa)

6.00E-04
5.00E-04
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4.00E-04
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3.00E-04
2.00E-04
1.00E-04
0.00E+00
0

50

100

150
200
X Distance(µm)

250

300

Figure 4.6. Normal traction at the interface after complete unloading for the model with
different element size
Based on the discussion above, the results for the model with element size of 5 μm yields
nearly the same results with 2 μm, therefore, the model with element size of 5μm is adequate
and chosen as the consistent consideration in this study.
4.3.2 Model Testing
To validate the model, a study of indentation on diamond coated WC-Co (R.Polini et al.,
1999) substrate was introduced. The Indentation tests were performed using a Volpert
Rockwell hardness tester with a conic diamond indenter (cone angle of 120°, and a tip radius
of 0.2 mm). The diamond coated cutting insert with film thickness of 15μm was tested by
applying loads of 20, 30, 40, 60, and 100Kg at the diamond indenter. The experiment
reported the crack radius of the interface under various loading force. For the simulation,
using the literature data (Jianwen et al., 2008), cohesive zone parameters was the same as
before. The FE model simulated the crack radius under various loading force and the result
was compared with the experiment in Figure 4.7. The comparison results showed that the
simulation and experiments have the same trend of loading force effects and are in the same
order of magnitude. Though the relative difference is 116% in average, considering the
complexity of the interface mechanics between coatings and substrate and experiment
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limitations, the trend and order of magnitude comparisons showed reasonable agreement.
400

Crack radius(μm)

Experiment
FEA

300

200

100

0
0

20
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60

80

100

120

Load(Kg)

Figure 4.7. Comparison between FEA and experimental results for crack radius with the
coating thickness of 15 μm under various loading force.
Another test carried out by Liang (2008) is also introduced to validate the cohesive zone
model, FEA results with two different indenter radii of 50 μm and 200 μm are showed in
Figure 4.8. The radius of the indenter doesn’t have a very significant effect on the crack
radius under loads less than 60Kg, what’s more, the FEA results of crack radius fit quite well
with the test of NCD tool under such lower loading force, the FEA results showed some
difference with the test under higher loads as 100Kg. The relative difference is 30.2% for
crack radius in average for simulation using a 200μm radius indenter and 38% for a 50μm
radius indenter comparing to the experimental results MCD, since the interface properties are
affected by the deposition process and substrate conditions, the parameters used in the CZM
seems more reasonable for MCD. From the two cases of comparison, the cohesive zone
model developed here is reliable and of reasonable approximation to the study considering
the experiment limitation and the complexity of the interface mechanics.
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Figure 4.8. Comparison for crack radius between experimental and FEA results with different
radius of indenter under various loading force.
4.3.3 Typical Example
The ABAQUS 6.8-1 CAE operation is employed to conduct the indentation simulation
for the coating-substrate specimen with cohesive zone (ABAQUS Inc., 2008). The substrate
length is made sufficiently long to ensure that the ratio of sphere radius to substrate length is
small enough in order to simulate the actual indentation working condition. In this example,
the indenter is pressed 6μm downward; in addition, Figure 4.9 (a) illustrates the normal
traction (S22) of coating-substrate system when the indenter is fully loaded and Figure 4.9 (b)
shows the normal traction (S22) of coating-substrate system when the indenter is completely
withdrawn from the coating surface. In these two pictures, the substrate yielding initiates
under the interface due to the finite strength of the interface.
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(a) Fully Loading

(b) Complete Unloading

Figure 4.9. Example of plastic behavior in a coating-substrate system during indentation
(unit: 1000GPa).
Figure 4.10 illustrates the zoomed in view of normal separation at the interface after fully
unloading. For the crack length, it starts from the axis of symmetry with the initial crack
keeping increasing and the crack tip propagate toward away from the axis of symmetry to
form a circular ring crack. In Figure 4.10, the highlighted specified dimension is the
magnitude of crack length and in our study, and the crack length is measured from the axis of
symmetry to the end of the element cracked area, where the element does not actually exist.
Additionally, highlighted oval-shape sign represents the undamaged cohesive elements which
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still sticks on the interface between the coating and substrate. In this case, it means that these
cohesive elements do not experience the whole process of damage initiation and damage
evolution phase, the area of which equals the fracture energy, hence, these cohesive elements
phenomenologically exist and will not vanish.

Crack Length

Undamaged cohesive elements
Figure 4.10. Stress contour of normal separation at complete unloading (unit: 1000GPa).
Figure 4.11 shows the plot for the normal traction vs. the distance at the interface. This
distance starts from the axis of symmetry to the end of substrate, which is 300 μm in length.
In this graph, the peak traction, which is specified in the plot and the magnitude of which is
543 MPa, represents the location of the cohesive tip and as indicated, the traction value
begins to decrease while the value reaches the instantaneous normal strength. In addition, it
also shows that delamination starts from the axis to the area away from axis because in the
element cracked area, the stress value is equal to 0, which means that these elements totally
fail and experience the fracture phase due to its finite strength and larger indentation depth.
Another phenomenon deserves attention and discussion is that if the indention depth is
controlled with a small value, the cohesive elements along the interface will not crack or
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experience the fracture phase because the indenter loading is not large enough.

Normal traction (103Gpa)

0.0006

Peak Traction = 543MPa
0.0005
0.0004
0.0003
0.0002
0.0001
0
0

50

100

150

200

250

300

350

X Distance (μm)
Figure 4.11. Normal traction at the interface after complete unloading.
Figure 4.12 shows the above described condition that no cohesive elements fails or
vanishes. In this case, the indenter is pressed to 4μm downward.

Figure 4.12. No cracked cohesive element along the interface (unit: 1000GPa).
In Figure 4.13, the relationship between the maximum indentation loading and crack
length has been studied. Result shows a non-linear relationship between maximum
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indentation loading and crack length. The model is also employed to study the coating
property effects on the crack length and Table 4.4 shows the range of coating parameters
studied.
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Figure 4.13. Load vs. crack length (E=1200Gpa, t=30 μm).
Table 4.4
Range of Parameters Studied

Elastic modulus, E(GPa)
Coating thickness, t(μm)

600-1200
3-50
4.3.4 Coating Attribute Effects

Effect of coating elastic modulus on the interface delamination is shown in Figure 4.14.
The maximum load of each case hereafter is kept as 120 N. As shown, the delamination size
decrease almost linearly with the increase of coating elastic modulus. Elastic modulus
represents the ability of a material to resist elastic deformation. The larger elastic modulus,
the harder a material is to deform. During the loading process, under the same load, coatings
with larger elastic modulus suffer less deformation and smaller stain. The permanent plastic
deformation generated in their underneath substrate is thus also smaller. When it comes to
unloading process, delamination generated at coating/substrate interface will also be smaller
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because smaller resistance comes from the recovery. Our previous simulation by using
ANYSY also demonstrates the same regularity (Hu et al., 2008).

Crack length (μm)

20
15
10
5
0
400

600

800

1000

1200

Coating elastic modulus(GPa)

Figure 4.14. Effect of coating elastic modulus on interface delamination (t=30 μm).
The effect of the coating thickness on interface delamination is plotted in Figure 4.15.
The maximum loading for each case is also kept as 120 N. For coatings with 40 and 50 µm,
no delamination occurred at coating/substrate interface. Literature reports that the critical
load to initiate delamination usually increases with the coating thickness (Huang et al., 2004).
The applied load (120 N) is probably too small to initiate delamination for 40-50 µm
coatings. For coatings with 5-40 µm thickness, with the decreasing of coatings thickness, the
delamination size increase noticeably. However, further decreasing coating thickness to
smaller value (<5 µm in this study), a reverse regularity was shown. This is because, when
coating thickness is larger than a certain value, the thinner the coating, the easier for it to
deform, the larger plastic deformation will be generated in substrate, and hence the larger the
delamination size. When coating thickness is too thin (<5 µm in this study), it is not so
evident that coatings' deformation ability increases with the decrease of thickness. The
opposite effect may occur.
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Figure 4.15. Effect of coating thickness on delamination size (1200GPa, E).
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4.4 Conclusions
The delamination of the coating plays a significant role in the tool fracture for diamond
coated inserts, and therefore it is important to investigate the mechanical behavior of the
interface of diamond-coated inserts. In this paper, a cohesive zone model is introduced to
model the interface between diamond coatings and tungsten carbide substrates. A bilinear
CZM in finite element analysis has been employed to characterize the constitutive relation of
the interface. The loading and unloading results well suit the indentation experiments for the
diamond coated inserts, which proved that the bilinear CZM can well describe the fracture
mechanism of the coatings. For the same coating thickness of 30 μm, the effect of indentation
loading force on delamination size has been investigated, results showed the relationship
between indentation loading force and delamination size was non-linear, and the minimum
indentation loading force to initiate the interface delamination was about 110N. The effect of
coating elastic modulus on interface delamination has also been studied under the same
indentation loading force, and results indicated the delamination size decreases almost
linearly with the increase of coating elastic modulus. To research the effect of the coating
thickness on interface delamination, finite element analysis under the same indentation
loading force has been carried out, no delamination occurs at coating/substrate interface for
coatings with 40 and 50 µm. For coatings with 5-40 µm thickness, the delamination size
increases noticeably with the decreasing of coatings thickness. However, further decreasing
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coating thickness to a smaller value (<5 µm in this study) would result in a reverse regularity.
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CHAPTER 5
INTERFACE CHARACTERIZATIONS OF DIAMOND-COATED TOOLS BY SCRATCH
TESTING AND SIMULATIONS
Abstract
In this study, micro-scratch tests were conducted on diamond-coated tungsten-carbide
substrates to investigate coating adhesion. During the scratch testing, high intensity acoustic
emission (AE) signals can be clearly detected when the coating delamination occurs. It is also
found that the tangential force increase gradually with the normal force, but fluctuates
significantly when the critical load of coating delamination is reached. A three-dimensional
(3D) finite element (FE) model with a cohesive-zone interface was developed to simulate the
scratch process, and by comparing with the delamination critical load from the experiment,
the interface characteristic length, the maximum strength and the fracture energy can be
obtained. The preliminary results indicate that it is feasible to use the FE simulation
combined with scratch tests to evaluate the coating interface behaviors.
5.1 Introduction
Applying hard coatings such as diamond on cutting tools is a novel approach for
enhancing the tool lifetime and improving the machining performance because of diamond’s
exceptional tribological properties. Comparing to synthetic polycrystalline diamond (PCD)
tools, which are commonly used in the manufacturing industry, diamond-coated tools can be
more cost-effective, also flexible in various tool geometries and sizes, e.g., micro-scaled drills
(Hu et.al., 2007). However, in machining applications, diamond coating delamination remains
the primary wear mode that often results in catastrophic tool failures (Lu et al., 2009; Qin et
al., 2009). Coating delamination is due to insufficient adhesion between the coating and
substrate and excess thermo-mechanical loads from services such as machining. Different
substrate surface treatments have been developed to enhance diamond coating adhesion. On
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the other hand, reliable methods to characterize the coating interface behaviors are necessary
in order to quantitatively compare the adhesion of differently treated diamond-coated tools,
and to further optimize interface approaches.
There have been several techniques used to examine the adhesion performance of
coatings (Perry, 1983). Micro-scratch testing is one of the most practical methods of
evaluating the adhesion of a hard and thin coating on a substrate (Bull, 1992; Ollendorf, and
Schneider, 1999), since it is reliable and simple to perform with no special specimen shape or
preparation required. Adhesion is measured when a critical normal load is reached at which
coating failure occurs. Assuming that the failure is an adhesive mode, this critical load is
considered as a measure of the coating–substrate adhesion strength (Jaworski, et al., 2008;
Nakao, et al., 2007). During micro-scratch testing, a spherical indenter tip slides over the
surface of the coating to generate a groove under an incremental or constant normal load. The
tangential force can be measured during the test and the morphology of the scratches is
typically observed simultaneously or afterwards. When the average compressive stress over
an area in the coating exceeds a critical value, the coating detaches from the substrate to
lower the elastic energy stored in the coating while subject to the loading (Liu, Yang, et al.,
2009). The work of adhesion at the interface between the coating and substrate is equal to the
energy release rate from coating detachment and this rate is a function of the mean
compressive coating stress over the detaching area at the instant of detachment. Thus, the
critical average compressive coating stress responsible for the detachment could be a measure
of coating–substrate adhesion. However, diamond coatings are very brittle. While a coating
may withstand compressive stresses induced by the indenter to a certain extent, it may
fracture if a high tensile or shear stress field is induced simultaneously, in particular, at the
interface such as delamination (Xie, and Hawthorne, 2002).
The objective of this study is to better understand the adhesion characteristics of
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diamond-coated carbide tools using together micro-scratch testing and finite element
simulations. The critical load for coating delamination and the corresponding process signals
were focused. In addition, a three-dimensional (3D) finite element (FE) model was developed
to simulate the scratch process, with emphasis on the interface characteristics, and to evaluate
the adhesion between the coating and the substrate.
5.2 Experimental Details
For the diamond-coated specimens, the substrates were made of cobalt cemented
tungsten carbide (WC-Co) with 6% Co and submicron carbide grains. Before the coating
process, the substrates were cleaned and chemically etched, using the Murakami agent, to
remove the surface cobalt. Diamond films were deposited, conducted by University of South
Florida, on the pre-treated inserts by a hot filament chemical vapor deposition (HFCVD)
system (Blue Wave Semiconductors) using a CH4/H2 gas flow ratio of 0.05 (5.0 SCCM CH4
flow rate), pressure of 20 Torr and about 800 °C substrate temperature, and a filament voltage
of 85V in a two filament arrange. The deposition time was 9 hours and resulted in a coating
thickness around 4.5 µm. The surface roughness of the samples was measured by a
profilometer and was about 0.38 µm Ra. The as-received coated samples were cleaned by
solvent in an ultrasonic bath before scratch testing. A Micro-scratch tester from CSM
Instruments, model Micro-Combi, was used for the experiments at the room temperature. The
diamond indenter had a tip radius of 50 µm. The scratch speed was 2 mm/min with the
progressive loading method. The scratch length for each test was 5 mm. During the scratch
test, tangential forces, acoustic emission (AE) signals, and the depth of the scratched track
were acquired. A KEYENCE digital microscope (VHX-600X) was used to observe the
scratch tracks and delamination areas after the test. In addition, a white-light interferometer
(WLI) was used to acquire the morphology of scratch grooves. To determine the critical load
of the tested diamond-coated tools, scratch tests were carried out with a progressive load. In
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addition, different maximum normal forces were applied to examine the loading rate effect.
Figure 5.1 shows the overall images of 5 scratch grooves at the corresponding load (1: 10 N,
2: 15 N, 3: 20 N, 4: 25 N and 5: 30 N). A few very light rubbing marks were noted on the
sample surfaces. However, they did not appear to affect the scratch response based on the
forces data collected. In addition, the Indenter tip was also checked after each scratch and
show slight increase in the tip diameter and very little visible damage.

Figure 5.1. Digital microscopic images of scratch grooves on the sample.
5.3 Scratch Process Simulations
In order to study the interface behavior, a 3D FE model was developed to study the
scratch response of diamond-coated carbides by using ABAQUS 6.8. A half model was used
because of the symmetry of the problem. The geometric model of the specimen shown in
Figure 5.2 (a) was 3000 µm in length and 200 µm in width, which was smaller than the actual
sample size in order to be computationally efficient. The thickness of the diamond coating
and the carbide substrate were 4 µm and 60 µm, respectively. The diamond indenter had a tip
radius of 50 µm and was assumed rigid because of its relatively larger size compared to the
coating. Figure 5.2 (b) shows the details of the geometric model around the indenter. The
smallest mesh size underneath the indenter was 0.6 µm for the coating and 5.0 µm for the
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substrate. Further, a cohesive layer with zero thickness was included to model the mechanical
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μm

behavior of the interface between the coating and the substrate.

3000 μm

(a)Overall model
μm

Coating

Indenter

60 μm

4 μm

50
R=

Substrate

Cohesive Zone

(b) Details around the indenter
Figure 5.2. 3D FEA model for the scratch test: (a) overall model, and (b) details around the
indenter.
The materials of the specimen, both the coating and the substrate, were modeled as an
elastoplastic solid with isotropic hardening. According to the Ramberg-Osgood law, the
stress-strain relation can be described as
𝜎=
where 𝜀𝑦 =

𝐸𝜀

{ 𝜎 ( 𝜀 )𝑛
𝑦 𝜀
𝑦
𝑦

𝐸

𝜀 ≤ 𝜀𝑦
𝜀 ≥ 𝜀𝑦

,

, and the strain-hardening exponent is generally in the range of 0 to 0.5 (Xu,

and Li, 2005). The yield strength of WC-6wt%Co has been reported in the range of 1.45 to
5.76 GPa (Mittal, 2001), and the averaged value, 3.61 GPa, was assumed in this study. Other
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properties of the carbide substrates are identical to those in a previous study (Renaud et al.,
2009). The yield strength and hardening exponent of the diamond were obtained by the
method proposed by Suresh (Giannakopoulos and Suresh, 1999; Ramamurty et al., 1999,
Venkatesh et al., 2000) using the experimental data from nanonindentation testing on
diamond coatings (Chowdhury, 2004). In this study, the elastic modulus of the coating was
assumed as 1200 GPa, and other properties of the coating and substrate are listed in Table
5.1. As the coating surface roughness will affect the contact condition during scratching
(Deueler et al., 2002), the frictional coefficient was set as 0.1 to account for the coating
surface roughness. The cohesive zone properties such as the maximum normal strength and
characteristic length were derived from a previous study (Hu, Chou, and Thompson, 2008),
and nominally, 543 MPa maximum normal strength, 1.41 µm characteristic length and 384
J/m2 fracture energy density. The interface properties would later be adjusted to approximate
the critical load observed from the experiments. During simulations, the spherical indenter
was first pressed downward in contact with the coating, and then slid along the surface of the
coating, at a speed of 500 µm/s, with a linear increase in depth, and the sliding distance was
500 µm. The final load was about 15 N. At the end, the slider was raised upward until fully
unloaded.
Table 5.1
Properties of the Substrate and Coating for the Diamond-coated Cutting Tools
Part
Substrate
Coating

Material
WC-6
wt. % Co
Diamond

Elastic
modulus/GPa

Poisson’s
ratio

Yielding
strength/GPa

Hardening
exponent

619.5

0.24

3.605

0.244

1200

0.07

26.7

0.23

5.4 Results and Discussion
As an example (20 N maximum load), Figure 5.3 shows the AE signal and tangential
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force (Ft) vs. the applied normal load (Fn) during the scratch test. From the figure, it is
observed that the tangential force increases smoothly when the normal force is less than 4.3
N, but varies considerably once the load exceeds 4.3 N. It is also noted that an abrupt
amplitude increase of AE signals (at Spot 1) appears at the load around 4.3 N, followed by a
series of continuous high-amplitude AE peaks. This implies coating delamination initiation
occurred around 4.3 N.
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Figure 5.3. Acoustic emission (AE) and tangential force (Ft) vs. normal load (Fn) for a
maximum load of 20 N.
After testing, the scratched groove was observed in the digital microscope at 500X.
From the relation between the load and the scratch distance, the location corresponding to the
high force variation (at Spot 1) can be calculated and verified whether coating delamination
has initiated at that point. Figure 5.4 (a) shows the digital microscopic image at Spot 1 and
the corresponding normal load is around 4.3 N. It can be clearly confirmed that at such a
force, coating delamination has initiated, visibly exposing the substrate layer of WC, near
Spot 1. Figure 5.4 (b) shows the digital microscopic image at the end of the scratch test. It is
shown that coating delamination continued, once initiated, to the end of the final load, with
an increased delamination width.
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(a) Spot 1 around 4.3 N

(b) End of the scratch
Figure 5.4. The digital microscopic images of (a) Spot 1 around 4.3 N, and (b) the end of the
scratch for scratch test under maximum load of 20 N.
Using the approach described earlier, the corresponding critical load of delamination
for every scratch condition (different maximum loads) can be estimated. It is found that the
critical load of delamination initiation is around 4 to 6 N for all tested loads, indicating that
the delamination critical load is not sensitive to the load rate applied in the experiment. Thus,
it can be concluded that the evaluated diamond-coated substrates with a coating thickness of
4 µm has a delamination critical load in the range of 4 to 6 N. Note that the studied sample
was form a trial condition, and thus, the critical load value does not necessarily represent
common diamond-coated carbides.
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(a) 3D morphology
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Figure 5.5. WLI analysis of scratch track at 3 mm scratch distance for 20 N maximum load,
showing coating delamination: (a) 3D morphology, and (b) 2D profile analysis.
The white-light interferometer has also been used to obtain quantitative geometric
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information of the scratched tracks. Figure 5.5 (a) shows a 3D surface topography of part of
the scratched track, at about 3 mm distance from the beginning (corresponding to 12 N for
the 20 N maximum load). It shows coating delamination propagated outward. Figure 5.5 (b)
is the 2D profile analysis of the scratched track at the same location. It is estimated that the
delamination width is about 88 µm and the depth of the track is about 7 µm.
In the FE simulations, the ideal cohesive zone properties, estimated from the substrate
toughness and obtained from a previous study (Hu, 2008), were first tested. For the current
study, to approximate the critical load measured from the experiments, it needs to point out
that the cohesive-zone properties were adjusted (1/3 of the upper-bound fracture energy and
characteristic length). The cohesive-zone characteristics were estimated to be 0.43 µm
characteristic length and 117 J/m2 fracture energy density, which may be used to represent
the interface property related to the delamination behaviors. Such interface characteristics
may be utilized to evaluate the adhesion performance of different diamond-coated tools.
Moreover, the interface characteristics may be incorporated into thermo-mechanical
simulations of different processes that diamond-coated tool may be further subject to, e.g.,
machining.
Figure 5.6 shows (a) the maximum principal stress and (b) the equivalent plastic strain
in the coating-substrate specimen at the onset of coating delamination. It can be observed that
high compressive stresses, around 20 GPa, occurred in the coating near the slider and the
maximum equivalent strain is 0.082. Moreover, high tensile stresses appear in the wake of the
slider. The corresponding load at this location and this instant is about 4 N, and the
delamination has just initiated, to be shown next.
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64 μm

200 μm

(a) Maximum principal stress (unit: 1000 GPa)

(b) Equivalent plastic strain
Figure 5.6. (a) Maximum principal stress (unit: 1000 GPa) and (b) Equivalent plastic strain at
the onset of delamination.
Figure 5.7 illustrates the normal stress distribution in the cohesive-zone layer at
different times: (a) initial scratch, (b) onset of delamination and (c) end of scratch. At initial
scratching, though the normal stress of some cohesive-zone elements has reached the
maximum normal strength (543 MPa), the damage evolution has not completed to result in
the cohesive zone failure. Thus, the interface is still intact. On the other hand, at around 4 N
of normal load, the cohesive-zone layer has shown some damage initiated (Figure 5.7 (b));
the normal separation of some cohesive-zone elements has reached its characteristic length
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(0.43 µm). Figure 5.7 (c) shows a large delamination area (the area where elements
disappear) at the end of the scratch simulation. The coating delamination area has spread in

200
μm

both the sliding and transverse directions.

(a) Initial scratch

(b) Onset of delamination

(c) End of scratch
Figure 5.7. Cohesive zone stress distribution (unit: 1000 GPa) at the interface: (a) initial
scratch, (b) onset of delamination, and (c) end of scratch.
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Figure 5.8 further shows the cohesive-zone behavior (normal stress vs. normal
separation) traced along the scratch time at two different locations, specified in Figure 5.8 (a).
Figure 5.8 (b) is for a location where the interface remains attached. The normal stress is first
compressive when the slider is approached to that location and quickly changes to tensile and
reaches the interface maximum normal strength. Then, the stress is reduced in a short time,
but with the normal separation increased. Finally, as the slider moves away from this
location, the stress is reduced, so is the separation, but does not return to zero at the end. On
the other hand, Figure 5.8 (c) is for a location where the interface has been delaminated. The
normal stress vs. separation curve follows the typical traction-separation behavior and the
normal separation has reached the length characteristic and resulted in the interface failure.
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Figure 5.8. Normal stress vs. separation behavior along the scratch time: (a) plot to indicate
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locations of different stress-separation curves, (b) location without delamination, and (c)
location with delamination.
5.5 Conclusions
Scratch testing was conducted on diamond-coated WC-Co substrates using a microscratch tester. During the scratch tests, the normal force, the tangential force, the acoustic
emission signals and the penetration depth were acquired. After the tests, the scratch tracks
were also observed in a digital microscope and analyzed by a white-light interferometer.
Moreover, to characterize the interface mechanical behavior, a 3D FE model including a
cohesive-zone interface was developed to simulate the scratch response of diamond-coated
carbides. The results are summarized as the following:
(1) Coating delamination can be clearly detected by AE signals. It was observed that the
abrupt AE peak jumps followed by several continuous AE high-amplitude peaks are
associated with coating delamination. The critical load can also be confirmed from the
delamination-onset location and the load-location history.
(2) The delamination critical load of the tested diamond-coated WC tools was in the range of
4 to 6 N, which has been confirmed by repeated tests. In addition, the critical was not
sensitive to the loading rate in the range applied in this study.
(3) From the FE simulations, the interface of the tested diamond-coated carbide substrates
has 0.43 µm characteristic length and 117 J/m2 fracture energy density. The interface
characteristics can be used to represent the interface properties related to coating
delamination. Thus, it is feasible to use the developed FE model, combined with scratch
tests, to obtain coating interface characteristics, which may be further applied to evaluate
the adhesion performance of different diamond-coated tools.
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CHAPTER 6
INTERFACE DELAMINATION OF DIAMOND-COATED CARBIDE TOOLS
CONSIDERING COATING FRACTURE BY XFEM
Abstract
Interface delamination is the major failure mode of diamond-coated carbide tools in
machining. On the other hand, coating cracking is possibly accompanied during a tribological
process that induces the delamination phenomenon. However, such an influence between the
two failure behaviors has not been investigated in a quantitative way to better understand and
design diamond coating tools.
In this study, a three-dimensional (3D) indentation model combining cohesive
interactions and extended finite element method was developed to investigate the diamondcoating, carbide-substrate interface behavior with the incorporation of coating cracking. The
cohesive interaction was based on a cohesive zone model with a bilinear traction-separation
law. XFEM was applied to the coating domain to model cracking in the diamond coating with
a damage criterion of the maximum principal stress. Deposition stresses were also included to
investigate their effect on the coating delamination and fractures. The model was
implemented in finite element codes to analyze the cone crack in brittle coatings, as well as
the interface delamination of diamond coated carbide tools. The XFEM model was validated
by the indentation testing data from literature in crack initiation and propagation in brittle
materials. FE results from the indentation on diamond-coated tools show that the interface
delamination size and loading force become smaller when coating fractures are incorporated
in the model, and the deposition stresses will increase the initial crack radius and the critical
load for delamination in diamond coatings.
6.1 Introduction
Chemical vapor deposition diamond coatings have been applied in machining of
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composite materials (such as fiber reinforced polymers) and nonferrous alloys (such as
aluminum, copper, and magnesium) (Karner, et al., 1996). However, insufficient adhesion
between diamond coatings and substrates, typically cobalt cemented tungsten carbides (WCCo), may result in coating delamination, which is the major obstacle for the widespread
adoption of CVD diamond-coated tools. On the other hand, it is possible that the fracture of
brittle diamond which will result in the crack initiation and growth that influence the coating
delamination behavior, and yet the deposition-induced residual stresses in a diamond-coated
carbide may also impact the interface adhesion strength (Reineck, et al., 1993).
Indentation testing has been commonly used to characterize the coating adhesion since
decades ago. For hard wear-resistant coatings, indentation can be viewed as an elementary
step of concentrated loading. Mehrotra and Quinto (1985) defined the critical load to form the
Hertzian ring crack as the measure of coating adhesion. Later, by performing a series of
indentation with increasing loads, Jindal et al. (1987) evaluated the slope of the load-crack
length curve, and related it to an interface fracture toughness parameter. Since the review by
Page and Hainsworth (1993) on the ability of using indentation to determine the properties of
thin films, Studies (Swain and Mencik 1994, Gagchi and Evans 1996, Xu et al., 2007, Gomez
et al., 2012) have been continuously advanced in the measurement of interfacial energy from
indentation test. Xu et al. (2007) conducted Rockwell indentation tests on the diamond-coated
WC-Co substrates with Cr/CrN/Cr multi-interlayer system to study the coating adhesion.
Gomez et al. (2011) investigated the coating adhesion of CVD diamond coated WC-Co tools
also using Rockwell indentation testing. The interface delamination is always associated with
the coating cracking when a diamond-coated tool fails. However, few researchers have
considered the effect of the coating fracture. To better understand the adhesion of diamondcoated carbide tools, it is essential to investigate interface delamination by simultaneously
considering the coating fracture phenomenon when subject to indentation loads.
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The extended finite element method was first introduced by Belytschko and Black (1999).
It is an extension of the conventional finite element method based on the concept of partition
of unity by Melenk and Babuska (1996), which allows local enrichment functions to be easily
incorporated into a finite element approximation. XFEM has been used to model some
applied mechanics problems after its development. XFEM is very useful for the estimation of
multiple cracks propagation in indentation simulations, with or without pre-cracks defined,
and it is independently defined from the existence of any predefined crack or its propagation
path without alternating the finite element mesh. Quasi static crack propagation in 2D and 3D
by using XFEM were introduced by the work of Daux et al. (2000). Combescure's group
(2007) investigated dynamic fracture of brittle materials by XFEM. Bao et al. (2012)
simulated the initiation and propagation of cone crack in vacuum glazing units by using
XFEM numerical model.
This study aims at better understanding the interface adhesion and coating fractures of
diamond-coated carbide tools by developing the FE simulation of indentation on a diamondcoated carbide. XFEM was introduced to investigate the cone crack in the diamond coating,
and a coating-substrate interaction based on a cohesive zone model was embedded to
investigate the interface delamination.
6.2 Approach and Methodology
Finite-element based numerical methods have been widely employed to study the failure
of coating-substrate systems (Chai, 2003, Souza, et al., 2001). Bending of the coating over
the compliant substrate will produce concentrated tensile stresses at the coating surface,
yielding lateral or ring crack, as well as coating delamination. Further, the interface
interaction between a coating and a substrate, based on cohesive zone models, can be used to
simulate the coating delamination, while XFEM is proposed to be employed in simulating
crack initiations and propagations in a diamond coating.

84

6.2.1 Cohesive Zone model and Cohesive Interaction
Interface delamination can be formulated by introducing CZM, which involves a crack
initiation, growth, and coalescence. Barenblatt (1962) formulated the fundamentals of the
CZM as a traction-separation law for decohesion of atomic lattices. Accordingly, the traction
force across the interface firstly increases with the separation until it reaches a maximum
value, then decreases and eventually vanishes. Figure 6.1 shows a typical bilinear tractionseparation law. The area of the triangle represents the work of separation or fracture energy. A
damage initiation criterion was reached at the cohesive crack tip which is located at the point
where the displacement reaches max (a characteristic length); meanwhile, the traction reaches
the cohesive strength max. Therefore, a damage evolution follows describing the degrading
rate of the cohesive stiffness once the initiation criterion is reached. Crack opening occurs
when the displacement reaches c (displacement at failure). Such a model is consistent with
the experimental observations that the micro-mechanical process is active in both of the wake
and forward region (Hutchinson and Evans, 2000).

Damage initiation
Damage
evolution
Failure

Figure 6.1. An example of interface traction-separation response.
The surface-based cohesive behavior modeling is an implementation of tractionseparation response. It has the same principle as cohesive element modeling based on the
CZM. A typical stress-strain relation is generally linear-elastic in the first part and then
degrades until the material fully fails. Three typical models have been used to describe the
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post-damage process of a traction-separation including a bilinear model, an exponential
model, and a trapezoidal model. In this study, the bilinear traction separation model was used
for the cohesive interaction. Comparing to the conventional cohesive element method, it is
defined as a surface interaction property, and is primarily intended for a situation in which the
interface thickness is negligibly small. The delamination width will be measured to evaluate
the adhesion between a coating and a substrate.
6.2.2 XFEM
To simulate cracking in a diamond coating, enriched elements were applied to the coating.
The enrichment functions for the elements typically consist of a near-tip asymptotic function
that captures the singularity around the crack tip and a discontinuous function that represents
the jump in the displacement across the crack surfaces. The approximation for a displacement
vector function u with the partition of unity enrichment is in the form of (Moes, Dolbow and
Belytschko, 1999):
𝑗
2
4
𝑢 = ∑𝑁
𝑖=1 𝑁𝑖 (𝑥)[𝑢𝑖 + 𝐻(𝑥)𝛼𝐼 + ∑𝑙=1 ∑𝑗=1 𝐹𝑙 (𝑥)𝑏𝑖𝑙 ] (6.1)

where N is the number of nodes in the mesh; Ni(x) is a usual nodal shape function for the
nodal i; ui are the usual degrees of freedom (DOFs) for the node i. α i and bil are the DOFs
associated with the Heaviside “jump” function H(x), with value 1 above the crack and below
the crack. The asymptotic crack tip function for an isotropic elastic material, Fl(x), can be
given as:
𝜃

𝜃

𝜃

𝜃

𝐹𝑙 (𝑥) = [√𝑟𝑠𝑖𝑛 2 , √𝑟𝑐𝑜𝑠 2 , √𝑟𝑠𝑖𝑛𝜃𝑠𝑖𝑛 2 , √𝑟𝑠𝑖𝑛𝜃𝑐𝑜𝑠 2] (6.2)
where (r, θ) are the local polar coordinates at a crack tip.
The formulae and laws that govern the behavior of XFEM-based cohesive segments for a
crack propagation analysis are very similar to those used for cohesive elements with the
traction-separation constitutive behavior. The available traction-separation model in certain
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software such as ABAQUS assumes initially a linear elastic behavior followed by the
initiation and evolution of damages. Unlike cohesive elements with a traction-separation
behavior, it is not required to specify the undamaged traction-separation behavior in an
enriched element. Figure 6.2 shows the typical traction separation response for the enriched
element.

Figure 6.2. Typical (a) linear, and (b) nonlinear traction-separation response for XFEM
(Dassault Systèmes Simulia, 2011).
In this study, an XFEM module integrated in the FE software, ABAQUS, will be
implemented in the coating to analyze the crack initiation and propagation, while a cohesive
interaction between the coating and the substrate will be employed to simulate the interface
delamination.
6.3 Finite Element Model Implementation
A 3D FE model has been developed to study coating cracking and interface delamination
and implemented using ABAQUS 6.11. A one-quarter model is utilized because of the
symmetry of the geometry and loading. The geometric model of the specimen shown in
Figure 6.3(a) is 300 μm in radius. The thickness of the diamond coating and the carbide
substrate are both 30 μm. The diamond indenter is assumed to be rigid with a tip radius of 50
μm. Figure 6.3(b) displays the details around the indenter: the coating part is divided into two
separated regions, and XFEM elements are assigned to the regions individually, which will
help avoid the interaction of multiple cracks formed at the opposite corners of the model.
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XFEM cracks will be used to study crack initiations and growths in the coating. The property
of the interaction between a coating and a substrate is selected as a surface-based cohesive
behavior, which will be used to study interface delamination.

XFEM 2

XFEM 1

Surface based cohesive
behavior
Coating
Substrate

(a)

(b)

Figure 6.3. 3D FE model for indentation process: (a) over all model, and (b) details around
the indenter.
Figure 6.4(a) shows the boundary conditions of the indentation model; the bottom surface
of the carbide substrate is completely fixed, and the left surface of the coating and substrate is
symmetric about the XY plane, while the right surface of the coating and substrate is
symmetric about the YZ plane. Figure 6.4(b) shows the geometric model after meshing. An 8node linear brick (C3D8) element was used to mesh the coating and substrate, which will
avoid the hourglass effect for the problem associated with large deformations. The smallest
mesh size was 0.7 μm for the coating and the substrate.

(a)

(b)

Figure 6.4. (a) Boundary conditions of the model; (b) Meshes on a diamond-coated carbide.
The coating material, diamond, was modeled as an elastic solid, and cracks for a brittle
diamond coating will be initiated when the maximum principle stress in the coating reaches
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the critical value, obeying the traction-separation law, with a mixed mode behavior of power
law (power=1). Thus, the combining effects of normal and shear modes will be considered.
For the properties of diamond coatings, typical values were assigned: elastic modulus
E=1200GPa, Poisson’s ratio υ=0.07. The fracture toughness of CVD diamond coatings has
been reported between 5 and 13.5MPa*m½ (Telling and Field, 1999). Using the data of elastic
modulus and Poisson’s ratio in the literature, the fracture energy of CVD diamond coatings
could be calculated by the following:
∅𝑛 = 𝐾𝐼𝐶 2 /𝐸 (6.3)
This yields a fracture energy for CVD diamond coatings between 24 J/m2 to 172 J/m2,
with the mean value of 98 J/m2, used in the numerical analysis for both the normal and shear
modes, considering they are equal. A damage stabilization value of 0.0001 for the cohesive
crack and the damping factor of 0.0001 in the static step were specified to improve the
convergence.
The carbide substrate was modeled as an elastoplastic material with isotropic hardening
obeying the Ramberg-Osgood law, elastic modulus E=619.5 GPa, and Poisson’s ratio υ=0.24,
yield strength σy=3.605 GPa, and hardening exponent n=0.244 (Lu, et al., 2011).
The frictional coefficient between the indenter and the coating surface was set as 0.1. The
interface cohesive zone properties between the coating and the substrate such as the strength
and characteristic length were derived from a previous study (Hu, et al., 2008) with property
values as: 543 MPa maximum normal strength, 1.41 μm displacement of failure, 384 J/m2
fracture energy density for normal mode, and 314 MPa maximum shear strength.
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6.4 XFEM Model Validation
6.4.1 Example Description
To validate the model with XFEM for crack predictions, indentation test on brittle
materials (fine grained Al2O3 and soda-lime glass) conducted by Zeng et al. (1992) and Yan et
al. (2007), respectively, were used. Figure 6.5(a) shows the schematic of an axisymmetric
problem of indentation on a brittle material associated with a cone crack, where a is the crack
length measured, and θ is the angle between the cone crack and the specimen surface. Figure
6.5(b) displays the optical micrograph of the cone crack after sectioning the specimen.

(a)

(b)
Indenter

Crack

Figure 6.5. (a) Schematic of indentation on a brittle specimen and associated crack, and (b)
Optical micrograph of the cone crack after sectioning the whisker composite specimen (Zeng,
1992).
Table 6.1 below shows the material properties for the sample of fine grained Al2O3 and
soda-lime glass (Zeng, 1992). The materials in the example were assumed to be semi-infinite
and linear-elastic with perfect plasticity, a good approximation for brittle materials.
Table 6.1.
Mechanical Properties for Fine Grained Al2O3 and Soda-lime Glass
Material
E/GPa Tensile strength/Mpa υ
KIC/Mpa*m0.5
Fine grained Al2O3(Zeng, 1992)
370
200
0.22 3.77
Soda-lime glass(Yan, et al., 2007) 70
19.3~62
0.22 0.8
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6.4.2 Testing Configuration and Results
The fine grained Al2O3 specimens had a thickness of 3.0 mm with a grain size about 5
μm. The WC-6%Co sphere indenters used in the test were 2 and 5 mm diameter, with an
elastic modulus of 614 GPa and a Poisson's ratio of 0.22. The indentation experiments were
performed on a universal testing machine with a load above the critical load for the formation
of a complete ring crack. The load on the Al2O3 specimen was ranged from 700 to 1120 N,
and 250 to 410 N for the soda-lime glass sample. After testing, a group of cone cracks were
observed, and the crack length of the cone cracks, as well as the cone crack angle θ were
measured in the sectioning.
It was measured from the micrographs that the angle between the cone crack and the
specimen surface was about 26o for Al2O3 and 22o for soda-lime glass. Table 6.2 shows the
experimental result of the cone crack length in soda-lime glass specimens under different
loads. From the results, it can be seen that the cone crack length generally increased with the
increased load, though the crack length had some variations at higher loads.
Table 6.2.
Hertzian Indentation Results for Soda-lime Glass Samples (Yan, et al., 2007)
Load/N
254.8
259.0
305.2
305.8
328.3
328.8
343.0
358.4
359.7
377.1
392.0
402.7

Crack length/µm
342
387
510
512
566
575
597
577
606
712
649
825

The fracture energy of the fine grained Al2O3 and soda-lime glass samples can be
calculated by the equation mentioned previously, which yields 38.7 J/m2 and 9.14 J/m2,
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respectively. The maximum principal stresses for the materials were assumed the same as the
tensile strength. The tensile strength of soda-lime glass is normally in the range of 19.3 MPa
to 62 MPa, and in this study, the value of 20 MPa and 33 MPa was used, respectively.
6.4.3 XFEM Results
FE of 2D indentation on Al2O3 and soda-lime glass samples were conducted under the
load identical with the indentation experiments shown in Table 2. The indenter was assumed
to be rigid due to its high yield strength comparing to the sample. Figure 6.6 shows the cone
crack contour when fully unloading with a load of 810 N on Al2O3 and 254 N on soda-lime
glass, respectively. The cone angle between the crack and the sample surface was measured
after the FE simulation was completed. For the soda-lime glass, the crack angle is 29o and 25o
for the tensile strength of 33 MPa and 20 MPa, respectively. It can be seen that the FE results
for soda with tensile strength of 20 MPa is closer to the experiment results. For Al2O3, the FE
result of the crack angle is around 31.6o, very close to the analytically calculated angle
(~33o), but not in a close agreement with the experimental observations (26o). Yoffe (1986)
proposed the explanation of the difference between the analytical and experimental results of
the cone angle. The release of the tensile stress occurs when the ring crack opens and may
alter the adjacent elastic field, and hence, the crack will not extend along the stress path in the
un-cracked material, rather will follow the new stress direction.
(a)

(b)

Figure 6.6. Crack contour after completely unloading for the material of (a) Al2O3, and (b)
soda-lime glass (σmax,p=33 MPa).
Figure 6.7 compares the FE (from this study) and experimental (from literature) results of
the crack length vs. load for the soda-lime glass. It can be noted that for the maximum
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principal stress of 20 MPa, the FE result fits quite well with the testing data at higher loading
force from 350 N to 400 N, while showing some difference for the loading force less than
300 N. The relative average difference is 16.7% for the maximum principal stress of 20 MPa.
For the soda-lime glass with critical strength of 33 MPa, the FE results of crack length match
well when the loading force ranges from 250 N to 300 N. However, the FE results do not
agree well with the test when the loading force is bigger than 350 N. The relative average
difference is 16.0% for the glass with critical strength of 33 MPa. Since the critical strength is
affected by the manufacturing process, the critical strength of 20 MPa seems more reasonable
for soda-lime glass considering the crack length and angle. From the detailed comparison, the
XFEM model developed for cracking in brittle materials is of reasonable approximation
considering the experimental limitation.

Experiment

FEA, σmaxp=20MPa

FEA, σmaxp=33MPa

Crack length/μm

800

600

400

200
250

300

350

400

Load/N

Figure 6.7. Results of crack length vs. indentation load for FE and experiments (soda-lime
glass).
6.5 Results and Discussion
6.5.1 Typical Example
The indentation simulation on the diamond-coated carbide with cohesive interactions and
XFEM was conducted using ABAQUS 6.11. In this presented example, the indenter was
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pressed 10 µm downwards from the coating surface. Figure 6.8(a) shows the maximum
principal stress contour in the system after fully unloading, showing a conical crack observed
in the diamond coating. Figure 6.8(b) shows the equivalent plastic strain in the system, with a
maximum plastic strain of 0.22 observed in the substrate underneath the indenter.
(a)

(b)

Figure 6.8. (a) Maximum principal stress (unit:1000 GPa), and (b) equivalent plastic strain in
a diamond-coated carbide cutting tool after fully unloading.
Figure 6.9 displays the cone crack development at different important occasions including
the crack initiation, crack reaching the interface between coating and substrate, fully loading
and unloading. It can be seen that cone crack initiated from the coating top surface at the load
of 0.87 N with a crack radius of 6.97 µm, then propagated toward the interface with increased
loads, and reached the interface at the load of 19.5N. It is also noted that the delamination of
the cone crack increased during the unloading process.

(c)
(a)
(b)
(d)
Figure 6.9. The crack contour when (a) crack initiated at load of 0.87 N, (b) crack reached the
interface at load of 19.5 N, (c) fully loading, and (d) fully unloading.
Figure 6.10 displays the contact opening and pressure at the interface after fully
unloading from the displacement of 10 µm, it can be clearly seen that contact opening has
exceeded the δc---the displacement at failure for the cohesive interlayer, indicating that
coating delamination has occurred, and the coating delamination radius is 14.5 µm. The
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contact pressure on the interface shows that the value within the radius of 14.5 µm center is
zero, which confirms that coating delamination has been initiated and propagated under such
a load displacement.

(a)

(b)

Unit: µm

Unit: 1000GPa

Figure 6.10. (a) Contact opening, and (b) pressure at the interface after fully unloading.
6.5.2 Model without XFEM
To investigate the effect of XFEM on the simulation results, the FE indentation model
developed was used for a diamond coated carbide cutting tool with the same setup but
without XFEM included.
Figure 6.11(a) shows the maximum principal stress in the model when fully unloading
from the displacement of 10 µm for the model without XFEM. Figure 6.11(b) shows the
equivalent plastic strain in the system, a maximum value of plastic strain of 0.26 is observed
in the substrate, which is larger than the model with XFEM (0.22). For the model with XFEM
in diamond coating, part of the energy induced during the loading process will be consumed
during the crack initiation and propagation in coating, and thus, the deformation of the
substrate will be smaller than the model without XFEM. For the model without XFEM, the
larger elastic deformation in the substrate will yield larger coating delamination size.
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Unit: 1000GPa

(b)

(a)

Figure 6.11. (a) Maximum principal stress, and (b) equivalent plastic strain in the diamond
coated insert when fully unloading from the displacement of 10 μm.
Figure 6.12 shows the load vs. displacement of the indenter during indentation
simulations for the model with and without XFEM. The max load for the model without
XFEM is around 92 N, which is 15N larger than the maximum load for the model with
XFEM (~77 N). For the model with XFEM, enriched element in coating will result in the
fracture with crack initiation and growth, which makes the coating less stiff than the coating
without XFEM.

Model with XFEM

Model without XFEM

Load/N

100
50
0
0

2

4

6

8

10

Displacement/µm

Figure 6.12. Load vs. displacement for the indentation model with and without XFEM.
Figure 6.13 displays the contact opening and pressure at the interface after fully
unloading. The interface delamination radius is 22.4 µm, which is 7.9 µm larger than the
model with XFEM. As argued earlier, for the model with XFEM in diamond coating, part of
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the energy induced during loading process will be released in crack initiation and
propagation, thus less energy will be used to initiate interface delamination, resulting in a
smaller delamination size.

Unit: µm

Unit: 1000GPa

(b)
(a)
Figure 6.13. (a) Contact opening, and (b) pressure at the interface after fully unloading for the
model without XFEM.
6.5.3 Residual Stress Incorporation
For diamond coatings deposited on carbides by CVD, the residual stress in the coating
and substrate is inevitable. The residual stress is largely caused by the mismatch of thermal
expansion coefficients (TEC). Xu et al. (2007) reported the total residual stress in the
diamond coating could reach 1.8 GPa for the coating thickness larger than around 10 µm. It is
essential to incorporate the residual stress in the studied indentation model for adhesion
evaluations. In this section, the focus is the thermal residual stress due to the mismatch of
CTE. Before the indentation simulation, a deposition stress analysis was performed to a
diamond-coated carbide with a coating thickness of 30 µm, cooling from the temperature of
800 oC to room temperature of 25 oC. The radius of the coating/carbide piece was 6.4 mm and
the substrate’s thickness is 3.2 mm to approximate the actual size of diamond-coated tools.
Figure 6.14 shows the stress distribution in the diamond-coated carbide after cooling,
Biaxial, uniformly compressive stress around 2.83 GPa is observed in the diamond coating
away from the edge, which is consistent with the results from Hu (2007), and biaxial,
uniformly tensile stress around 0.1 GPa exists in the substrate close to the interface. It is
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found that the level of residual stress in the substrate is negligible compared to the stress in
the coating.

Unit: 1000 GPa

11-X direction
22-Y direction
Unit: 1000 GPa

(b)
(a)
Figure 6.14. Stress distributions in a diamond-coated carbide after cooling from 800 oC.
Indentation simulation with a displacement of 10 µm was then conducted on the model
subject to the deposition stress analysis. The loading process was divided into two steps, in
which, a load displacement of 7.5 µm was loaded in the first step, followed by 2.5 µm
displacement in the second step. In the second step, the crack growth is not allowed to avoid
the smashing cracks due to the limitation of ABAQUS. It is assumed that no other cracks
except the cone crack will appear in the process. Figure 6.15 shows the STATUSXFEM
contour of the model when loading at different displacements. It can be noted that the crack
has been completely formed at the end of the first loading step with the displacement of 7.5
µm, and the cone crack has reached the interface, and the crack will not propagate further.
Therefore, it is reasonable to disable the crack growth for the enriched elements in further
loading process.
(b)

(a)

(c)

Figure 6.15. The Status XFEM contour for the diamond coating when loading with
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displacement of a) 7.5 μm, b) 10 μm, and c) completely unloading.
Figure 6.16 shows the cracked element adjacent to the interface at different
displacements, it is found that the crack delamination size will increase from 0.2 μm to 0.4
μm when the load displacement increased from 7.5 μm to 10 μm. During unloading process,
the crack open size also has an increase from 0.4 μm to 0.6 μm.

(a)

(c)

(b)

Figure 6.16. Crack contour of the cracked element near the interface in coating at the
displacement of a) 7.5 μm, b) 10 μm, and c) after fully unloading.
Figure 6.17 shows the indentation force along with the displacement on the indenter for
the one-quarter model with residual stresses embedded in the coating-substrate system. The
maximum force is 70.1N, which is smaller than the model without residual stress (77N). The
plasticity of the substrate plays an important role in the load-displacement response; the
tensile residual stress in the substrate makes the carbide yield earlier, which will decrease the
force under the same load displacement.
Without residual stress

With residual stress

100

Force/N

80
60
40
20
0
0

2

4
6
Load displacement/μm

8

10

Figure 6.17. Load vs. displacement for the indentation model with and without residual
stresses.
The crack initiated at a load of 2.56 N with crack radius of 7.96 µm. The critical load and
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crack radius are larger than the model without residual stress (0.87 N and 6.97 µm). This may
be attribute to that the compressive residual stress in diamond coatings relieves the maximum
principal stress level in the radial direction, and thus, a greater force may be required to reach
the critical maximum principal stress for crack initiations.
The coating delamination radius is around 14.5 μm after unloading for the model with
residual stress, which is slightly larger than the delamination radius (11.3μm) for the model
without considering the deposition residual stress. The result is consistent with previous
studies conducted by Hu et al. (2007).
6.6 Conclusions
In this study, a 3D FE simulation of indentation on a diamond-coated WC-Co carbide
cutting tool is developed to study the interface adhesion with the consideration of coating
fractures by XFEM. Cohesive interactions were employed to model the mechanical behavior
of the coating-substrate interface based on a bilinear cohesive-zone law. To simulate coating
fractures, XFEM with a damage criterion of maximum principal stress was adopted to model
crack initiations and propagations in a diamond coating. The XFEM model was first validated
using indentation testing data of brittle materials from literature, and then comparisons were
made between the model with and without XFEM. In addition, deposition residual stresses
were incorporated in the study to investigate the effect on coating delamination. The results
are summarized as follows.
(1) XFEM is suitable to simulate cracking in a brittle material during indentation. Based
on the experimental data from literature, the FE simulations are of reasonable
approximation to the crack angle and crack length from indentation testing.
(2) The interface delamination radius and the indentation force decrease if XFEM is
incorporated in the coating under the same indentation depth. The reason is that
coating fractures weaken the strength of diamond.
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(3) Comparing to the model without residual stress, the model considering deposition
residual stresses shows increases in the initial crack radius and in the critical load for
diamond coating factures. In addition, the compressive residual stresses in diamond
coatings resulted from the deposition process will increase the delamination radius.
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CHAPTER 7
INTERFACE DELAMINATION OF DIAMOND-COATED CARBIDE TOOLS
CONSIDERING COATING FRACTURE BY SCRATCH TESTING AND SIMULATION
Abstract
Interface delaminations and coating cracks are the major failure modes of diamondcoated carbide tools in machining. To study any influence to each other between the two
failure modes, micro-scratch testing on diamond-coated carbide tools was conducted with
normal and tangential forces as well as acoustic emission signals recorded to detect coating
delaminations and crack initiations. Scratched samples were observed by optical microscopy
after testing to determine the associated critical load of delaminations and cracking
initiations. In addition, a 3D finite element model was developed to simulate the scratch
process using cohesive elements and the extended finite element method (XFEM) for
delamination and coating fracture behaviors. The cohesive elements are based on a bilinear
traction-separation cohesive zone model. XFEM is applied to model crack behavior in
diamond coatings with a damage criterion of maximum principal stress.
The results indicate that the critical load for coating crack initiations increases almost
linearly with the increased coating thickness, while decreases linearly with the increase of
coating elastic modulus. Moreover, the interface fracture energy has a negligible effect on the
critical load for coating crack initiations, so does coating cracking on the critical load for
coating delaminations, indicating the two failure modes are almost uncoupled. From the
simulations and experiments, it is estimated that the coating fracture energy of the samples
tested in this research is from 140 to 252 J/m2, and the interface fracture energy is from 87 to
192 J/m2.
Keywords: Diamond-coated carbide tools, scratch testing, delamination, XFEM, cohesive
zone model
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7.1 Introduction
7.1.1 CVD Diamond-Coated Tools and Failure
The application of hard coatings such as CVD diamond coating on tungsten carbide
inserts has attracted much interest in the advanced cutting tools due to its high hardness and
strength, low friction coefficient, and chemical stability, etc. (Karner, et al., 1996). Many
researchers have studied the wear mechanism of CVD diamond coated inserts. Oles et al.,
(1996) discovered that the abrasive wear on the flank face was the main wear mechanism of
the CVD diamond coated insert. Except for the normal wear of CVD diamond coating, the
application of diamond coated tools in machining is also limited by several types of failure,
such as the cracks in coatings (Chai, 2003), the coating interface delamination (Sanchez et al.,
1999), and the combination of coating cracks and delaminations, etc.
The main obstacle for the widespread application of CVD diamond-coated tools is the
insufficient adhesion between diamond coatings and substrates, which results in coating
delamination. The fracture of the brittle diamond is believed to be mainly responsible for the
cracks in the coating before coating delamination, and the high deposition-induced residual
stresses in the diamond-coated tools may also degrade the adhesion strength of diamond
coating (Reineck, et al., 1993). For CVD diamond-coated tungsten carbide inserts, Polini
(2000) concluded that the presence of Co in the hard metal leads to a non-diamond carbon
layer formation at the substrate surface, resulting in poor coating quality and weak coating–
substrate adhesion
7.1.2 Scratch Testing
Several methods could be used to examine the adhesion of coatings (Perry, 1983). Since
scratch testing is reliable, simple to perform, and there is no requirement for special specimen
shape or preparation, it becomes one of the most useful techniques for obtaining comparative,
rather than absolute, values of adhesion strength for hard coatings on a compliant substrate
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(Barnes, 2012). This is because it is reliable, simple to perform, and there is no requirement
for special specimen shape or preparation. Scratch testing is also a good way to monitor the
coating crack. Stebut (1999) found there is a clear correlation between high-energy AE pulses
and cracking failure. Provided that the coating failure is adhesive, adhesion is measured when
a critical load is reached at which failure occurs. This critical normal load is taken as a
measure of the coating–substrate adhesion (Jaworski, 2008). The same situation applies for
the measurement of the critical load for coating crack, however, evaluation of the critical load
for brittle coating cracking failure by AE alone was shown to be insufficient (Meneve, 1997),
making it necessary to use standard metallographic microscopy prior to validation of such online diagnosis.
Figure 7.1 shows the schematic image of a scratch test on a coated specimen. During
scratch testing, a spherical indenter tip slides over the coating surface to generate a groove
under incremental normal loads. The tangential force is measured during the test, and the
morphology of the scratches can be observed simultaneously or afterwards. When the mean
compressive stress over an area in the coating exceeds a critical value, the coating cracking
failure that first occurs is associated with high-energy AE pulses (Barnes, 2012). If further
increasing normal load, the coating detaches from the substrate to lower the elastic energy
stored in the coating (Liu, 2009). Coating cracking failure occurs when the work of brittle
failure in the coating is equal to the energy release rate from coating crack, and the
corresponding critical load when failure occurs could be a measurement of the coating
fracture. The work of adhesion at the interface between the coating and substrate is equal to
the energy release rate from coating detachment, and this rate is a function of the mean
compressive coating stress over the detaching area at the instant of detachment. Thus, the
critical mean compressive coating stress and corresponding normal load responsible for the
detachment could be a measure of coating–substrate adhesion. On the other hand, diamond
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coatings are very brittle. While a coating can withstand compressive stresses induced by the
indenter to a certain extent, it may fracture if a high tensile or shear stress field is induced
simultaneously, in particular, at the interface such as delamination (Xie, 2002).

Figure 7.1. A schematic illustrating a scratch test on a coated specimen (http://www.pvdcoatings.co.uk/scratch-adhesion-tester.htm).
7.1.3 XFEM
Enriched elements will be applied to the coating in order to model crack behavior in
diamond coatings. The enrichment functions for the elements typically consist of the near-tip
asymptotic functions and a discontinuous function. The asymptotic functions are employed to
capture the singularity around the crack tip, and the discontinuous function represents the
jump in displacement across the crack surfaces (Moes, Dolbow and Belytschko, 1999).
Usually, an XFEM crack analysis includes crack domain, crack growth, initial crack
location, enrichment radius, contact interaction property, and damage initiation. Crack
domain includes regions that contain any existing cracks and regions in which a crack might
be initiated and propagate. The crack growth refers to the crack propagation along an
arbitrary, solution-dependent, or stationary path, and the initial crack is optional.
7.1.4 Objectives and Approaches
The objective is to better understand the adhesion of diamond-coated carbide tools
considering coating fracture by micro-scratch testing. The critical load for coating crack,
interface delamination, and the corresponding process signals were focused. In addition, a 3D
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finite element (FE) model with integrated XFEM module by using ABAQUS will be
implemented in the coating to analyze the crack initiation and propagation, while cohesive
interaction between coating and substrate will be employed to study the interface
delamination. A parametric study will also be conducted to investigate the effects of coating
attributes, including coating elastic modulus, coating thickness, coating fracture energy and
interface fracture energy, on the coating cracks and delaminations.
7.2 Experimental Details
7.2.1 Sample Details
The specimens were CVD diamond-coated tools with the substrates of co-cemented
tungsten carbide (WC-Co) and submicron grains, 6% Co, shown in Figure 7.2, with coating
thickness from 5 µm (sample D1) to 25 µm (sample C4).

~3.2mm

Rake surface

WC-Co substrate

Diamond coating

Figure 7.2. Schematic of the diamond-coated cutting tools.
7.2.2 Scratch Test Setup and Data Acquisition
A Micro-scratch tester from CSM Instruments modeled the Revetest® Scratch Tester
(RST), shown in Figure 7.3 (a), was used for the experiments at room temperature. The
maximum load limit of this machine is 200 N. Figure 7.3 (b) displays the details of the
sample during scratch testing. The diamond indenter with a tip radius of 100 µm was utilized.
The scratch speed was 6 mm/min with scratch length at 3 mm. During the scratch test,
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tangential forces, acoustic emission (AE) signals, and the depth of the scratch were acquired.
A microscope camera model UEye UI of 2220C and Nikon E Plan 20x/0.40 ∞/0 WD 3.8
were used to observe the scratch traces and delamination areas on the samples after testing. In
order to determine the critical load of coating crack and delamination for the tested diamondcoated tools, scratch tests were carried out with a progressive load method.

Indenter
Sample

Figure 7.3. (a) CSM instrument RST Revetest scratch tester, and (b) sample during testing.
7.3 Scratch Process Simulations

Figure 7.4. (a) Assembly and (b) meshes of the scratch model.
A 3D finite element model has been built to study the micro-scratch test by using
ABAQUS6.11. One half of the specimen is modeled due to the symmetry of the problem, as
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shown in Figure 7.4. The finite element model for the specimen shown in Figure 7.4 (a) is
1250 µm in length, 1000 µm in width, and 1015 µm in height. The diamond coating thickness
is 15 µm. In the model, the diamond indenter is assumed to be rigid with tip radius of 100
µm, consistent with the indenter used in the scratch testing. During this scratch simulation
process, the indenter will slide over the top surface of the diamond coating for a distance of
500 µm under progressive loads. Fig.7.4 (b) shows the details of the meshes in the model. A
cohesive zone with zero thickness is applied on the interface between the coating and
substrate to simulate delamination behavior on the interface. XFEM crack is applied to the
diamond coating. An 8-node linear brick (C3D8) is used to mesh the diamond and substrate
with a progressive meshing method. For the meshes in the sliding direction, the average
element size is 8.3 µm with a minimum of 5.7 µm, and the minimum size is 5.6 µm in the
transverse direction. There are around total 20,000 elements in this model excluding the rigid
indenter.
The material of the coating is modeled as an elastic solid, and the coating fracture
energy and critical strength will be obtained from the scratch testing by utilizing a 3D scratch
numerical model. A damage stabilization value of 0.0001 for the cohesive cracks and
damping factor of 0.0001 in the static step are specified to improve the convergence.
The material of the carbide substrate is modeled as an elastoplastic solid with
isotropic hardening, and the material properties are the same with previous research [Lu,
2011]. A bilinear CZM is utilized to model the interface mechanical behavior, and the
characteristic strengths are derived from a previous study [Hu, 2008] with property values:
543 MPa maximum normal strength and 314 MPa maximum shear strength. The fracture
energy of the cohesive elements will be obtained from the scratch testing data.
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7.4 Results and Discussion
7.4.1 Scratch Tests on Sample D1
Scratch tests conducted on sample D1 included three repeated tests with maximum
load of 50 N. Figure 7.5 (a) shows the microscopic images of one typical scratch groove, and
Figure 7.5 (b) displays the corresponding results of penetration depth along with loading
force on D1. It is observed that the penetration depth increases smoothly when the normal
force is less than 17 N, and followed by a sharp increase, which demonstrates that the coating
crack has initiated at the normal force of 17 N. The normal force is around 35.8 N when the
penetration depth begins to increase until reaching a maximum value of 18.7 µm, and it is
believed that the indenter is in contact with the exposed substrate under the loading force of
35.8 N. Thus the loading force of 35.8 N could be the critical load for coating delamination,
and the microscopic image of the scratch trace after testing confirmed the results.
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Figure 7.5. (a) Microscopic image of scratch groove, and (b) results of penetration depth
along with loading force on D1
Figure 7.6 shows the AE signal and tangential force (Ft) vs. applied normal load (Fn)
during the test. It is found that the tangential force has a considerable decrease at the normal
force of 17 N (Spot 1), which implicates the coating crack initiation location. It is also
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observed that the tangential force increases smoothly when the normal force is less than 35.8
N, but follows with considerable variation. An abrupt amplitude decrease of AE signals (Spot
2) exists at the load around 35.8 N, followed by a series of continuous high-amplitude AE
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peaks. This implies coating delamination has been initiated under such a load.
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Figure 7.6. Acoustic emission (AE) and tangential force (Ft) vs. normal load (Fn) for a
maximum load of 50 N.
In order to understand the isolated high peaks, Spot 1, the scratch groove was
observed in the microscope after testing. From the correlation between the load and the
distance, the location corresponding to Spot 1 can be examined to verify whether the coating
delamination has been initiated at that point. Figure 7.7 (a) shows the microscopic image at
Spot 1 while the corresponding normal load is around 35.8 N. It can be seen that the cracks
on the coating have been formed at the spot with slight coating delamination on the right side,
clearly exposing the substrate layer of WC. Figure 7.7 (b) displays the microscopic image at
the end of scratch test, and it is shown that once initiated, coating delamination continued
with a comparable delamination width to the end of the final load.
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Figure 7.7. Amplified image of (a) Spot 1 around 35.8 N, and (b) end of the scratch (50 N).
Using the approach described above, the corresponding critical load of delamination
for the other two scratch tests can be estimated. It is found that the critical load of coating
crack initiation is from 17 N to 29 N for the three tests with an average value of 22 N, while
the critical load for delamination initiation is from 29.6 N to 42.9 N with an average value of
36 N.
7.4.2 Scratch Tests on Sample C4
Similar scratch tests were also conducted on sample C4 with coating thickness of 25
μm with maximum progressive loads of 80 N and 150 N, respectively. Figure 7.8 (a) shows
the microscopic image of the scratch groove under the maximum load of 150N. Figure 7.8 (b)
displays the corresponding results of penetration depth along with loading force on C4. It is
observed that the penetration depth increases smoothly when the normal force is less than
52.87 N, and then followed with a sharp increase until reaching the high peak value,
indicating that the coating delamination has been initiated at the normal force of 52.87 N. The
microscopic image of the scratch trace after testing also confirmed the results.
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Figure 7.8. (a) Microscopic image of scratch groove, and (b) results of penetration depth
along with loading force on C4.
Figure 7.9 shows the AE signal and tangential force (Ft) vs. applied normal load (Fn)
during the test. It is also found that the tangential force increases smoothly when the normal
force is less than 27 N (Spot 1), but follows with considerable variation, which implicates the
coating crack initiation location. An abrupt amplitude decrease of AE signals (Spot 2) exists
at the load around 52.9 N, followed by a series of continuous high-amplitude AE peaks, and
this indicates coating delamination has been initiated under such a load.
Using the approach described above, the corresponding critical load of delamination
for the other two scratch tests can be estimated. It is found that the critical load of coating
crack initiation for sample C4 is around 18~27 N for the three tests with an average value of
22.5 N, while the critical load for delamination initiation is from 42.8 to 52.9 N with an
average value of 47.9 N.
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Figure 7.9. Acoustic emission (AE) and tangential force (Ft) vs. normal load (Fn) for a
maximum load of 150 N.
Table 7.1 shows the summary of the scratch testing results for the critical load. A
previous scratch testing on sample PECVD, whose diamond coating was processed by
plasma-enhanced chemical vapor deposition, is also included to obtain more information in
regard to the critical load for diamond coating.
Table 7.1
Summary of the Scratch Testing Results

Sample

Coating
thickness/µm

Tip
radius/µm

Max.
load/N

D1

5

100
100
100

50
50
50

C4

25

100
100

150
80

average
PECVD

25

200

200

average
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Critical load for
crack
initiation/N
20
17
29
22
27
18
22.5
83

Critical load for
coating
delamination/N
29.6
35.8
42.9
36.1
52.9
42.8
47.9
153

7.5 Model Validation
The scratch testing results are used to validate the model, and the coating thickness in
the model is consistent with the sample. First, deposition stress analysis is performed before
the sliding process for the model cooling from the temperature of 800o to room temperature
of 25o. A progressive loading method with maximum load of 40 N for half model is adopted
during sliding process, followed by unloading process.
In order to approach the results from the scratch testing on sample D1, simulation was
performed for the model with several combinations of coating fracture energy and interface
fracture energy. Figure 7.10 shows the crack contour in the diamond coating for the model
with coating fracture energy of 140 J/m2 and interface fracture energy of 192 J/m2, which is
the closet case to the testing results. It can be seen that the crack has been initiated from the
location with a distance of 127.3 μm from the start point of the scratch.

127.3
μm
Start point

Sliding
direction
Indenter
Crack

Coating

Substrate
Figure 7.10. Crack contour in the coating when crack is initiated.
Figure 7.11 displays the stress contour in the diamond-coated insert after deposition
stress analysis. Biaxial residual stress state is found in the coating and substrate. The residual
stress in the diamond coating is compressive around 2.5 GPa, while the residuals tress in the
substrate is tensile around 100 MPa. For the residual stress on the cohesive interlayer, a
negligible normal stress less than 1 Mpa, and shear stress in the range of (-30,10) MPa are
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observed.

Figure 7.11. Stress contour in diamond coated insert after deposition, (a) S11, (b) S33, (c)
shear stress, and (d) normal stress on cohesive interface (Unit:1000 GPa).
Figure 7.12 depicts the coating delamination contour on the cohesive interface at 3
important locations: (a) the coating delamination initiation, (b) end of sliding process, and (c)
completely unloading. From the results, it can be seen that the initiation of coating
delamination occurs when the indenter slides over the coating surface with a distance of
229.2 µm from the scratch starting point, and the coating delamination size propagates
outwards in transverse direction during sliding process.
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Figure 7.12. Coating delamination contour at (a) the coating delamination initiation (b) end
of sliding process, and (c) completely unloading.
Figure 7.13 plots the loading force vs. sliding distance during scratch simulaiton for
sample D1 with a maximum progressive loading force of 80 N. From the results, the normal
force increases linearly with the sliding distance without abrupt change, and the critical load
can be determined from the plot with the location of the slider. The critical load for crack
initiation is around 20.3 N, and 36.7 N for the coating delamination.
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Figure 7.13. The loading force vs. sliding distance for scratch simulation on sample D1.
Figure 7.14 (a) shows the results of tangential force vs. load on the indenter during the
scratch simulation. It can be seen that the tangential force increases almost linearly when the
loading force is less than the critical load for coating crack initiation, followed by a series of
variations. There is a sharp increase of tangential force before the loading force reaches the
critical load for coating delamination (Spot 2), followed by significant fluctuations. Similar
results are found in the scratch testing in Figure 7.14 (b), except the magnitude of tangential
force due to coefficient of friction (COF) used in FEA.
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Figure 7.14. Tangential force vs. normal load for sample D1 from (a) FEA, and (b) scratch
testing.
Figure 7.15 (a) displays results of the penetration depth along with the normal load on
the indenter for sample D1 from the FEA and scratch testing. The penetration depth increases
smoothly when the load is less than the critical load for coating crack, followed by
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considerable fluctuations (Spot 1). There is a sharp increase of penetration depth when the
load reaches the critical load for coating delamination (Spot 2), followed by significant
fluctuations. Similar results are observed in the scratch testing in Figure 7.15 (b), and the
magnitude of penetration depth from FEA matches well with the scratch testing when the
load is less than the critical load of coating delamination. However, there is no modeling of
coating removal in the FEA, which makes the magnitude of penetration depth smaller from
the scratch test after delamination initiation.
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Figure 7.15. Penetration depth vs. normal load for sample D1 from (a) FEA, and (b) scratch
testing.
Based on the discussion above, the behavior of tangential force and penetration depth
in the FEA are very similar to the scratch testing, which also proves the FE model of sliding
in the research is feasible to simulate the scratch testing.
Using the approach above, the coating fracture energy and interface fracture energy of
the other two samples could also be determined, and the results are listed in Table 7.2. It can
be seen that the coating fracture energy of the samples tested in our research is from 140 to
252 J/m2, and the interface fracture energy is from 87 to 192 J/m2. Hence, the following
parametric study applying for the scratch simulation, in regard to coating fracture energy and
interface fracture energy, will be obtained from the test.
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Table 7.2
Summary of the Simulation Results

Tc/µ
m

Sample
D1
C4
PECVD

5
25
25

Crack critical load/N
R/µm
Experiment

FEA

22
22.5
83

20.3
20.5
79

100
100
200

Delamination critical
load /N
FEA
Experiment
36.1
47.9
153

36.7
51.5
142

Coating
fracture
energy/J·m-

Interface
fracture
energy/J·m-

2

2

140
120
252

192
77
87

Tc---coating thickness, R--- tip radius of the indenter

7.6 Parametric Study
In order to investigate the effect of coating elastic modulus, coating thickness, coating
fracture energy and interface fracture energy on the coating crack and delamination in
simulation of scratch process, different parameters in combinations are listed in Table 7.3.
The coating elastic modulus ranges from 600 to 1200 GPa [Jianwen, 2008, NAMRI], the
fracture energy for the CVD diamond coating is assumed to range from 100 J/m2 to 300 J/m2,
and 60 J/m2 to 220 J/m2 for the interface fracture energy based on the previous research.
Then, the diamond coating thicknesses in the study are identical with the samples used in the
scratch testing, which are 5, 15, and 25 µm respectively. In the following parametric study,
each parameter in the list has 3 values (low, median, and high level). The results of critical
load for coating crack and interface delamination initiation will be measured as a way to
evaluate the parameter effect.
Table 7.3
Parameters Combination for 3D Scratch Simulation with XFEM and Cohesive Interface
Parameter
Coating elastic modulus E (GPa)
Coating fracture energy CF (J/m2)
Interface fracture energy IF (J/m2)
Coating thickness T (μm)

Low level
600
100
60
5
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Median level
900
200
140
15

High level
1200
300
220
25

7.6.1 The Effect of Coating Fracture Energy
Table 7.4 displays the results of the residual stress in the coating and substrate, critical
load for coating crack and interface delamination initiation, as well as the delamination size
in sliding direction and transverse direction. It can be seen that the coating fracture energy
has negligible effect on the residual stress in the model, and the critical load for interface
delamination decreases slightly with the increase of coating fracture energy. For example, the
critical load for interface delamination decreases from 56.7 N to 49.9 N when the coating
fracture energy increases from 100 J/m2 to 300 J/m2. Generally, with the increase of coating
fracture energy, the coating will become more difficult to damage. Thus less external energy
will be dissipated for the crack initiation and propagation, and more external energy will be
dissipated for coating delamination, which will reduce the critical load for coating
delamination and increase the coating delamination size. However, coating crack occurs only
in a limited area, thus the effect on delamination will be very slight.
Table 7.4
The Effect of the Coating Fracture Energy on Scratch Simulation Results
Biaxial residual
stress/GPa

Coating
fracture
energy/J*m-2

Coating

Substrate

100
200
300

-2.5
-2.5
-2.5

0.21
0.21
0.21

Critical load/N
Coating
crack
9.34
15.4
21.3

Interface
delamination
56.7
50
49.8

Delamination size/µm
Sliding
direction
377
389.4
398.6

Transverse
direction
31.2
31.3
31.5

Figure 7.16 displays the results of critical load for coating crack and interface
delamination under different coating fracture energy. It is found that the critical load for
coating crack almost increases linearly with the increase of coating fracture, and the critical
load for coating crack has increased from 9.3 N to 21.3 N when the coating fracture energy
changed from 100 J/m2 to 300 J/m2. Thus the coating fracture energy plays a significant role
in the critical load for coating crack initiation. With the increase of coating fracture energy,
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the critical strength will increase, and the coating becomes less likely to fail.
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Figure 7.16. Effect of coating fracture energy on the critical load (1200 GPa E, 140 J/m2 IF,
15 μm T).
7.6.2 The Effect of Interface Fracture Energy
Table 7.5 displays the effect of interface fracture energy on the scratch simulation
results. Results show that the interface fracture energy also has no effect on the residual stress
state in the coating and substrate, since coating delamination seldom occurs in the deposition
process. In addition, the critical load for coating delamination increases significantly with the
increase of interface fraction energy. This is compatible with the previous research in Chapter
4.
Table7.5
The Effect of Interface Fracture Energy on the Scratch Simulation Results
Biaxial residual
stress/GPa

Interface
fracture
energy/J*m-2

Coating

Substrate

60
140
220

-2.5
-2.5
-2.5

0.21
0.21
0.21

Critical load/N
Coating
crack
16.1
15.4
15.4

Coating
delamination
34.4
50.0
84.6

Delamination size/µm
Sliding
direction
471.6
389.4
335.9

Transverse
direction
92.5
31.3
21

Figure 7.17 plots the results of critical load for coating crack and interface
delamination under different interface fracture energy. For the interface fracture energy in the
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range of 60~220 J/m2, the critical load for coating crack initiation is 15.4~16.1N, and the
interface fracture energy has negligible effect on the critical load for coating crack initiation,
since coating fracture always occurs before coating delamination.
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Figure 7.17. Effect of interface fracture energy on the critical load (1200 GPa E, 200 J/m2
CF, 15 μm T).
7.6.3 The Effect of Coating Elastic Modulus
Table 7.6 displays the effect of coating elastic modulus on the scratch simulation
results. The residual stress magnitude in the coating increases almost linearly with the
increase of coating elasticity. This is compatible to the analytical method [Strawbridge and
Evans, 1995]. Additionally, the critical load for interface delamination increase smoothly
with the increase of coating elastic modulus, which is also compatible with previous finding
in chapter 4.
Table 7.6
The Effect of Coating Elastic Modulus on the Scratch Simulation Results
Coating
elastic
modulus
(GPa)
600
900
1200

Biaxial residual
stress/GPa
Coating

Substrate

-1.36
-1.9
-2.5

0.12
0.18
0.21

Critical load/N
Coating
crack
24.6
17.0
15.4
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Interface
delamination
42.5
49.0
50.0

Delamination size/µm
Sliding
406.5
398
389.4

Transverse
direction
31.41
31.32
31.3

Figure 7.18 also plots the results of critical load for coating crack and interface
delamination under different coating elastic modulus. For the coating elastic modulus in the
range of 600~1200 GPa, the critical load for coating crack decreases clearly with the increase
of coating elastic modulus, and the critical load has decreased approximately 9.2 N, from
24.6 N to 15.4 N when the coating elastic modulus increases from 600 GPa to 1200 GPa.
The elastic strain will increase for the coating with decreased elastic modulus to reach the
fracture strength; however, the equivalent elastic modulus of the coating/substrate system has
little change due to the significant difference of elastic modulus between them. Therefore, the
critical load for coating crack initiation increases with the decrease of coating elastic
modulus.

Critical load(N)

60

Interface delamination

Coating crack

40

20

0
500

700
900
1100
Coating elastic modulus(GPa)

1300

Figure 7.18. Coating elastic modulus vs. the critical load (200 J/m2 CF, 140 J/m2 IF, 15 μm
T)
7.6.4 The Effect of Coating Thickness
Table 7.7 shows the effect of coating thickness on the scratch simulation results. With
the decreased coating thickness, the residual stress in the coating increases smoothly.
Moreover, the critical load for coating delamination increases with the increased coating
thickness, which is compatible with previous research in Chapter 4.
Table 7.7
The Effect of Coating Thickness on the Scratch Simulation Results
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Coating
thickness/μm

Biaxial residual
stress/GPa

Critical load/N

Coating

Substrate

-2.8
-2.5
-2.3

0.07
0.21
0.32

5
15
25

Coating
crack
6.7
15.4
35.7

Coating
delamination
21.4
50.0
89.9

Delamination size/µm
Sliding
direction
536
389.4
204.6

transverse
direction
77.8
31.3
14

In order to verify that the coating thickness has negligible effect on the residual stress
when coating thickness is small enough comparing to the substrate thickness, FEA were
conducted for the scratch model under the same conditions, except the substrate thickness of
3000 μm. Table 7.8 shows the residual stress in the coating and substrate for the model with
different substrate and coating thickness. It can be seen that with the decreased coating
thickness, the residual stress in the coating increases smoothly and approaches to the
analytical value of 3.0 GPa. If the substrate thickness is large enough comparing to the
coating thickness, the effect of coating thickness will become smaller and even negligible.
For example, the difference of the residual stress in coating was 0.5 GPa for the model with
substrate thickness of 1000 μm, compared to 0.1 GPa for the substrate thickness of 3000 μm.
Table 7.8
Residual Stress Comparison for the Models with Different Geometry
Substrate
thickness/μm
1000
3000

Coating thickness/μm
5
25
5
25

Biaxial residual stress/GPa
Coating
Substrate
-2.8
0.07
-2.3
0.32
-2.98
0.02
-2.88
0.10

Figure 7.19 illustrates the results of critical load for coating crack and delamination
under different coating thickness For the coating thickness in the range of 5~25 μm, the
critical load for coating crack increases obviously with the increase of coating thickness. The
critical load has increased from 6.7 N to 35.7 N, almost 5 times of the original value, while
the coating thickness changes from 5 μm to 25 μm. For the coating with 5~25 μm thickness,
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the thicker the coating is, the harder for it to deform. Thus, a larger load is required to initiate
the coating crack.
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Figure 7.19. Coating thickness vs. the critical load (1200 GPa E, 200 J/m2 CF, 140 J/m2 IF).
7.7 Conclusions
Interface delamination is the major failure mode of diamond-coated carbide tools in
machining. On the other hand, coating cracking is possibly accompanied during a tribological
process that induces the delamination phenomenon. Therefore, it is very important to
investigate the effect of the two failure behaviors combined in a quantitative way to better
understand and design diamond coating tools.
In this study, micro-scratch tests were designed and conducted on diamond-coated
tungsten-carbide substrate with thicker coating thickness (5~25 µm) to investigate the
adhesion and fracture of diamond coating. A 3D XFEM model with embedded cohesive
elements was also developed and validated with the results from scratch testing. A parametric
study was carried out to investigate the effects of coating elastic modulus, coating thickness,
coating fracture energy and interface fracture energy on coating cracks and interface
delaminations. The results are summarized as follows.
(1) The developed 3D XFEM model is feasible to simulate the scratch testing based
on the experimental data.
(2) From the XFEM model, it is estimated that the coating fracture energy of the
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samples tested in our research ranges from 140 to 252 J/m2, and interface fracture
energy ranges from 87 to 192 J/m2.
(3) The coating fracture energy is almost uncoupled with the interface fracture energy.
A thicker diamond coating will increase the critical load for coating crack
initiation, thus providing better resistance for crack initiation and growth, as well
as the coating delamination. In addition, the reduced elastic modulus of the
coating will increase the critical load for coating crack; however, it will decrease
the critical load for coating delamination. Thus, the increase of elastic modulus
during the design for diamond coating will improve the resistance for coating
delamination, while sacrifice the resistance for coating crack. A compromised
value for the elastic modulus is suggested to be utilized in the design of diamond
coating.
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CHAPTER 8
CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE RESEARCH
Conclusions
The conventional cutting tools made of plain or coated cemented carbides have faced big
challenges with the wide application of high-strength Al alloys and composites in the
automotive and aerospace industries due to their poor machinability.
Diamond is considered by far the best ideal coating material for machining these highstrength materials, among which, sintered polycrystalline diamond (PCD) and CVD diamond
coatings are two competitive options. CVD diamond-coated tools have the potential to
replace PCD tools due to their low cost and flexibility in fabrication. However, coatingsubstrate interface delamination due to insufficient adhesion remains major technical obstacle
for the wide application of CVD diamond-coated cutting tools. Another issue is the fracture
of the brittle diamond which results in the crack initiation and growth before the interface
fails. In addition, the high deposition-induced residual stress stresses in the diamond-coated
tools may also degrade the adhesion strength of diamond coating. The goal of this research is
to accurately detect interface delamination events, but also understand the delamination
behavior affected by coating fractures. Toward this end, both experimental and numerical
approaches have been utilized to achieve these objectives. The major findings are
summarized as follows.
1. Cutting experiments were designed and conducted to investigate acoustic emission
(AE) signals generated during machining A359/SiC/20p composite using diamond-coated
cutting tools. AE signals were collected and analyzed in detail, in particular, the frequency
response along the cutting time as well as during a cutting pass. The results show that AE
root-mean-square (RMS) values may not necessarily illustrate clear transition registered to
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coating delamination of the cutting tool in A359/SiC-20p composite machining. The fast
Fourier transformation (FFT) spectra of AE data along cutting time generally show decreased
intensity for low frequency peaks, but increased intensity for high frequency peaks. In
addition, the AE FFT spectra of sub-divided time zones during one cutting pass may clearly
indicate the coating failure transition. Ultimately, STFT method has a potential for diamond
coating failure monitoring since a clear sharp increase of amplitude ratio (value change over
one) of high/low frequency could be observed along the cutting time during coating failure
pass.
2. A bilinear CZM was introduced to model the interface between diamond coatings and
tungsten carbide substrate, and a 2D asymmetrical indentation model was developed to
investigate the interface adhesion. Results show that the bilinear CZM can well describe the
fracture mechanism of the coatings.

For the same coating thickness of 30 μm, the

relationship between indentation loading force and delamination size is non-linear and the
critical loading force to initiate the interface delamination is about 110 N. Under the same
loading force, the delamination size decreases almost linearly with the increase of coating
elastic modulus. For coatings with 5-40 µm thickness, the delamination size increases
noticeably with the decrease of coatings thickness, however, further decreasing coating
thickness to a smaller value (<5 µm in this study) would result in a reverse regularity.
3. Scratch testing was conducted on diamond-coated WC-Co substrates using a microscratch tester. During the scratch tests, the normal force, the tangential force, the acoustic
emission signals and the penetration depth were acquired. Moreover, a 3D FE model
including a cohesive-zone interface was developed to simulate the scratch response of
diamond-coated carbides. From the scratch testing, the results show that coating delamination
can be clearly detected by AE signals. It was observed that the abrupt AE peak jumps
followed by several continuous AE high-amplitude peaks are associated with coating
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delamination. The critical load for coating delamination was in the range of 4 to 6 N and
confirmed by repeated tests. In addition, the critical load was not sensitive to the loading rate
in the range applied in this study. From the FE simulations, the interface of the tested
diamond-coated carbide substrates has 0.43 µm characteristic length and 117 J/m 2 fracture
energy density. It is feasible to use the developed FE model, combined with scratch tests, to
obtain coating interface characteristics, which may be further applied to evaluate the adhesion
performance of different diamond-coated tools.
4. A 3D FEA model of indentation on diamond-coated WC-Co insert has been developed
to study the interface adhesion with the incorporation of coating fracture by XFEM. Cohesive
interactions were employed to model the mechanical behavior of the interface between the
diamond coating and WC-Co substrate based on a bilinear traction-separation law. XFEM
with a damage criterion of maximum principal stress was adopted to model crack initiations
and propagations in a diamond coating. The results show that XFEM is suitable to simulate
the crack in a brittle material during indentation. Based on the experimental data from
literature, the FEA results are of reasonable approximation to the crack angle and crack
length from indentation testing. The interface delamination radius and indentation force
decrease if XFEM is incorporated in the coating since coating fractures weaken the strength
of diamond. Comparing to the model without residual stress, the model with residual stress
will increase the initial crack radius and critical load for diamond coating fractures. In
addition, the compressive residual stresses in diamond coatings resulted from deposition
process will increase the delamination radius.
5. Micro-scratch tests were designed and conducted on diamond-coated tungsten-carbide
substrate with thicker coating thickness (5~25 µm) to investigate the adhesion and
fracture of diamond coating. A 3D XFEM model with embedded cohesive elements was
also developed and validated with the experimental results from scratch testing. A
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parametric study was carried out to investigate the effects of coating elastic modulus,
coating thickness, coating fracture energy and interface fracture energy on the critical
load for coating crack and interface delamination. The results indicated that the
developed 3D XFEM model is feasible to simulate the scratch testing. From the XFEM
model, the coating fracture energy of the samples tested in our research is estimated to
range from 140 to 252 J/m2, and interface fracture energy range from 87 to 192 J/m2. In
addition, a thicker diamond coating will increase the critical load for coating crack
initiation and coating delamination. Moreover, the reduced elastic modulus of the coating
will increase the critical load for coating crack initiation; however, it will decrease the
critical load for coating delamination initiation. Therefore, a compromised value for the
elastic modulus should be utilized in the design of diamond coating.
Contributions of the Study
The contributions of this study are summarized below.
1. This study correlates frequency response of acoustic emission during machining with
diamond-coated tool conditions, especially coating delaminations and fractures.
2. A cohesive zone model has been incorporated into indentation and scratch process on a
diamond-coated tool in evaluating coating adhesion with interface characteristics.
3. XFEM models of indentation and scratch simulation on diamond-coated tool with an
embedded cohesive layer have been developed to study the interface delamination and
coating fracture. Using this model, the effects of interface properties, deposition residual
stress, and physical properties of coating (thickness, elastic modulus and fracture energy) on
interface delamination and coating fracture can be evaluated respectively.
Recommendations for Future Research
This study provides a better understanding of interface delamination and coating fracture
of diamond-coated cutting tools by scratch testing and machining testing. Furthermore, the
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XFEM models of indentation and scratch simulation with an embedded cohesive layer,
provides better understanding of the wear and failure mechanisms of CVD diamond-coated
cutting tools in machining. Future research can be pursued in the following directions:
1. The developed finite element model of indentation and scratch simulation is performed
on the area far away from the edge, which may limit understanding of the actual interface
adhesion and coating fracture in machining operations. Therefore, developing a 3D finite
element model of indentation and scratch incorporated the tool edge effect may bring
research results much closer to the real conditions.
2. XFEM only allows single crack initiation and propagation in one domain, and multiple
cracks in one domain may result in severe problem, i.e., job termination. Thus, its application
may be limited in simulation of scratch testing where multiple cracks exist. Therefore,
developing a 3D finite element model of scratch with the ability to model multiple cracks will
be more beneficial in the understanding of interface delamination considering coating
fracture.
3. In the residual stress study, only thermal stresses resulted from deposition process is
analyzed, however, the intrinsic stress component associated with film growth, structure
defects, and non-diamond materials at the grain boundaries are not taken into consideration.
Future research may focus on developing suitable experimental methods to measure the total
residual stresses in the diamond coating system, and incorporating the total residual stresses
in the simulation to approximate the actual conditions.

134

APPENDIX
PROCEDURES OF INDENTATION SIMULATION ON DIAMOND-COATED CARBIDE
TOOLS CONSIDERING INTERFACE DELAMINATION AND COATING FRACTURE
Purpose
To investigate the interface adhesion of the diamond coated inserts with the consideration of
coating fracture by the FEA method.
Figure 1 shows the overall view of the 3D indentation model after meshing, and Figure 2
shows the details around the indenter with detailed model sizes.

Figure 1. Overall view of the 3D indentation model.

XFEM 2
XFEM 1

Surface based
cohesive
behavior

Model size:
R6400XH3230 μm
Coating thickness: 30μm
Substrate thickness: 3200μm
Indenter tip radius: 50 μm

Working conditions:
Friction coefficient: 0.1
Indentation depth: 10 μm

Figure 2. Details around the indenter.
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Table 1 below displays the properties of the coating and substrate for the diamond-coated
cutting tools, and the coating fracture energy is 98 J/m2 with corresponding critical strength
of 5.7 GPa.
Table 1.
Properties of the Substrate and Coating for the Diamond-coated Cutting tools

Part

Young’s

Poisson’s

Yielding

Hardening

modulus/GPa

ratio

strength/GPa

exponent

619.5

0.24

3.605

0.244

1200

0.07

material

WCsubstrate
6%wt.Co
coating

CVD

Procedures
1. Create a new database and save as “3DIndXFEM” in the folder of your own
2. Create the parts for the model
2.1. Indenter
Module->part->create part, with the part name of “indenter” and create the 3D discrete rigid
shell by revolution method, with approximate size of 200.
In the sketch, create arc by” Center and 2 end points”, draw an arc with radius of 50 by the 3
points: (0, 50), (0, 0), (50, 50). The revolution angle is 900, and Figure 3 shows the geometry
of the indenter.
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Figure 3. The 3D spherical slider.
2.2 Coating
2.2.1 Module->part->create part, create the coating for the insert, with the part name of
“coating” ,choose the option in the following figure for the coating, 3D deformable solid by
revolution method, with approximate size: 100000
2.2.2 In the sketch (Figure 4), create a rectangle (L6400*H30) by the top left and right
bottom point of the rectangle: (0, 0), (6400, -30). The revolution angle is 90o, and the 3D
coating geometry could be seen in Figure 5.

Figure 4. The sketch for the coating.

Top surface
surface

Bottom surface
Figure 5. The 3D coating after revolution.
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2.2.3 Module->part, select “coating” from the drop box of part
2.2.4 Create solid->Extrude, select the top surface of the coating as the plane for the solid
extrusion, in the sketch plane, then create two quarter circles with the center point coincident
with coating, the circle radii are 3 and 100, then connect the end points for the two quarter
circles and forms a closed area. Click done, in the edit extrusion window, choose blind for the
extrusion type and 30 for depth of the extrusion, with the extrusion direction from the top
coating top surface to bottom (Figure 6).

Figure 6. The sketch for 2 connected quarter circles.
2.2.5 Partition of the coating
2.2.5.1 Module->part, create datum plane with 3 points, and select the center points of the
coating top circle surface and bottom circle surface, as well as a middle point from the arc of
the coating. Thus a datum plane named “Datum plane-1” will be created
2.2.5.2 Module->part, partition cell: use datum plane, select the whole coating as the cells to
partition, and the created Datum plane-1 as the datum plane to create the partition, and then
click done to finish partition operation.
2.3 Substrate
2.3.1 Module->part->create part, with the part name of “substrate”, choose the, 3D
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deformable solid by revolution method, with approximate size of 6400.
2.3.2 In the sketch create a rectangle (L6400*H3200) by the top left and right bottom point of
the rectangle: (0, -30), (6400, -3230), the revolution angle is 90o (Figure 7).

P1:(0, -30)

P2 :( 6400, -3230)

Figure 7. The sketch for the substrate.
2.3.3 Module->part, select “substrate” from the drop box of part
2.3.4 Create solid->Extrude, select the top surface of the substrate as the plane for the solid
extrusion. In the sketch plane, create two quarter circles with the center point coincident with
substrate disk. The circle radii are 3 and 100 respectively, and connect the end points for the
two quarter circles which will forms a closed area. Click done, in the edit extrusion window,
choose blind for the extrusion type and 3200 for depth of the extrusion, with the extrusion
direction from the top coating top surface to bottom.
2.3.5 Partition of the coating
2.3.5.1 Module->part, create datum plane with 3 points, and select the center points of the
substrate top circle surface and bottom circle surface, as well as a middle point from the arc
of the substrate. Thus a datum plane named “Datum plane-2” will be created (Figure 8).
2.3.5.2 Module->part, partition cell: use datum plane, select the whole coating as the cells to
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partition, and the created Datum plane-2 as the datum plane to create partition, and then click
done to finish partition operation. Figure 9 displays the partition regions on the substrate.

Figure 8. The closed area formed by 2 quarter circles on the substrate top surface.

Datum plane-2
Top surface

Bottom surface
Figure 9. The substrate after extrusion and partition.
3. The property definition for the model
3.1. Diamond coating
Module->Property->Create material, create the material properties with the name
“diamond”.
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Mechanical->Elasticity->Elastic: Young’s Modulus=1.2, Poisson’s Ratio=0.07
Mechanical->Damage for Traction Separation Laws->Maxps Damage, input 0.0057 for the
max principal stress
Suboptions->Damage Evolution, select energy as the evolution type, power law as the mixed
mode behavior with power of 1. Then input 9.8E-5 for the normal mode fracture energy and
shear fracture energy.
Suboptions->Damage Stabilization Cohesive, input 0.0001 as the viscosity coefficient, as can
be seen in the figure below.
Figure 10 displays the properties setup for diamond coating

Figure 10. Parameters setup for the maxps damage of diamond coating.
3.2. WC-Co substrate
Mechanical->Elasticity->Elastic:

select isotropic type, and Young’s Modulus=0.6195,

Poisson’s Ratio=0.24
Mechanical->Plasticity->Plastic: choose isotropic hardening and input the yield stress and
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corresponding plastic strain as shown in the table.
Figure 11 displays the material properties setup for the substrate.
Yielding
stress
0.003605
0.004872
0.00577
0.00637
0.006833
0.007216
0.007544
0.007833
0.008093
0.008328
0.008545
0.008746
0.008934
0.00911
0.009277
0.009434
0.01012
0.010686
0.011172
0.011601
0.011985
0.012057
0.012128
0.0123

Plastic
strain
0
0.02
0.04
0.06
0.08
0.1
0.12
0.14
0.16
0.18
0.2
0.22
0.24
0.26
0.28
0.3
0.4
0.5
0.6
0.7
0.8
0.82
0.84
0.9

Figure 11. The plastic properties for the substrate.
4. Section and Assign section
4.1. Diamond Coating
Module->property->create section, use “Solid” and “Homogeneous” to create the section for
the diamond coating, named with “coating”, and then choose the material diamond in the
prompted message box of Edit section.
Module-> property-> Assign section, choose the part of “coating” to assign the coating
section, in the message box “Edit section Assignment”.
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4.2. WC substrate
Module->property->create section, use “Solid” and “Homogeneous” to create the section for
the WC with the name of “WC”, and then choose the material substrate in the prompted
message box of [Edit Section].
Moudlue-> property-> Assign section, choose the part of “substrate” to assign the section
with material of WC.
5. Mesh of the parts of the model
5.1 Coating
5.1.1 Module->Mesh-Seed->Edge Biased
a). Choose the 4 edges in radial direction close to the center axis, and then create seeds with
bias ratio of 1.0 and number of elements along the edge with 4.
b). Choose the 4 middle edges in radial direction, and then create single biased seeds with
minimum size of 1.0 and maximum size of 10, and the bias direction is pointing from outside
of the circle to the center of the circle (Figure 12).
c). Choose the 4 outside edges in radial direction, and then create single biased seeds with
minimum size of 20 and maximum size of 600, and the bias direction is pointing from outside
of the circle to the center of the circle (Figure 13).
d). Choose the 10 edges in the height direction, and then create double biased seeds with total
seed number of 15, ratio of 2 (Figure 14).
e). Choose the 6 edges on the arcs, and then create seeds with total seed number of 3 (Figure
15).
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Figure 12. Create seeds on the four edges in the radial direction.

Figure 13. Single biased seeds on the four edges in the radial direction.

Figure 14. The 10 edges with uniform seeds in height(Y) direction of the coating.
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Figure 15. The 6 edges with uniform seeds on the arcs of the coating.
5.1.2 Module->Mesh->Assign Mesh Control. Select the region closest to the center axis, and
choose Element Shape of Hex with technique of Sweep. Click Assign stack direction, and
select the top surface of the coating as a reference orientation for the top face.
5.1.3 Module->Mesh->Assign Mesh Controls. Select the other regions in the coating, and
choose Element Shape of Hex with Structured technique (Figure 16).

Figure 16. Mesh control for the coating.
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5.1.4 Element Type for the coating.
Module->Mesh->Assign Element Type, choose C3D8R for the element type of coating
5.1.5 Mesh the coating part
Module->Mesh->Mesh Part, choose [Yes] when prompt “Ok to mesh the part”. The meshed
coating part could be seen in Figure 17.

Figure 17. The meshes on the coating part with full view and details around the center axis.
5.2 Meshes on the substrate of WC
5.2.1 Create seeds on the edges of the substrate
Follow the previous procedures for meshes on the coating from 5.1 a) to 5.1 d), and choose
the 10 edges along height (Y) direction of the substrate, and create biased seeds with
minimum element size of 3 and maximum element size of 1000.
5.2.2 Create meshes on the substrate
Follow the previous procedures for the mesh control on the coating (5.1.2-5.1.4), and choose
C3D8 for the element type of substrate
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Figure 18. The meshes on the substrate with full view and details around the center axis.
5.3

Meshes on the indenter

Module->Mesh-Seed->Edge by number. Choose the radius of the slider and assign the single
biased seed with minimum size of 1 and maximum size of 5. Choose the arc of the slider and
assign the seed on the edge with uniform size of 5 (Figure 19).
Module->Mesh->Assign mesh controls. Choose Quad for element type and structured
technique to mesh. The meshed indenter could be seen in Figure 20.

Figure 19. Seeds on the radii of indenter.
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Figure 20. Quad meshes on the indenter.
6. Assembly
Module->Assembly->Instance part. Choose indenter, coating and substrate, and select
Dependent as the instance type. The assembly of the model could be seen in Figure 21.

Figure 21. The assembly and details around the indenter.
Tools->Reference point. Select the center point of the spherical indenter as the reference point
with name of RP-1
7. Create steps for the simulation
Module->Step->Create step. Create the following 2 steps with General Static method for the
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simulation (Figure 22). The option of Nlgeom is on. Select “Specify damping factor” for
automatic stabilization and the damping factor of 0.0001. The maximum number of
increments is 10000, with initial increment size of 0.0001, minimum of 1E-40, and maximum
of 0.1. The step-2 follows the same parameters as step-1.

Figure 22. Step manager.
8. Interaction
8.1 Create Interaction properties
8.1.1 Module->Interaction->Create interaction Property, choose contact for Int-cohesive
Mechanical->Tangential behavior, select penalty for friction formulation, friction
coefficient=0.1.
Mechanical->Normal behavior, keep the default settings.
Mechanical->Cohesive behavior, Knn=0.002088, Kss=0.000299, Ktt=0.000299, and keep
default for other settings.
Mechanical->Damage, check the box of “Specify damage evolution” and “Specify damage
stabilization”. For damage initiation, choose maximum nominal stress as the criterion. Input
0.000543 for normal strength, and 0.000314 for shear strength in direction-1 and direction-2.
For damage evolution, choose energy type with linear softening, and input 0.00038377 for
the fracture energy.
8.1.2 Module->Interaction->Create interaction Property, choose contact for Int-Prop1
Mechanical->Tangential behavior, select penalty for friction formulation, friction
coefficient=0.1
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8.1.3 Module->Interaction->Create interaction Property, choose contact for IntProp-2
Mechanical->Tangential behavior, select frictionless for the friction formulation
Mechanical->Normal behavior, keep the default settings.
8.2. Create Contact control
Main menu->Interaction->Contact Controls->Create. Input Contrl-1 for new contact control,
and select the type of Standard Contact Controls, and keep default settings.
8.3 Create Interaction
8.3.1 Create Int-1 between indenter and coating top surface
Modulue->interaction->Create interaction, named Int-1, in Step-1, select Surface-to-surface
contact (standard) as the interaction type. Select the outside surface of the indenter as the
master surface, and top surface of the coating as the slave surface. Choose Intprop-1 as
contact interaction property.
8.3.2 Create Int-2 between indenter and coating top surface
Modulue->interaction->Create interaction, named Int-2. In Step-1, select Surface-to-surface
contact (standard) as the interaction type. Select the coating bottom surface “as the master
surface, and substrate bottom surface as the slave surface. Select Int-cohesive as the contact
interaction property.
8.3.3 Create Interaction for XFEM crack in the coating
Special->Crack->Create, named Crack-1 with type of XFEM, in the Edit Crack box, select
the first half of the coating as the region to be assigned XFEM crack, and enable the option of
“Allow crack growth”. Choose Intprop-2 as contact property (Figure 23).
Special->Crack->Create, named Crack-2 with type of XFEM, in the Edit Crack box, select
another half of the coating as the region to be assigned XFEM crack, and enable the option of
“Allow crack growth”. Choose Intprop-2 as contact property.
Module->interaction->Create interaction, named Int-3, in Step-1, select XFEM crack growth
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as the interaction type. In the Edit Interaction box, select crack-1 defined above as the XFEM
crack and enable “Allow crack growth in this step” option. Deactivate Int-3 in Step-3.
Module->interaction->Create interaction, named Int-4, in Step-1, select XFEM crack growth
as the interaction type. In the Edit Interaction box, select crack-1 defined above as the XFEM
crack and enable “Allow crack growth in this step” option. Deactivate Int-4 in Step-3

Figure 23. The definition of XFEM Crack-1 in the coating.
9. Constraint
9.1 Constraint-1 for the rigid body of the slider
Module->Interaction->Create Constraint. Create a constraint with name of constraint-1,
select the type of “Body (elements)”. Select outer surface of the indenter as the rigid body,
and RP-1 as reference point for the rigid body.
10. Boundary Conditions
Module->Load->Create Boundary Condition. Create the following boundary conditions.
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Figure 24. Boundary condition manager.
10.1 BC-1
In initial step, choose Mechanical and Symmetry/Antisymmetry/Encase. Select the left planes
of the coating and substrate, and then choose ZSYMM (U3=UR1=UR2=0) to constrain the
nodes on the selected surfaces.
10.2 BC-2
In initial step, choose Mechanical and Symmetry/Antisymmetry/Encase. Select the right
planes of the coating and substrate, and then choose XSYMM (U1=UR2=UR3=0) to constrain
the nodes on the selected surfaces.
10.3 BC-3
In initial step, choose Displacement/Rotation, then select bottom surface of the substrate, and
constraint the DOF U1, U2, U3 of nodes on the selected surface.
10.4 BC-4
In step-1, choose Displacement/Rotation, then select the reference point RP-1 of the slider,
and constraint the DOF U1, U3, UR1, UR2 and UR3 of the slider.
10.5 BC-5
In step-1, choose Displacement/Rotation, then select the reference point RP-1 of the slider,
and input “-10” in the box of U2. Deactivate BC-5 in Step-2.
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10.6 BC-6
In step-2, choose Displacement/Rotation, then select the reference point RP-1 of the slider,
and input “0” in the box of U2.
All the created boundary conditions could be seen in Figure 24.
10. Field output request
Module->step->Field

output

manager.

In

step-1,

for

the

Output

Variables,

select”CDISP,CF,CNAREA,CSTRESS,EE,LE,PE,PEEQ,PEMAG,PHILSM,PSILSM,RF,S,S
DEG,STATUSXFEM,U,”
11. Submit Job
Module->job->create job. Create a job name (for example 3DIndOrg_dis10N15db2) then
click submit button.
13. Post-process
13.1 Stress/strain contour
Module->Visualization->Plot contours on Deformed Shape, from Main menu, select Result>Field Output. Choose Max.Principal from the stress component, and then the the maximum
1st principal stress of the model will be displayed. Choose PEEQ from the output variable,
and then equivalent plastic strain component of the model will be displayed (Figure 25).

Figure 25. Max principal stress and equivalent plastic strain contour when fully unloading.
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13.2 Interface crack radius measurement
Module->Visualization->Plot contours on Deformed Shape, from Main menu, select Result>Field Output, and choose COPEN from the output variable
Options->Contour->Limits, Specify the minimum value of 1.41, then the distance from the
center to the starting point of dark contour on the edge is the crack radius on the interface.

Figure 26. Crack radius on the interface.
13.3 Crack contour display
Module->Visualization->Plot contours on Deformed Shape, from Main menu, select Result>Field Output, and choose STATUSXFEM from the output variable

Figure 27. STATUSXFEM contour in the diamond coating.
13.4 Load vs. displacement
Tools->XY Data->Create->ODB Field Output, choose “Unique Nodal” for the position,
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check RF1, RF2, RF3 and U1, U2, U3. After obtaining the data, copy it to excel file, output

Force/N

the figure with RF2 as Y value and (U2) as X value (Figure 28).
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Figure 28. Force vs. indenterer location.
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