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Abstract

Diamond, including its synthesis, is a unique material not just because of its
rarity and decorative features. Some of its physical properties are exceptional,
which can not easily be matched by other materials. It is the hardest material,
measured at 10 Mohs on the Mohs scale of mineral hardness. It has the
highest thermal conductivity at room temperature, the highest bulk modulus
and the highest tensile strength for cleavage. It has low coefficients of friction
and thermal expansion, and is relatively inert to chemical attack by common
acids and bases. Due to these exceptional properties, synthetic diamond as an
abrasive has been used as an advanced engineering material, in making tools
for grinding, cutting and drilling purposes. Synthetic diamond is commonly

used in impregnated drills for cutting purposes.

For bit design and manufacturing purposes, it is important to fully understand
the complex interactions between rocks and diamond bits, as well as the
mechanical behaviour of diamond particles within the impregnated bit during
the drilling process. Major current issues of impregnated diamond tools
include premature failure of diamonds, the ineffective wear rate of the matrix
to continuously expose fresh diamonds and premature diamond fall out.
Published researches to date include both experimental studies and numerical
modellings for performance assessments and improvement. Some
experimental studies have identified different failure mechanisms of the
diamond particles and have studied the wear rate of the matrix under different
drilling parameters, such as torque, reactive load and penetration rates. Others
have tested suitable combinations of metals for the production of different
matrix composites for different drilling purposes. It is well understood that in
order to achieve optimal cutting efficiency during service, the matrix and
diamond must wear simultaneously such that fresh diamonds will expose
themselves after worn diamonds have fallen out of the matrix. It has been
found that diamonds are mostly held by the matrix through mechanical

interlocking, which in general has low interfacial bond strength. Some
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research have been conducted to investigate the effects of metal-coating
diamonds in an attempt to provide sufficiently high bond strength between
diamond particles and the matrix and at the same time to ensure the bonds are
weak enough so that the self-dressing capability of the drill bits can be
achieved. Numerical models have been used to investigate the effects of the
variation of stresses at the interface under different wear conditions. The local
plastic deformation and residual stresses due to the sintering process have also

been studied through numerical simulations.

In this research, the finite element method (FEM) is employed to investigate
the interface failure mechanism of impregnated diamond bits, which is
essentially an interface de-bonding process between diamond particles and the
matrix, termed the diamond particle fallout. In particular, the cohesive zone
modelling (CZM) technique is implemented to simulate the crack initiation
and propagation along the interface. The extended finite element method
(XFEM) is used to predict fractures in the matrix under certain loading

conditions.

The thesis is divided into five chapters, which are described briefly below:

In Chapter 1, the general background together with the objectives and

originality of the present research are introduced.

In Chapter 2, a two-dimensional micromechanical finite element model of
diamond impregnated bits suitable for the simulation of interfacial failure
between diamond particles and the metal matrix are presented. The surface
based cohesive zone model (CZM) is an advanced and efficient technique that
is able to adequately simulate and predict fracture initiation and propagation
of an uncracked interface between two adhesive surfaces. Two numerical
examples have been developed to validate the accuracy and adequacy of the
presented model. The effects of different modelling parameters on the
diamond particle retention capacity have also been thoroughly studied and

compared in order to have a better understanding of the failure mechanism.

vi



Chapter 3 describes the extension of the two-dimensional FE model to three-
dimensional analysis. Similar to two-dimensional models, a model
representing a single diamond particle partially embedded inside the matrix
has been developed. A three-dimensional double cantilever beam (DCB)
testing model has been created to simulate the crack propagation along the
interface, and its results have been compared with the experimental results to
validate the precision of the model. The effects of diamond particle shape,
orientation, and protrusion, as well as interface properties on the diamond’s

retention ability, have also been studied.

Chapter 4 presents an efficient two-dimensional FE model incorporating both
the cohesive zone method (CZM) and the extended finite element method
(XFEM) for the prediction of de-bonding along interfaces and micro-cracking
in the matrix. The effects of interface property, as well as the particle shape on

failure modes, have also been investigated.
Finally, the conclusions of the present research are summarised in Chapter 5.

The limitations of the present study and further research recommendations are

also described in this chapter.
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Chapter 1

Chapter 1

Introduction

1.1 Background

Diamonds are widely used in multiple divisions and have become one of the
most valuable raw materials in the world, not only due to their rarity and
decorative merit but also due to the material's exceptional physical
characteristics, which are irreplaceable by any other materials. The most
important and critical characteristic of a diamond is that it is the hardest
natural material known to man: on the Mohs scale of mineral hardness it
obtains 10 Mohs (the highest value), due to the strong sp3 directional bonding
of diamonds. Apart from that, diamonds also have the highest thermal
conductivity at room temperature, the highest bulk modulus and the highest
critical tensile stress for cleavage (Robertson, 1992). Moreover, they have
very low coefficients of friction and thermal expansion, and they are relatively
inert to chemical attack by common acids and bases (Konstanty, 2005a). Due
to the exceptional characteristics mentioned above and the latest progress in
diamond synthesis, diamond abrasives have been used extensively as an
advanced engineering material; in making tools for grinding, cutting and
drilling purposes. It is always challenging and desirable work for designers
and manufacturers to optimise the working efficiency and performance of

diamond tools.

Although the first use of a diamond as a cutting or engraving tool can be
traced back to 350 BC (Hughes, 1980), the first modern applications for
diamond tools can be traced back about a century. The first milestone in the
history of the development of diamond tools was the invention of a diamond

1
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wire-drawing die by Brackendon in England. It was successfully fabricated
and utilised by Milan and Balloffet in France (1980). Meanwhile, shaped
diamond wheels were created by Pritchard and were used for grinding and
polishing microscope lenses (Hughes, 1978; Tolansky, 1967). Later on,
Hermann, a French engineer, started to use a single-crystal diamond tool for
cutting, turning and shaping hard rocks and stones (Hughes, 1980). The idea
of bonding diamond particles by means of metal powders can be traced back
to 1883 when traditional abrasives, such as quartz or emery, were
incorporated into a metal matrix (Jones, 1960). The earliest diamond grit
impregnated tools, which are made with a mixture of diamond grits and
powder metallurgy, were first introduced into the USA in the 1920s and 1930s,
achieving further progress in the history of tool production (Jones, 1960).
Consequently, diamond-impregnated tools were introduced into industrial
application in the 1940s (Hughes, 1980). The developments in diamond tools
were relatively slow before the early 1950s because only mined diamond
crystals were available. Therefore the cost of the diamond tools was very high
and it was impracticable for industry to process large quantity production at
that time. However, since the invention of synthetic diamonds in the 1950s,
industry has developed the capability to manufacture synthetic diamonds on
an industrial scale, so developments in diamond tool manufacturing
technology have grown at a faster rate than ever before. Thus, synthetic
diamonds have been increasingly used as impregnated diamond tools for
drilling, grinding, sawing and similar activities with hard materials such as
rock, concrete, metal and glass. Nowadays, synthetic diamonds account for
more than 95% of the diamond consumption in all industries (Konstanty,
2005a). Over the last five decades, due to the implementation of modern
production techniques based on synthetic diamond tools, the cost of diamond-
based industrial activities has become lower and the efficiency of the jobs has
been improved significantly. Machinery and processing techniques in the
stone and construction industries, road repair, petroleum and mining
explorations, woodworking and the production of wvarious parts and
components made of glass, ceramics, metals and so forth, have also been

revolutionized with the advent of low-cost, high-quality synthetic diamonds.

2



Chapter 1

In the mining industry, one of the most significant challenges worldwide is to
explore new underground resources that can be mined over the next few
decades. Because of the previous mining developments and activities based on
low-efficiency drilling techniques, the vast majority of existing mines are
located where mineralised basement rocks are outcropping or shallow.
Inevitably, however, those accessible surface resources and existing shallow
mines have become depleted and therefore more cost-effective and more
efficient drilling technologies are required to drill deeper holes to explore new,
deeper mineral deposits. This investigation focuses on the diamond
impregnated drilling bit, which is one type of the many diamond tools
available that have been widely used in mining and geological exploration

drilling.

Understanding the mechanics of the diamond drilling bit during its operation
and developing a realistic modelling tool are extremely important for drilling
bit design and drilling optimisation. When operations are forced to mine from
deeper locations, the radical deterioration of drilling conditions due to the
extreme depth gives rise to deficiencies in understanding of both the drilling
mechanism itself and the optimisation of the drilling operation. The problem
is further compounded by an inability to observe the drilling process
meaningfully and the failures in the bits themselves, in real time. The key to
the successful characterization of the drilling process for a whole diamond bit
lies with a better understanding of bit failure under the bit-rock interaction

mechanism.

In diamond core drilling, the bit rotates in a constant direction at a certain
speed, with its active part remaining in contact with the workpiece material.
The impregnated diamond bits, commonly used in the mineral exploration
industry for drilling hard rocks, consist of large numbers of diamond grits,
having a size of the order of 100 microns, which are thoroughly mixed with
metal powders. The mixture is processed under high temperature and pressure,
known as the sintering process, to form solid drill bits. The majority of

previous efforts to understand the processes involved in using such bits have
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focused on describing the interaction between the bits and the rocks, using

theoretical analysis, experimental tests and numerical simulations.

Diamond impregnated bits are in practice made from a particulate composite
material, where the metals act as the matrix for binding the diamond particles
which are randomly distributed within the composite material. The basic
functions of the metallic matrix are to hold the diamond particles firmly prior
to them losing their cutting ability, in order to prevent premature diamond fall
off and to induce wear at a rate compatible with the diamond loss. Moreover,
the wear resistance of the matrix has to correspond with the abrasiveness of
the workpiece material. If the matrix is too soft it will wear much faster than
the diamond, which results in the premature fall out of the diamond. On the
other hand, an extremely wear-resistant matrix could lead to the phenomenon
called glazing which polishes the cutting segment surface until it eventually
loses its cutting ability. To date, cobalt alloy has been the most widely used
base matrix material for diamond impregnated bits due to its high yield
strength, toughness and adequate resistance to abrasive wear, as well as its
relatively low temperature and pressure requirements for consolidation
(Konstanty & Bunsch, 1991; Konstanty, Bunsch, & Cias, 1991). Nevertheless,
an extensive, market-oriented study on novel powders was triggered by the
move to substitute cobalt with suitable alternatives due to its unstable price
and high toxicity to the environment (Howkins, 2003; Spriano, Chen, Settineri,
& Bugliosi, 2005). Therefore, other metal alloys began to be used as base
matrix materials. The materials now commonly used for this metallic matrix
include copper, tin, tungsten, and nickel due to their optimal mechanical and

thermal properties (Hsieh & Lin, 2001; Lin, Yang, & Lin, 2008).

According to the previous research (Konstanty, 2005¢), the matrix retention
capacity of diamond particles is a complex, system-dependent property. The
complexity of impregnated diamond drills become evident when designing the
matrix as it must retain the diamond in such a way that they are neither pulled
out, pushed in deeper, nor moved around while the tool is in operation (Sun,

Pan, & Lin, 2002). In order to prevent the "glazing" phenomenon, it is
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necessary to ensure that the metallic matrix wears relatively faster than the
diamond grits in order to optimise the rate of diamond exposure (Sun et al.,
2002). Moreover, diamonds are mostly held by the matrix through mechanical
interlocking, which gives a low interfacial bonding strength (Hu, Chou, &
Thompson, 2008). Consequently, therefore, insufficient retention capabilities
could be introduced and which could result in the most undesirable failure
mode, the premature fall out of the diamond. In order to improve the retention
capacity of diamonds, a great deal of effort has been made to establish a
strong bond between the matrix and diamonds by means of supportive
chemical bonding. This can be achieved by using alloys that can react with the
carbon atoms in the diamond to form metal-carbide elements at the interface
(Scott, Nicholas, & Dewar, 1975). However, some of these alloys may melt at
the hot pressing temperature, to wet and flow over the diamond particles and a
continuous interfacial layer could be formed due to the concentration of the
reactive elements. As the growth of carbide-forming elements reaches a
critical point, the interface strength may become weak if it continues to
increase in thickness and severe diamond surface degradation is often
observed due to the formation of carbide layers which are too thick (Levin &
Gutmanas, 1990). Due to the technical problems, the manufacturers cannot
prevent surface degradation if they include the most strongly bonding alloys
as matrix materials. Thus, for the above reasons, the recent trend is towards
using metal-coated diamonds rather than chemically reactive matrices to
improve the matrix retention ability of the diamond particles. A study
conducted by Wang et al. (2002) indicates that the metal-coated diamond grits
can not only protect the diamond from oxidisation, but also increase its
retention ability after coating. Tungsten has been widely used as a coating
material for diamond grits, and it leads to the formation of a thin film of
tungsten carbide at the interface that acts as a strong chemical bond between
the matrix and the diamonds (Konstanty, 2005b). Along with using tungsten
as a coating metal, diamonds are also used with some other metals through
systems such as Ti-coating, which significantly improves the interfacial

bonding strength (Lin et al., 2008).



Chapter 1

Initially, some experimental studies by Miller et al. (1990) and Xuefeng et al.
(1994) on impregnated diamond bits have been conducted where the wear
mechanisms of these bits have been thoroughly investigated. In these studies,
the failure or wear modes have also been classified into four distinct types
where the diamond pull out is one of these failure modes, which has made an
importance contribution to improving the efficiency of these bits. At that time,
the only way to determine the characteristics of local fractures at the
contacting bit and rock surfaces was to use an optical microscope and a
scanning electron microscope. However, the fracture status inside the bit
could not be observed through the experimental tests. In terms of numerical
simulations, preliminary studies of diamond impregnated bits using FEM
were first attempted by Zhou et al. (1997) where two-dimensional
linear/elastic material properties were assumed in the analysis of a single
diamond, along with a portion of the surrounding matrix, taking perfect
interfacial bonding between the matrix and diamond. This could be defined as
the first micromechanical modelling of the bits, where the diamond is
subjected to a horizontal cutting force at its tip. The researchers plotted the
variations of normal stress distributions along the interface for different wear
situations. A similar two-dimensional FE study was conducted by Suh et al.
(2008) for a diamond impregnated grinding wheel, where they calculated the
von Mises stress along the interface instead of normal stress. Moreover,
different wear conditions, such as symmetrical, asymmetrical matrix wear and
particle wear were also considered in Suh's study for comparison purposes. In
a more updated but slightly different study, Li et al. (2010) tried to predict the
permanent plastic deformation and residual stresses produced within the
matrix near the diamond particle due to the sintering process, using three-
dimensional plasticity-based finite element simulation of the micromechanical
model. Another recent three-dimensional numerical simulation study
conducted by Romanski (2010) has tried to explore the effects of principal
factors which have an influence on potential diamond retention capacity in
diamond impregnated tools. In that research (Romanski, 2010), the effects of
Young's modulus and the yield strength of the matrix, as well as the friction

between the diamond and the matrix on the energies of the plastic and elastic
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deformation of the matrix, were analysed. The obtained results indicate that
the yield strength is the dominant parameter for the diamond retention
capability, whereas the other two factors are of secondary importance. As we
can see from the previous FE modelling on diamond impregnated bits, to date,
no one has investigated modelling of the interface failure of this system,
which can predict the diamond pull out process more realistically. Most of the
researches have been developed for pure stress and strain analysis of the
impregnated diamond bits under specific loading conditions. In practice, this
research, therefore, focuses on interfacial crack initiation and its propagation
which is a complex process, however, a proper modelling of the full process is
extremely important to have a better understanding of and designs for such

diamond tools.

1.2 Research objectives

An extensive review of the literature allowed key areas of research on
impregnated diamond tools to be identified. These include areas that have yet
to be studied in-depth, or could be better analysed with the use of
contemporary modelling techniques. The literature revealed a lack of
comprehensive modelling on the wear mechanism of impregnated diamond
drills. In order to overcome the difficulties with the design of impregnated
diamond drilling bits, the underlying objective of the present study is to
develop an effective and efficient numerical model to simulate the stress and
strain behaviour in the diamond bits, and to predict the failure mechanism of
the diamond impregnated tools. The developed model can also be refined
further subsequently in order to analyse different diamond impregnated
segments, such as different diamond shapes, sizes, protrusions and matrix
properties. It is expected that the proposed numerical model could simulate
the failure process of the diamond bits efficiently by incorporating the
cohesive zone method and the extended finite element method in the finite
element models. It is also expected that the numerical model for the diamond
impregnated bits could fully consider the effects of all the design variables

efficiently.
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Micromechanical modelling of diamond particle debonding (fall out) in
impregnated diamond segments was first achieved in two-dimensional models
by incorporating the cohesive zone method in the FE analysis, identifying the
key factors that influence the retention ability of diamond particles.
Furthermore, a three-dimensional micromechanical model of a portion of the
impregnated diamond bit has been developed to simulate diamond particle
fallout failure under more realistic conditions. The factors that can affect the
retention ability of diamond particles have been studied and identified. Lastly,
the extended finite element method has been incorporated into the FE model
to simulate crack initiation and propagation in the metal matrix under drilling

conditions.

It should be noted that the proposed numerical model for the diamond
impregnated drilling bits can be substantially consolidated to achieve more
realistic and accurate results by incorporating the real operating parameters
and material properties of diamond, matrix and interface of a specific drilling

bit.

1.3 Thesis overview

This thesis consists of five chapters and is in the format of a thesis by
publication. In addition to the Introduction in Chapter 1, Chapters 2, 3 and 4
are the kernel of this thesis and they present the research contributions and
outcomes, which are reported and prepared for academic journals. The titles

of these three papers and the corresponding brief summaries are as follows:

Paper 1 (Chapter 2): Interfacial failure modelling of diamond bits made of

particulate composites

Chapter 2 develops an efficient and accurate failure mechanism analysis of a
diamond impregnated drill bit using the finite element and cohesive zone

methods to model the diamond particle embedded in the metal matrix and its
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fall out failure under certain loading conditions. The numerical models
developed in this paper are all in two-dimensional. 4-node bilinear plane
strain quadrilateral elements have been used for the modelling of the diamond
particle and metal matrix. The interface adhesion force is simulated by the
incorporation of the cohesive zone method, which is the tool most commonly
used to investigate the interfacial failure. Several numerical examples are first
analysed by the proposed finite element model to assess its performance and
this shows that the accuracy of proposed model is quite satisfactory.
Parametric studies are presented to indicate the effect of the diamonds’ shape,
orientation, protrusion and interface parameters on the critical load to initiate
interface failure (fall-out of the diamond particle) of diamond impregnated bit.
The obtained results indicate that all these parameters have a significant

influence on the particle retention capacity of the tool.

Paper 2 (Chapter 3): 3D-modelling of interfacial failure of diamond

impregnated drill bits based on a micromechanical model

Chapter 3 presents numerical simulations of the diamond de-bonding analysis
of diamond impregnated drill bits using the finite element method
incorporated with the cohesive method in three dimensions. Two example
experimental problems, double cantilever beam (DCB) and mixed-mode
bending (MMB) tests have been taken and simulated to validate the finite
element model by comparing the simulated results with the experimental
results. Surface-based cohesive behaviour has been incorporated into the finite
element model to simulate interface fracture initiation, as well as fracture
propagation. The cohesive zone modelling (CZM) is based on linear softening
traction-separation law. Parametric studies are undertaken to investigate the
effect of various features that can influence the retention capacity of the
diamond particles. These include the diamonds’ shapes, orientations and load
directions, as well as different interface properties. It is worth noting that the
present model is capable of being further extended to help to simulate any
type of diamond tool, thereby enabling manufacturers to improve the design

of these tools also.
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Paper 3 (Chapter 4): FE simulation of matrix crack and interface debonding of
diamond impregnated drill bits - In two dimensions.

Chapter 4 proposes a novel computational methodology for predicting
fractures in a metal matrix and interface delamination of impregnated
diamond drill bits. A micromechanical finite element model (FEM), in two-
dimensions, of a single diamond particle partially embedded inside a metal
matrix is developed to simulate microcrack initiation and propagation in the
metal matrix and diamond matrix interface, debonding simultaneously by
using the extended finite element method (XFEM) and cohesive zone method
(CZM) respectively. The developed model has been applied to examine the
interface material property effect on the diamond particles’ retention ability
and failure modes during cutting and the diamond shape’s effects on the
critical load to initiate failure for different modes. The interface failure mode
will always occur first when the property of the interface is assumed to be the
same as the matrix property, irrespective of the shape of the diamond particle.
Increasing the interface strength will raise the critical load for interface
delamination, but the failure mode will be changed into matrix crack when the
interface strength exceeds a certain value. For the interface failure mode, as
can be seen from the studies of different diamond shapes, the hexagon shaped
diamond has the highest retention ability, where the square and pentagon
shaped particles have the lowest retention capacity. When the strength of the
interface has been increased to a certain high value, the matrix crack starts to
occur. Similar to the interface failure, the square shaped diamond requires the
lowest load to initiate matrix failure, whereas the decagon shaped diamond

requires the highest critical load.
Chapter 5 summarises the main contributions and conclusions of this thesis.

Additionally, the limitations of this research are discussed, as well as potential

future related work.

10



Chapter 1

References for Chapter 1

HOWKINS, M. 2003. Trends in the supply and demand for cobalt. Cobalt
News, 10-14.

HSIEH, Y.-Z. & LIN, S.-T. 2001. Diamond tool bits with iron alloys as the
binding matrices. Materials Chemistry and Physics, 72, 121-125.

HU, J., CHOU, Y. K. & THOMPSON, R. G. 2008. Cohesive zone effects on
coating failure evaluations of diamond-coated tools. Surface and Coatings

Technology, 203, 730-735.

HUGHES, F. 1978. Diamond Grinding of Metals. Industrial Diamond

Information Bureau, 1-3.

HUGHES, F. H. 1980. The early history of diamond tools. Industrial
Diamond Review, 40, 405-407.

JONES, W. D. 1960. Fundamental Principles of Powder Metallurgy. Edward
Arnold Publishers Ltd., 807.

KONSTANTY, J. 2005a. Chapter 1 - Introduction. /n. KONSTANTY, J. (ed.)

Powder Metallurgy Diamond Tools. Amsterdam: Elsevier Science.

KONSTANTY, J. 2005b. Chapter 3 - Diamond tool design and composition.
In: KONSTANTY, J. (ed.) Powder Metallurgy Diamond Tools. Amsterdam:

Elsevier Science.

KONSTANTY, J. 2005¢. Chapter 6 - Mechanical properties of the matrix. /n:
KONSTANTY, J. (ed.) Powder Metallurgy Diamond Tools. Amsterdam:

Elsevier Science.

KONSTANTY, J. & BUNSCH, A. 1991. Hot pressing of cobalt powders.
Powder Metallurgy, 34, 195-198.

11



Chapter 1

KONSTANTY, J.,, BUNSCH, A. & CIAS, A. 1991. Factors affecting
hardness and ductility of hot-pressed cobalt powders. Powder Metallurgy, 23,
345-356.

LEVIN, E. & GUTMANAS, E. Y. 1990. Solid-state bonding of diamond to
Nichrome and Co-20wt% W alloys. Journal of Materials Science Letters, 9,
726-730.

LI, B.,, AMARAL, P. M., REIS, L., ANJINHO, C. A., ROSA, L. G. &
FREITAS, M. D. 2010. 3D-modelling of the local plastic deformation and
residual stresses of PM diamond—metal matrix composites. Computational

Materials Science, 47, 1023-1030.

LIN, C.-S., YANG, Y.-L. & LIN, S.-T. 2008. Performances of metal-bond
diamond tools in grinding alumina. Journal of Materials Processing

Technology, 201, 612-617.

MILLER, D. & BALL, A. 1990. Rock drilling with impregnated diamond
microbits—An experimental study. International Journal of Rock Mechanics

and Mining Sciences & Geomechanics Abstracts, 27, 363-371.

MILLER, D. & BALL, A. 1991. The wear of diamonds in impregnated
diamond bit drilling. Wear, 141, 311-320.

ROBERTSON, J. 1992. Properties of diamond-like carbon. Surface and
Coatings Technology, 50, 185-203.

ROMANSKI, A. 2010. Factors affecting diamond retention in powder
metallurgy diamond tools. Archives of Metallurgy and Materials, 55, 1073-
1081.

SCOTT, P. M., NICHOLAS, M. & DEWAR, B. 1975. The wetting and
bonding of diamonds by copper-base binary alloys. Journal of Materials

Science, 10, 1833-1840.

SPRIANO, S., CHEN, Q., SETTINERI, L. & BUGLIOSI, S. 2005. Low

content and free cobalt matrixes for diamond tools. Wear, 259, 1190-1196.

12



Chapter 1

SUH, C.-M., BAE, K.-S. & SUH, M.-S. 2008. Wear behavior of diamond
wheel for grinding optical connector ferrule — FEA and wear test —. Journal

of Mechanical Science and Technology, 22,2009-2015.

SUN, L., PAN, J. & LIN, C. 2002. A new approach to improve the
performance of diamond sawblades. Materials Letters, 57, 1010-1014.

TOLANSKY, S. 1967. Early historical uses of diamond tools. Industrial
Diamond Information Bureau, London, 2, 341-349.

WANG, Y. H., ZANG, J. B.,, WANG, M. Z., GUAN, Y. & ZHENG, Y. Z.
2002. Properties and applications of Ti-coated diamond grits. Journal of
Materials Processing Technology, 129, 369-372.

XUEFENG, T. & SHIFENG, T. 1994. The wear mechanisms of impregnated
diamond bits. Wear, 177, 81-91.

ZHOU, Y., FUNKENBUSCH, P. D. & QUESNEL, D. J. 1997. Stress
distributions at the abrasive-matrix interface during tool wear in bound

abrasive grinding—a finite element analysis. Wear, 209, 247-254.

13



Chapter 1

14



Chapter 2

Chapter 2

Interfacial failure modelling of
diamond bits made of particulate

composites

(Journal Paper 1)

J. Xu, A.H. Sheikh and C. Xu

School of Civil, Environmental and Mining Engineering, the University of

Adelaide, Australia

Publication:

J. Xu, A.H. Sheikh, C. Xu. (2016). Interfacial failure modelling of diamond
bits made of particulate  composites. Composite  Structures,

http://dx.doi.org/10.1016/j.compstruct.2016.07.075.

15



Chapter 2

Statement of Authorship

Title of Paper

Interfacial failure modelling of diamond bits made of particulate composites

Publication Status

v Published I~ Accepted for Publication

Unpublished and Unsubmitted w ork w ritten in
manuscript style

-

I~ Submitted for Publication

Publication Details

J. Xu, AH. Shelkh, G. Xu. (2018). Interfacial failure modelling of diamond bits made of
particulate composites. Compaosite Structures,

http://dx.doi.org/10.1016/.compstruct.2016.07.075.

Principal Author

Name of Principal Author (Candidate)

Jiayi Xu

Contribution to the Paper

Undertook literature review, developed analytic procedure and numerical models, performed
analysis on different parameters and prepared manuscript.

Overall percentage (%)

80%

Certification:

Signature

Co-Author Contributions

This paper reports on original research | conducted during the period of my Higher Degree by
Research candidature and is not subject to any obligations or contractual agreements with a
third party that would constrain its inclusion in this thesis. | am the primary authar of this paper.

Eale | BO/QS/LgIL

By signing the Statement of Authorship, each author certifies that:

i. the candidate's stated contribution to the publication is accurate (as detailed above);

il permission Is granted for the candidate in include the publication in the thesis; and

the sum of all co-author contributions is equal to 100% less the candidate’s stated contribution.

Name of Co-Author

Abdul Hamid Sheikh

Contribution to the Paper

Signature

Supervised development of numerical models, helped manuscript preparation, reviewed and
corrected draft of the manuscript.

2o (824l

[ |

Name of Co-Author

Chaoshui Xu

Contribution to the Paper

Signature

Supervised development of work, helped to evaluate and edit the manuscript.

| pate  |10-09-2016

Please cut and paste additional co-author panels here as required.

16




Chapter 2

Abstract

The failure analysis of diamond impregnated bits, which are found as
particulate composite materials consist of diamond particles randomly
distributed within a metal matrix, is conducted to study the pull out the
behaviour of diamond grits for an assessment of diamond retention capacity of
these drilling bits. The finite element technique is used to model the diamond-
matrix system where a zero thickness surface based cohesive zone modelling
technique is used to simulate the failure at the interface between the matrix
and the diamond particle. For the validation of the model, few numerical
examples are initially solved and the results produced by the model are
compared with the published results which show a good performance of the
model. Finally, a parametric study is conducted to show the effects of shapes,
orientations and protrusions of diamond particles as well as interface

properties on the retention capacity of diamond particles.

Keywords:

Diamond impregnated bits; Particulate composite materials; Diamond pull out;

Interface debonding; Cohesive zone modelling; Finite element modelling
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2.1 Introduction

Since the invention of synthetic diamonds dated back to 1950s, these
diamonds have been increasingly used as impregnated diamond tools for
drilling, grinding, sawing and similar activities of hard materials such as rock,
concrete, metal and glass. The popularity of diamond impregnated tools is due
to various advantages such as low friction coefficient, high stiffness and
thermal conductivity as well as high bulk modulus exhibited by these tools
(Busch and Hill, 1975, Paone and Madson, 1966). The impregnated diamond
bits are commonly used in the mineral exploration industry for drilling hard
rocks. A segment of these bits is made with particulate composite material
consist of large numbers of diamond particles having a size of the order of
100 microns which are evenly distributed within a metal matrix. The diamond
grits are thoroughly mixed with metal powders and the mixture is processed
under high temperature and pressure, known as a sintering process, to form
these solid bit segments. The materials commonly used for this metal matrix
are cobalt, copper, tin, tungsten, and nickel due to their optimal mechanical
and thermal properties (Hsieh and Lin, 2001, Lin et al., 2008, Tze-Pin et al.,
1992). During the drilling operation, when the cutting surface of the bit slides
over a rock due to rotation of the bit, the embedded diamond particles near the
cutting surface are partially exposed due to gradual wear of the matrix
material and these exposed diamonds do the cutting or drilling of the rock.
The matrix is expected to hold the freshly exposed sharp diamonds firmly and
at the same time, it should wear at a rate compatible with that of diamonds so
that the worn diamond can fall out to allow new diamonds to expose
continuously (Xuefeng and Shifeng, 1994). This is one of the major
advantages of impregnated diamond bits, which is known as their self-
sharpening ability. The de-bonding of diamonds prior to reaching their full-
service life is one of the most undesirable failure modes of these bits. This
premature loss of diamonds greatly impacts the tool’s cutting efficiency and

increase the cost of drilling operation (Konstanty, 2005a).

In order to study the mechanical properties of particulate composites, Huang

et al. (1993) conducted an experimental test to evaluate the Elastic Moduli of
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polyester resin matrix composites with hollow glass spheres inclusions as
reinforcements and the results have been compared with the theoretically
calculated elastic moduli. Tagliavia et al. (2010) have investigated the
mechanical properties of syntactic forms reinforced with spherical hollow
particles under tensile loading where the effect of particle-matrix de-bonding
and particle wall thickness on the elastic modulus of the reinforced foam has
been shown. Tagliavia et al. (2010) have developed a model which they used
along with the finite element analysis to undertake this research. Shams et al.
(2014) have developed another model which is very similar to Tagliavia et al.
(2010). However, the behaviour of these particulate composite materials
(Huang and Gibson, 1993, Tagliavia et al., 2010, Shams and Porfiri, 2014)
will be quite different from the diamond impregnated bits as the most
effective particles are partially exposed from the matrix in the present case
whereas these are embedded within the matrix for these materials (Huang and

Gibson, 1993, Tagliavia et al., 2010, Shams and Porfiri, 2014).

The retention of diamond grits by the matrix is a complex and system-
dependent process which is affected by the properties of the matrix, interfacial
materials as well as the size, shape and orientation of diamond particles
(Chalkley and Thomas, 1969, Konstanty, 1999). A poor adhesion at the
interface between the matrix and diamond particles leads to premature fall out
of diamond grits while resisting the interfacial stresses developed during the
operation of the bits. A majority of literature has identified that the premature
interface failure is one of the major issues limiting the performance of
diamond bits. In some cases, diamonds are mostly held by the matrix through
mechanical interlocking which gives a low interfacial strength. In order to
improve the retention capacity of diamonds, many attempts have been made
to establish a strong bond between the matrix and diamonds by adding some
alloy which reacts with carbons present in diamonds to form chemical
bonding in the form of metal-carbide elements at the interface (Scott et al.,
1975, Levin and Gutmanas, 1990). Initially, iron, tungsten and nickel alloys
are added into the metal matrix formation which not only helps to improve the

strength, toughness and hardness of the matrix but also enhances the
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interfacial strength as these metals have a strong atomic bonding affinity for
carbons. However, it has been proved that a severe diamond surface
degradation is often observed by the formation of too thick carbide layers due
to adding more chemically reactive materials into the metal matrix powder
(Konstanty, 2005a). Also on an industrial scale of production, it is almost
impracticable to prevent the graphitization of diamonds under high
temperature which is required when the matrix material includes these
reactive alloys. Consequently, the technique of metal-coated diamonds has
been invented which not only protects the diamonds from oxidisation but also
increases their retention capacity (Konstanty, 1999). Tungsten has been
widely used as a coating material for diamond grits, and it helps to form a thin
film of tungsten carbide at the interface that acts as a strong chemical bond
between the matrix and diamonds (Konstanty, 2005a). Besides using tungsten
as a coating material, some other metals such as Ti-coating are also used

which improves the interfacial bonding strength significantly (Lin et al., 2008).

Initially, some experimental studies (Miller and Ball, 1990, Miller and Ball,
1991, Xuefeng and Shifeng, 1994) on impregnated diamond bits were
conducted where the wear mechanisms of these bits were investigated. Also,
the wear modes have also been classified into four distinct types where the
pull out of diamonds is one of these failure modes, which has an importance
influence on the efficiency of these bits. However, no one made any attempt
to quantify these failure mechanisms in terms of displacements, forces or
some other mechanical parameters so far. The first attempt towards modelling
the behaviour of these diamond bits is due to Zhou et al. (1997) who
conducted stress analysis of a single diamond particle along with a portion of
the surrounding matrix as a representative part of these bits using a 2-
dimensional finite element model without considering any failure or damage
at the interface between the matrix and diamonds. This may be defined as a
micromechanical modelling of the bits where the diamond is subjected to a
horizontal cutting force only at its cutting tip (Miller and Ball, 1990). Zhou et
al. (1997) plotted the variation of normal stress along the interface for

different levels of matrix wear and these stress distributions were taken as the
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measure of interface debonding failure. Suh et al. (2008) conducted a similar
study on diamond impregnated grinding wheel where they calculated the von
Mises stress along the interface where they also studied the effect of
unsymmetrical matrix wear with respect to the diamond particle. In a slightly
different study, Li et al. (2010) tried to predict the plastic deformation and
residual stresses within the matrix near the diamond particle which is
produced due to the sintering process where a 3-dimensional finite element
simulation of the micro-mechanical model was used. It is interesting to note
that no one has paid any attention so far on the modelling of interface failure
of this system which can predict the diamond pull out process more
realistically. This is a problem of interfacial crack propagation which is a
complex process but a proper modelling of this process is necessary for a

better understand of these diamond tools and their design.

A satisfactory solution of the above problem can be achieved by using the
concept of fracture mechanics which can be implemented through finite
element modelling. In this context, the Virtual Crack Closure Technique
(VCCT) (Turon et al., 2007) became quite popular which is based on Linear
Elastic Fracture Mechanics (LEFM). Although valuable information related to
onset and stability of a crack can be obtained by using this technique (VCCT),
it 1s not convenient for modelling crack propagation as VCCT requires re-
meshing to advance the crack front when the energy release rate reaches its
critical value (Rinderknecht and Kroplin, 1997). Moreover, the VCCT
requires the information of a pre-defined initial crack. These problems can be
eliminated by using the cohesive zone modelling (CZM) technique which is
becoming very popular in recent years for modelling automatic crack
propagation in many engineering problems. However, this technique needs the
information of the crack propagation direction in advance. Incidentally, this is
predefined in the present problem which is simply the interface between the
matrix and diamonds. Similarly, there are many other problems such as
delamination in multi-layered composite laminates, bond failure of reinforcing
bars or externally bonded plates in concrete structures, delamination in

adhesively bonded joints, matrix-inclusions de-bonding in any composite
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materials and similar situations where the direction of crack propagation is

known (Grassi and Zhang, 2003, M. Alfano, 2007, de Morais et al., 2002).

Actually, the delamination problem in multilayered composite structures has
drawn a significant attention in recent past which has helped to develop this
modelling technique (CZM) so well that it can be used with full confidence.
The fundamental idea of the CZM technique is based on the concept of
fracture process zone which is characterised by the cohesive law or traction
separation law for de-cohesion of atomic lattices as proposed by Barenblatt
(1962). According to this model, the traction across the interface between the
two materials is increased elastically at the beginning with the separation of
these two materials until the traction reaches its critical value. This traction is
then decreased with further increase of the separation and eventually

disappears according to some principles of damage mechanics.

The CZM technique, which has been successfully applied to various problems,
should be most suitable for the present problem but it has not been exploited
so far. Thus the matrix diamond interface failure is modelled by finite element
and CZM techniques in combination for the first time in this study. This will
help to understand the wear mechanism of impregnated diamond bits due to
diamond pull out more accurately that can benefit the design of these bits.
Moreover, there is a need for investigating the effect of different parameters
such as protrusions, shapes and orientations of the diamond particle on its
retention capacity which is undertaken in this research as this has not been

studied previously.
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2.2 Numerical Model

2.2.1 Geometry of the model and its finite element

meshing

Similar to the previous investigations (Suh et al., 2008, Zhou et al., 1997), the
failure of diamond impregnated bits is modelled by taking a single diamond
particle which is partially embedded within the matrix and cuts the rock with
its exposed part during the drilling operation (Fig. 2.1a). The model also
includes a portion of the surrounding matrix that holds the diamond particle
(Fig. 2.1a) where the dimension of this portion of the matrix (within the dotted
lines) is adequate to dissipate the stresses produced by the forces acting on the
diamond particle. For the justification of the above model, it is assumed that
diamond particles are evenly distributed within the matrix and having
adequate gaps between them so that stresses around these particles do not
affect each other. This is true for most of the diamond bits as they are
designed to have adequate service lives by avoiding non-uniform distribution
of diamond grits which is responsible for localised stress concentration
leading to premature failure of these bits. In order to predict the failure and
stresses within the representative portion of the diamond bit mentioned above
(Fig. 2.1a), a 2-dimensional finite element modelling of this portion (Fig. 2.1b)
is undertaken. For the convenience of representing the problem, the finite
element model (Fig. 2.1b) is drawn as a mirror image (upside down) of the
actual object. Although the model considered both horizontal and vertical
forces to simulate cutting force (Fx) and vertical thrust force (Fy) on the bit,
the results indicate that the fall-out of the diamond particle due to interfacial
debonding are primarily facilitated by tangential cutting force and the
additional wvertical force do not affect the result much. Moreover, the
magnitude of the cutting force is unknown and it changes during the cutting
process. This problem is addressed by the displacement control technique
where the displacement is imposed at the tip of the protruded (exposed) part
of the diamond particle. The finite element model has predicted the cutting in

the form of resisting force with respect to the imposed displacement. This has
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also determined the critical load for the interfacial debonding of the diamond

particle.

Diamond
Cutting direction \/
— N\

Rock —

(a) Schematic draw of the drilling operation of a diamond impregnated
bit

F
yl Fx
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(b) Finite element model of the representative part of the diamond

impregnated bit

n=40

(c) Two different sample mesh densities of a diamond particle and its
surround matrix
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Fig. 2.1 Finite element model of a diamond impregnated drill bit.

Although the natural diamond particles are highly irregular in shape (either
round and/or few sharp edges and corners), the shape of synthetic diamond
grits, used in impregnated diamond bits, are controlled and these can be
treated as regular polygons (2D model) in most cases. A square geometry has
typically been used by different investigator for simplicity which is also used
in most of the cases of the present study. The typical size of synthetic
diamond particles varies from 0.01 to 0.5 mm (Xuefeng and Shifeng, 1994, Li
et al., 2010) and this is taken as 0.5 mm in the present simulation. The size
taken for the surrounding matrix is about 20 times larger than that of the
diamond which is large enough to ensure that the stresses are zero near the
boundaries (dotted lines in Fig. 2.1a) of the matrix. In the present study, a
well-regarded finite element code ABAQUS 6.12 is used for a reliable
numerical modelling of the diamond-matrix system. Four nodes bilinear plane
strain quadrilateral elements are used to model both diamond and matrix. The
mesh convergence study is performed for all examples to ensure a converged
solution but the details are not shown. A sample representative case of the
finite element model of the system with meshing is shown in Fig. 2.1b. A
finer mesh is used for the regions of interest, which is the diamond particle
and the portion of the matrix in the vicinity of the interface, while a coarse

mesh is used for the portion of matrix away from the interface with a gradual
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transition in order to improve the computational efficiency. The detail of the
mesh convergence study of this problem is illustrated by taking 8 different
mesh densities. The mesh divisions used for the diamond particle is defined as
n;An and the value of n is taken as 5, 10, 20, 30, 40, 60, 80 and 160 in the
present study. Fig. 2.1c shows two sample cases corresponding to n=5 and
n=40. The values of the critical load obtained from these eight mesh densities
are plotted in Fig. 2.1d, which shows that the results converged well as the
mesh density increased. It can be seen that a mesh density corresponding to

n=40 is adequate to obtain accuracy result in this case.

2.2.2 Material model of the matrix and diamonds and

their properties

Since diamonds behaves like a brittle material, they are treated as elastic and
isotropic materials. In the present study, the modulus of the elasticity is taken
as E = 1100 GPa whereas the Poisson's ratio I = 0.1 for these diamond
particles (Zhou et al., 1997, Li et al., 2010, Suh et al., 2008). The Tungsten
carbide cobalt (WC-Co) alloy is used as the matrix material which is having
high wear resistance and hardness characteristics. The mechanical properties
of WC-Co are significantly influenced by the content of cobalt as well as the
tungsten carbide grain size before sintering (Andrew, 1998). The modulus of
elasticity and Poisson's ratio of WC-Co alloy are taken as 600 GPa and 0.2
respectively which were experimentally determined by Jaensson et al. (1972)
for low cobalt contained alloy. It is worth to note that WC-Co alloy is a kind
of cemented carbide material and due to the high proportion of tungsten
carbide content, the matrix behaves as a hard metal and it is treated as elastic
material in the present study. In order to ensure that, elastic-plastic material
properties are used to model the matrix in some sample test cases where no

significant effect of plasticity is observed.
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2.2.3 Failure model for the diamond-matrix interface

The traditional continuum-based approach is not computationally attractive
for modelling the interfacial failure in the present study as the thickness of the
interface is very small which needs a very fine mesh to capture the sudden
variation of displacements and stresses within this small distance. In this
situation, the concept of cohesive zone modelling approach (Elices et al., 2002,
M. Alfano, 2007) is most appropriate which is adopted in the present study.
This modelling approach assumes that the interface has no thickness and the
formulation is based on traction-separation relationship instead of stress-strain
relationship. A typical traction-separation (7 — o ) relationship is shown in Fig.
2.2 where OA shows the elastic response of the interface having a high
stiffness of K and AB represents the interfacial damage in the form of a linear
softening law. The damage is characterised by the damage parameter (d) as
shown in Fig. 2.2 which helps to represent the irrecoverable damage of the
interface through pure elastic unloading with reduced stiffness. The separation
at failure 8/ is obtained from the ultimate stress r° (a material property of
the interface) and the interfacial fracture toughness G. (another material
property) which is the area of the triangle OAB. The use of fracture energy

helps to make the analyses mesh-insensitive.

ion A
Traction sUltimate stress (damage initiation)
o A (d=0)
_~Damage evolution
iK G D &
ol /4%:,5((1-d)}( ,Complete failure
a ¥

o Sl B(d=1) -

8° & Separation

Fig. 2.2 A typical bilinear traction-separation relationship.

As the present problem is based on 2D analysis, an interface may have two
possible modes of failure: 1) Mode I or opening mode due to the tensile stress
acting normal to the interface and 2) Mode II or sliding mode due to shear

stress parallel to the interface. Thus the traction separation law (Fig. 2.2)
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mentioned above will be used for both these modes of failure which will have
a coupling that will be discussed later. In the present case, the separation
indicates the relative displacements between the diamond and the matrix at
their interface whereas the tractions are simply the interfacial stresses. These

relative displacements {A} at any point of the interface may be expressed as:

+ - + -

u u u 4 u, 4 u,
{A}: = N -\ :ZN,'(&:_LU) . _ZN,-(SZ:L??) B (21)
i=1 Vi i=1 Vi

<l
<

\%

where #”* and u~ are the displacement components at the two sides of an

interfacial point in the global x-direction whereas u” and u, are the

corresponding displacements at the i-th node of the elements (Fig. 2.3) used to

model the materials on the two sides of this interfacial point and N, are the

shape functions of these elements. This is similarly applicable to v' and v
which are the displacement components in the global y-direction. The normal
and tangential components of these relative displacements {5 } are in local

coordinate system n-s (Fig. 2.3) which can be obtained from their global

counterparts {A} using the coordinate transformation.

SR
SRR

y()

x (u)

\=0 33, )

Diamond
Element

Matrix
Element

Interfacial Thickness: t=0 q (o)

Fig. 2.3 Detail of an interface for cohesive zone modelling.
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According to the isoparametric formulation, the coordinates of an element can
4 4

be written as x:ZN,.x,. and yZZNiy,. where x, and y, are the nodal
i=1 i=1

coordinates of the element. With these, the vectors along the curvilinear

coordinate system £ and 77 can be obtained as:

ox
0 L ON, | X,
0s
£
s ON, [x,
v, = 88;7 =Zl—n{;} 2.3)
on

The above vectors may be taken at any point on the interface after substituting

as & =+1 or& = —1 depending on the location of the element (i.e., negative or

positive side of the interface). In order to keep the presentation simple, the +
or — superscripts are avoided in this section. It should be noted that the vectors

{V}é and {V},7 may not be orthogonal to each other in all cases as the

elements will not always have a rectangular shape (Fig. 2.3). However, the

vector {V},7 will always follow the interfacial direction which aligns with the
mode II or shear failure. In order to get the vector {¥} along the normal
direction of the interfacial and laying in &—7 plane for the modelling of
mode [ failure, it is convenient to have the vector perpendicular to the &—7

(or x-y) plane first and it can simply be obtained as:

Mz -
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As the above equation gives a normalised unit vector {/'} perpendicular to
the & —n plane, {V}U can be normalised to have the tangential unit vector

{}, which may be utilised to get the unit normal vector {¥'}, as follows:

{V}s = H{V},,H (2.5)
=i

——

~
-

(2.6)

Once {V}n and {V} are obtained, the transformation matrix [Q] , which

correlates the local coordinate system s-n of the interface (Fig. 2.3) with the

global coordinate system x-y, can be simply formed as:

[Q] _ {{V}i] _ [ cosf sin 6’] 2

-sin@ cos@

where @ is the orientation of the normal to the interface as shown in Fig. 2.3.
By using the above transformation matrix [Q] and the interfacial relative
displacements {A} expressed in global coordinates in Egs. (1), these relative

displacements can be expressed in local coordinates as:

5,
{5}—{ }—[Q]{A} (2.8)

The damage introduces nonlinearity in the system that requires an
incremental/ iterative procedure for solving the governing equations. As the
damage is an irreversible process, the solution technique dependent on the

loading history. Thus there is a need for storing the maximum values of these

relative  displacements ( o™ , 8™ ) which occurred before any

increment/iteration and they are updated in that increment/iteration as follows:
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If 6,>0," = o™ =6, otherwise 5, =™ (2.9)

If

9,

> 8™ = 5™ =|6| otherwised™ = & (2.10)

The interfacial normal and shear tractions (7, and 7 ) can be related to the

maximum value of these relative displacements using the interfacial

constitutive properties in the form of traction-separation laws (Fig. 2.2) as:

r, =K,6, if 5™ <&
r,=(1-d K30, if 6° <™ <&/ (2.11)

r, =0 if 5™ >/

1. =K5, if 5™ <5

r,=(1-d K8, if 5° <™ <5/
(2.12)
7, =0if ™ > 5/

For the bilinear traction separation law (Fig. 2.2), the damage parameters for

these two modes of fracture may be written as:

A ; P O
alel-ey) T,

The above equations (11) and (12) can be used if the two modes of failure are

(2.13)

independent having no coupling between them. However, due to the varying
drilling conditions of the impregnated diamond bits, the matrix diamond
interface is more likely to have a mixed-mod fracture where the two modes of
failure will be coupled as mentioned earlier. In that situation, the damage

onset and its propagation may occur before reaching the ultimate stress of
mode 1 (7)) and mode II (7). Under mixed mode failure scenario, a
quadratic failure criterion proposed by Cui et al. (1993) for the prediction of

damage initiation seems to be most suitable which is used in the present study

and it is expressed as:
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(@“}J J{T—Oj -1 (2.14)
z-ﬂ TS

Similarly, the power law (Zhai and Zhou, 2000) is used for the mixed mode
damage evolution of the interface which is expressed in terms of energy

release rates (G, and G, ) and their critical values (i.e., fracture toughness for

2 2
(ij +(G_j :1 @15
G Ge

s 5 . . .
where G, = '[0 7.do, and G, = '[0 7.do, . In a mixed mode failure analysis,

these two modes) as:

the traction separation relationship (Fig. 2.2) for the two modes are combined
and expressed in terms of an equivalent traction-separation relationship
having a similar bilinear shape which helps to implement the mixed-mode
damage model conveniently. This combined traction-separation relationship

will have a same initial stiffness (K) whereas the separation at the onset of

damage initiation §° and the separation at complete failure 5/ (subscript m

indicates mixed-mode fracture) can be obtained from Equations (14) and (15)
respectively (Camanho et al., 2003). In that case, the two components of the

separation obtained in any incremental/iterative are to be combined to have

single resultant component §, as:

5, =48, +6" (2.16)

With the above equations, the stiffness matrix of the interface can be derived
using Virtual Work Principles following the unusual steps of finite element
technique. It should be noted that the Newton-Cotes integration technique is
used to evaluate the interfacial stiffness matrix following the full integration
scheme in order to have better results as recommended by Borst et al. (1989)
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and Goncalves et al. (2000). Thus the material properties required for defining
the interfacial behaviour in the present study are the fracture toughness values

G, and G, for the two modes and the corresponding ultimate stresses z° and
0. It has been proved experimentally as well as theoretically (Zhai and Zhou,

2000, Cavalli, 2003) that these material parameters should be taken for the
weaker material which is the metal matrix in the present case if the matrix is
adequately connected to the diamond. Thus, the material properties of
tungsten carbide cobalt (matrix) are taken as the interfacial material
parameters which are:

" =543 MPa, "= 314 MPa, G, = 0.14 mJ/mm” and G .= 0.33 mJ/mm”.

1c

2.3 Validation of the numerical examples

Although some researchers studied the behaviour of diamond impregnated
bits experimentally (Liao and Luo, 1992, Tze-Pin et al., 1992, Miller and Ball,
1991) as well as numerically (Zhou et al., 1997, Suh et al., 2008) but there is
no experimental test data available for validation of the present model as no
one attempted to quantify the failure mechanism as mentioned earlier. On the
other hand, the available numerical results (Zhou et al., 1997, Suh et al., 2008)
cannot be used for a complete validation of the present models because these
studies did not consider the interfacial damage. These studies (Zhou et al.,
1997, Suh et al., 2008) used a linear finite element model to evaluate the
diamond-matrix interfacial stresses which were taken as a simple measure of
interfacial debonding. . However, these numerical results (Zhou et al., 1997,
Suh et al., 2008) are utilised for a partial validation of the present model
taking a perfect diamond-matrix interface. The interface damage model used
in the present analysis is indirectly validated with the test data of a double

cantilever beam (DCB) (de Morais et al., 2002).
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2.3.1 Validation of the model with perfect diamond-
matrix interface considering different levels of

matrix and diamond wear

This problem is picked up from the published paper (Zhou et al., 1997) who
applied a constant cutting force (P = 2.5N) on the diamond particle having a
square geometry with 0.015mm sides (Fig. 2.4a) and the analysis was carried
out taking the modulus of elasticity as 1141 GPa and 110 GPa for the
diamond and the matrix (bronze) respectively. The problem seems to be
hypothetical in regards to the particle size and the magnitude of cutting force
but this is used only for the purpose of validation. The same loading, material
properties and geometric dimensions are used in the present finite element
model and the analysis is carried out for different levels of matrix wear (Fig.
2.4a). For the representation of results with respect to the meshing used in the
present analysis (diamond has a regular/structured meshing with a division of
12x12), the matrix wear is defined as “0” (initial condition or basic case)
when one-fourth of the diamond height is exposed or protruded out of the
matrix whereas this is “6” when six layers of matrix elements of the basic case
are removed to have half protrusion of the diamond particle (Fig. 2.4a). These
elements are removed incrementally at the rate of two layers at a time that has
simulated seven different levels of matrix wear ranging from “0” to “12” with
an increment of 2. The finite element mesh used for three sample cases of
matrix wear is shown in Fig. 2.4a, where the entire portion of the matrix
considered in the present model, is not shown for the convenience of

presentation.
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(b)Distribution of the Von-Mises stress over the entire body found in
the present FE analysis.

Fig. 2.4 Finite element analysis for a different level of matrix wear.

Similar to Zhou’s study, the cutting force is applied on the left side of the
diamond particle’s exposed edge where total force (2.5 N) is equally
distributed at the six nodes starting from the top corner of the diamond. The
variations of Von-Mises stress over the entire system predicted by the present
finite element model are illustrated as stress contours in Fig. 2.4b. It could be
noted that higher values of this stress component are concentrated at the
tension side of the diamond-matrix interface near the exposed surface of the
matrix. As Zhou et al. (1997) presented their results in the form of distribution
of the normal stress (o,,) along the diamond-matrix interface; the normal stress
(o,) at any point of the interface, which acts perpendicular to the interfacial
plane, is computed by transforming the stresses (o, 0,, 0y,) at that point

obtained in the present analysis. For this purpose, the elements of the interface,
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which are within the diamond particle, are selected and the stresses at their
gauss points are utilised. It should be noted that the number of gauss point of
an element is one which is at its centroid for the type of element used in the
present model. Based on these calculations, the variation of normal stress (o)
found along the interface on the tensile side of the diamond particle is plotted
in Fig. 2.5. For the convenience of presentation, the distance along the
interface, which is the horizontal axis of Fig. 2.5, is shown in terms of element
numbers of the diamond particle where the number assigned to the lower
corner element is 0 and the number incremented by one while moving along
the interface on the tensile side following the direction of the arrow as shown.
The figure shows that the matrix wear has a significant effect on the variation
of interfacial normal stress. For the initial condition of the matrix wear ("0"),
the maximum value of the normal stress is about 0.8 MPa which is found at
element #17. For the highest level of matrix wear (“12”), the maximum/peak
normal stress is found to be 1.25 MPa which indicates that it increases with
the increase of the level of matrix wear. The figure shows the occurrence of a
second peak stress when matrix wear is severe (e.g., second peak stress at
element #7 and element #5 for matrix wear corresponding to "10" and "12"
respectively). It also illustrates a significant variation of the stress distribution
at the exposed surface of the matrix. Moreover, the present results are found

to have a very good agreement with those reported by Zhou et al. (1997).

In order to study the effect of plastic deformation of the matrix (metal) on the
final results, a typical elastic-plastic material model based on von Mises yield
criterion with isotropic hardening and associated flow rule is used to the
matrix (bronze). A bilinear stress-strain curve with a yield stress of 70 MPa,
the ultimate stress of 220 MPa and maximum plastic strain of 5% is used for
the material. The comparison of the results obtained from these two models
(one with an elastic material model for the matrix and the other with elastic-
plastic material model) has not shown any significant difference. Thus the
elastic material model for representing the behaviour of matrix seems to be

adequate for the present problem and it is followed in this paper.
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Fig. 2.5 Variation of normal stress along the interface as element centre stress

in the diamond.

A similar investigation was carried out by Suh et al. (2008) who used
0.000231 N for the cutting force and 0.02 mm for the diameter of the square
shaped diamond particle. The elastic modulus used for the matrix and
diamond are 7 GPa and 1171 GPa respectively. Moreover, they have
presented their results in the form of von Mises stress instead of normal stress
along the tension side of the diamond matrix interface. Using these geometric
and material properties, the present finite element models are developed for
two different levels of diamond wear which are defined as “1” and “9”. Fig.
2.6a shows these two sample cases where a number (e.g., “1”) indicates the
number of elements from the unworn top corner to the worn horizontal plane
of the diamond particle along one of its exposed edges. This numbering
system is based on the meshing used in the present analysis (diamond has a
mesh with the division of 15x15). Since the value of the normal force has not
been mentioned in the paper, it is assumed a value of 0.00231 N of normal

force (ten times larger than the horizontal cutting force) is applied to the
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horizontally worn surface of the diamond. The variation of the von Mises
stress over the entire diamond-matrix system predicted by the present model is

shown in Fig. 2.6b for these two cases of diamond wear.
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the present FE analysis

Fig. 2.6 Finite element analysis for different level of diamond wear.

For both cases of diamond wear as mentioned above, the variation of von
Mises stress along the diamond-matrix interface obtained in the present
analysis is plotted in Fig. 2.7. In this case, the von Mises stress is calculated at
the nodes along the interface of the tension side of the diamond where these
nodes are taken from the bottom corner “A” of the diamond to the top corner
“C” (Fig. 2.6 (a)). With respect to the meshing used in the present analysis
(mesh division of diamond: 15x15), “A” is defined as 0, “C” is defined as 30
(no wear) and the diamond left corner “B” is defined as “15”. Fig. 2.7 shows
that there are some discrepancies between the present results and those
reported by Suh et al. (2008). One of the probable reasons for the discrepancy
between these results is the magnitude of the applied normal force which is
not reported by Suh et al. (2008) and a value of this force is guessed in the
present analysis. Assuming a value of the friction coefficient in the range of

0.1, the value of the normal force is taken in the range of 10 times of the
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cutting force. Moreover, Suh et al. (2008) obtained a higher stress near the
root (Point A, Fig. 2.6a) compared to that at the left corner (Point B, Fig. 2.6a)
which is not expected physically. The left corner of the diamond particle is
most vulnerable and it should capture more stresses compared to other parts

which are experience consistently in all cases of the present study.
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Fig. 2.7 Variation of Von-Mises stresses along the interface node as a function

of particle wear.

2.3.2 Validation of the interfacial damage model with

a double cantilever beam

As there is no data available for the validation of diamond-matrix interfacial
damage as mentioned earlier, the problem of a double cantilever beam (DCB)
as shown in Fig. 2.8 is used in this section for an indirect validation of the
interfacial damage model. This problem (DCB) is commonly used in
laminated composite structures and some other areas for the same purpose.

The experimental test data reported by Morais et al. (2002) for a DCB made
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of T300/977-2 carbon fibre reinforced epoxy laminate is used for the present
analysis. The laminate (3.96 mm) consists of 24 identical layers having 0°
orientation and the following material properties: E; = 150.0 GPa, E; = 11.0
GPa, Gy; = 6.0 GPa, v;; = 0.25. Similar to the diamond-matrix system, a two
dimensioned finite element model is developed for the DCB (Fig. 2.8) with
the damage model based on cohesive zone modelling technique at the
interface (BC) between the two cantilever beams. The load-displacement (P-9)
curve obtained in the present analysis is plotted in Fig. 2.9 along with that
reported by Morais et al. (2002) which shows that the numerical result has a

reasonable correlation with the experimental results.
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Fig. 2.8 Schematic drawing of double-cantilever beam test.
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Fig. 2.9 Load-deflection curve of the double cantilever beam with

delamination.

In order to validate the crack propagation under mixed—mode loading

condition of the developed model, the experimental test data reported by

Crews et al. (1998) for a mixed-mode bending (MMB) test apparatuses (Fig.

2.10) made of AS4/PEEK carbon-fibre reinforced composite is used for the
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present analysis. Table 2.1 shows the dimension and material properties of the

MMB specimens.

P Loading lever
- c >« L |
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N

Fig. 2.10 Illustration of mixed-mode bending test.

Table 2.1 Dimension and properties for MMB test specimen.

Specimen Dimension

L (Length) W (Width) T (Thickness of one arm)
102 mm 25.4 mm 1.56 mm

Mechanical Material Properties

En Ez = Es3 Gi2=G3 G23 Vip-V13
122.7 GPa 10.1 GPa 5.5 GPa 3.7 GPa 0.25

13 Gic Gc T S

0.45 0.969kJ/m’ 1.719 kJ/m* 80 MPa 100 MPa

In this study, five different Gy/Gr ratios have been simulated and compared
with the experimental results, which are shown in Table 2.2. It can be seen
that a good agreement between the numerical predictions and the experimental

results is obtained.
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Table 2.2 Numerical and experimental comparison of maximum loads of

MMB Test.
Gy/Gt Pmax (numerical, N) Piax (experimental, N) Error (%)
0% (DCB) 165.83 147.11 12.7
20% 106.75 108.09 1.2
50% 298.64 275.35 8.4
80% 483.06 518.66 6.9
100% (ENF) 845.75 733.96 15.2

2.4 Parametric study

With initial confidence gained from the validation of the proposed modelling
technique carried out in the previous section, the method is applied for the
interfacial failure modelling of diamond-matrix system in this section. As
there is no published result available for this problem, a large number of cases
are investigated in the form of parametric study. The specific parameters used
in this study include diamond shapes, diamond orientations, diamond
protrusion levels and interface material properties. In order to have an
understanding of the effect of an individual parameter, the value of that

parameter is varied while the values of other parameters are kept unchanged.

2.4.1 Effect of diamond shapes

The previous studies (Konstanty, 2005b, Romanski, 2010) have observed
experimentally that the shape of diamond grits has a significant effect on their
retention capacity or pull out rate. Thus the diamond shape is an important
parameter which is investigated in this section. As mentioned earlier, the
diamond bits use synthetic diamond particles which are produced by the
chemical vapor deposition (CVD) technique (Chou and Liu, 2005). This
mechanized process (CVD) helps to produce regular shaped diamonds that
can be conveniently represented as polygons as shown in Fig. 2.11. In this

study, seven regular polygonal shapes having different number of sides
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ranging from 4 to 18 are used to show their effects on diamond retention
capacity. The finite element meshing used for modelling all these diamond-
matrix system is also shown in Fig. 2.11a. A size of » = 0.25 mm (radius of
the circle circumscribing the polygons) is taken for all these polygonal shapes.
The portion of these diamonds above the exposed surface of the matrix is
defined as protrusion height which is taken as 0.25 mm for all these cases (i.e.,
the centre of the particles lies along the exposed surface of the matrix). The
material properties used are same as those provided in Section 2. The force is
applied to these systems by imposing a gradual horizontal displacement at the
tip (top corner) of the diamond towards right side. The distribution of
equivalent von Mises stress over the entire system obtained at the onset of
interface failure is presented in Fig. 2.11b. The figure shows the occurrence of
stress concentration near the tip point (loading point) and the upper most point
of the diamond-matrix interface on the compression side (right side) in all
cases. The stress concentration at this interfacial point is observed as the
diamond is still having contact with the matrix at this point. As the interface
has completely debonded at this stage, the chemical bond between the
diamond and matrix is lost which should lead to the fall out of diamonds.
However, it is observed that stress concentrations are still present around one
corner of the left (or tension) side of the interfaces for hexagon, decagon and
octadecagon shaped diamonds. This ensures a contact between the matrix and
diamonds at these corners, which prove additional restrain in the form of
mechanical interlocking to have better retention ability. Thus the diamond
particles having hexagon, decagon and octadecagon shapes are supposed to

have relatively higher retention capacity.
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(a) Finite element meshing of the model geometry for different diamond
shapes — same circumcircle radius.
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(b) Von-Mises stress distributions of different diamond shapes

Fig. 2.11 Models for different diamond particle shapes with same radius and

protrusion height.

The forces produced at the diamond tip points due to the displacement
imposed at these points are captured. The force-displacement variation for two
representative cases (square and hexagon-shaped particles) is plotted in Fig.
2.12. It shows that the force is increased up to its peak value linearly and
dropped down sharply for both cases where this pick force may be defined as
the critical load of the initiation of interfacial debonding. The interfacial
cracks are observed after reaching this critical load which cased this sudden
reduction of the cutting force. For the square particle, the force is dropped to
zero steadily after reaching its critical value of 61N, which indicates that the
particle has completely lost its retention capacity. In contrast, a relatively
higher value of the peak force (86.5N) is produced for the hexagonal particle
which is due to its additional mechanical interlocking with the matrix.

Moreover, the force started increasing again after reaching a value of 14.6N
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and this is also due to the mechanical interlocking which didn’t allow the
particle to move out from the matrix freely. This is similarly observed in the
case of decagon and octadecagon shaped particles. The orientation of the
interface near the exposed surface of the matrix on the left (tension) side plays
an important role on this addition mechanical interlocking found in the
abovementioned cases. The critical load of interface failure is an important
parameter to a designer as it indicates the retention capacity provided by the

interface which is the primary focus of the present study.
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Fig. 2.12 Force-displacement variation at the tip of diamond particles.

The critical values of the cutting force corresponding to the initiation of the
interface failure for each of the case studies are plotted in Fig. 2.13. The
results have an anticipated trend where the hexagon, decagon and octadecagon
particles have relatively higher retention ability due to the additional
mechanical bonding as explained above. Among the different shapes studied
here, the hexagon particle is found to have the highest retention capacity (86.5
N). For the particles, predominantly hold by the interfacial adhesion bonding
with minimum mechanical interlocking, the critical force is found to increase
with the increase of number of sides. For such cases, the square particle has
the lowest value of critical force (61.2 N) whereas the dodecagon shaped

particle has the highest value (85 N). It seems the orientation of the particles
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will play an important role on the mechanical interlocking which will
influence the diamond retention capacity.
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Fig. 2.13 Effect of the diamonds’ shape on its retention capacity with the same

circumcircle radius.

In order to show the variation of crack opening at the critical point with
respect to the cutting force, one of the cases considered in the above study
(Fig. 2.11) is taken as the sample example, which is shown in Fig. 2.14a. It is
observed that the left corner (point B, Fig. 2.14a) is the critical point having a
maximum crack opening. This result is plotted in Fig. 2.14b, which shows that
the cutting force reached its maximum value (61N) when the crack opening at

the critical point became 0.00026 mm.
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(a) Square shaped diamond particle

70
60;
50%
40
30%
20%

10 ]

Force at the tip of diamond particle
MN)

0 0.001 0.002 0.003 0.004 0.005 0.006

Relative Displacement (mm)

(b) Relative displacement jump versus load.

Fig. 2.14 Results of displacement jump with respect to the cutting force for

square shaped diamond particle at point B.

Although it is more realistic to apply distributed load on the cutting edge of
the diamond particle to simulate the real drilling process, it is observed in the
present study that the load distribution has no effect on the retention capacity
of the diamond particle when compared with the point load. In order to
demonstrate this, one of the cases of the problem considered in Fig. 2.11
(square shaped diamond particle) is taken as a sample case which is
reanalysed with a distributed loading as shown in Fig. 2.15 where other
parameters (used in Section 4.1) are kept unchanged. The maximum force to
cause the diamond debonding failure is about 62N for the case of distributed

load whereas this is 61N for the case of point load. Therefore, a concentrated
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load is applied for the purpose of simplicity. This cutting force is induced by
imposed a horizontal displacement in order to mimic the actual drilling

scenario.

Fig. 2.15 Distributed load applied on the diamond of the model.

The problem studied above (Fig. 2.13) with a constant circumcircle radius of
diamond particles (Fig. 2.11) is reinvestigated with a constant volume fraction
taking same area (0.125 mm?) for all diamond particle shapes (Fig. 2.11). In
this situation, the circumcircle radius of regular polygons is decreased with
the increase of the number of their sides. Keeping other parameters unchanged,
the problem is reanalysed and the critical values of the cutting force
corresponding to the initiation of the interface failure obtained for the
different shapes are plotted in Fig. 2.16. It shows that the values of this critical
load found in the present scenario (Fig. 2.16) are reduced for all diamond
shapes except the first case (square shape) compared to those obtained earlier
(Fig. 2.13). Similar to the previous scenario, the hexagon shaped diamond
particle has the highest retention capacity in the present situation (constant
volume fraction) and it is 80.8 N now. However, the octagon shaped particle

has the lowest retention capacity in the present scenario and it is 49 N.
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Fig. 2.16 Effect of diamond shape on its retention capacity with the same

volume fraction.

2.4.2 Effect of diamond orientations

The effect of orientation of the diamond particles on their retention capacity is
studied in this section for all seven particle shapes shown in Fig. 2.11a. The
diamond particle size and material properties are same as those used in the
previous section. For all these particle shapes, four different orientations are
studied which are obtained by rotating the particles about their centres which
are held at their initial position. In order to get the four orientations, the
particles are rotated with an equal increment which is one-fourth of the angle
between the radial lines passing through two adjacent corners as shown in Fig.
2.17a. It should be noted that this angle is different for the different shapes
(e.g., 90%4 = 22.5° for the square particle whereas 60°4 = 15° for the
hexagonal particle) and its value decreases with the increase of the number of
sides of the particles. Fig. 2.17a also shows the position of all these cases
where the force or rather the horizontal displacement is imposed gradually.
The finite element meshing of the diamond-matrix system for a sample

particle shape (square) is shown in Fig. 2.17b for its four different orientations.
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Similarly, the results are shown as equivalent von-Mises stress in Fig. 2.17¢

which is obtained at the instant of interface failure (at the onset of the peak

value of the cutting force).

(a) Orientations of the diamond particles having different shapes
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(b). Finite element meshing of the square shaped particle for different
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(c) Von-Mises stress distribution of the system having the square particle

Fig. 2.17 Diamond particles with different orientations.
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The critical forces corresponding to the interface failure of all these cases
obtained from the present analysis are reported in Table 2.3. The table shows
that the retention capacity of diamonds is greatly affected by the orientation of
diamond grits. For the different particle shapes, the variation of retention
capacities of these grits due to their orientations is shown in terms of its
highest and lowest values in Fig. 2.18. It can be seen from this figure that the
square and decagon shaped particles achieved their highest retention
capacities when they are having an orientation of 45° and 18° respectively
which correspond to a situation of wear flat when a flat edge is utilised for
cutting. The orientation has the highest influence for the square shaped
diamond whereas this is lowest for the dodecagon shaped particle. However,
the enhancement of diamond retention capacity with a wear flat situation is
not desirable as the efficiency of the entire drilling process is also dependent
on the sharpness of the cutting surface. Thus the four orientations are divided
into two categories entitled as sharp and blunt where the blunt category (last
column) corresponds to wear flat scenario which is not acceptable even it
gives a higher diamond retention capacity. It is interesting to note that the
hexagon shaped diamond particle has a relatively higher retention capacity
when it has an orientation of 0° (sharp cutting surface) and a lower retention

capacity for an orientation that makes the cutting surface blunt.
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Table 2.3 Critical forces for the onset of interfacial failure.

Cutting surface Sharp Blunt
Orientation (Square) 00 22.5° 67.5° : 45°
Interfacial Failure Force (N) | 61.2  60.1 449 : 100
Orientation (Pentagon) 0° 18° 54° 36°
Interfacial Failure Force (N) 66.5 42 70.1 67.8
Orientation (Hexagon) 0° 15° 45° 30°
Interfacial Failure Force (N) 86.5 48.1 66.7 72.9
Orientation (Octagon) 0° 11.25° 33.75° 22.5°
Interfacial Failure Force (N) 68.4 63.6 60.5 89.8
Orientation (Decagon) 0° 9° 27° 18°
Interfacial Failure Force (N)  : 883  81.9  64.6 | 100.8
Orientation (Dodecagon) 0° 7.5° 22.5° 15°
Interfacial Failure Force (N) | 823  79.1  81.6 | 84.4
Orientation (Octadecagon) 0° 5° 15° 10°
Interfacial Failure Force (N) : 80.6  56.2  60.7 | 62.3
110 -
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Fig. 2.18 Effect of orientations and shapes of diamonds on their retention

capacity.

52



Chapter 2

2.4.3 Effect of diamond protrusion (particle wear and

matrix wear)

The wear of diamond bits is a complex process and it depends on a number
of parameters associated with different operating conditions encountered
while cutting different types of rocks. The material properties of diamond and
matrix used in this section are same as those provided in section 2. The metal
matrix is likely to wear faster while cutting soft rocks consists of coarser
loosely cemented particles. In contrast, it would wear slower while cutting
hard rocks consist of finer particles. As a result of these, different protrusion
levels of diamond grits (heights of the exposed part of the particles) can be
obtained during the cutting operation. Since the protrusion of diamond grits
depends on the diamond wear as well as the matrix wear, the effect of both
these wear mechanisms is studied. In order to assess the contribution of the
individual mechanisms, they are incorporated in the present numerical model
separately as shown in Fig. 2.19. A regular quadrilateral shaped diamond
particle with a symmetric orientation and symmetric matrix/diamond wear are
taken to avoid the influence of other parameters on the effect of diamond

protrusions.

(a) Different protrusions due to particle wear (symmetric)

(b) Different protrusions due to matrix wear (symmetric)

Fig. 2.19 Interface failure influenced by (a) diamond wear and (b) matrix wear.
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In the present study, thirteen different cases of protrusion levels are
considered where seven cases are due to the diamond wear (from 0.0197mm
to 0.25mm of protrusion height) and six cases are due to matrix wear (from
0.0625mm to 0.375mm of protrusion height). The critical forces
corresponding to the initiation of interface debonding for all these cases
predicted by the present numerical model are shown in Fig. 2.20. The results
indicate that the critical force decreases with the increase of protrusion height
in all cases as expected. In most of these cases, the critical force is same as the
ultimate force required for the complete pull out of the diamond grit except
the cases of the lower level of matrix wear (up to 0.25mm) where the load
carrying capacity of the particle increases steadily after the initiation of
interface debonding. This is due to a strong mechanical interlocking provided
the matrix which holds the particle in its position and does not allow a
complete pull out of the particle. Moreover, Fig. 2.20 shows that the critical
force for the matrix wear is relatively higher than that of diamond wear when
protrusion level is up to 0.25mm and same for both types of wear. The
numerical results are reasonably intuitive which indicates that if the matrix
wear rate is too high compared with the diamond wear rate, the diamond will
have premature fall out before utilising the full capacity of the diamond which

will significantly affect the efficiency of the diamond bit.
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Fig. 2.20 Effect of diamond/matrix wear on critical load for interface failure.

54



Chapter 2

2.4.4 Multiple diamond particles and their

interactions

In order to study the interaction of neighbouring particles, a typical example
of a diamond bit consists of five diamond particles having identical shapes
and protrusions as shown in Fig. 2.21 is considered in this section. The
material properties of the matrix as well as diamonds, and their sizes and
loading are same as those used in Section 4.3. The diamonds are having an
equal spacing (S) which is varied from 1mm to 8mm to show the effect of this
spacing on the retention capacity of these diamond particles. The critical loads
corresponding to the interface failure of these diamond particles (Fig. 2.21)
obtained for four different values of their spacing (S) are presented in Table
2.4. The results clearly show that the interaction between the particles is

reduced once the spacing between the particles is increased.

Matrix

Fig. 2.21 Multiple diamond particles with equal spacing (S).

Table 2.4 Variation of critical load with respect to spacing between diamonds.

Critical Load P (N)
Diamond 1 Diamond 2 Diamond3 Diamond4 Diamond 5
Case 1
42.8 65.1 63.7 62.2 75.9
(S=1mm)
Case 2
50.4 49.3 60.5 66.1 66.2
(S=2mm)
Case 3
62.3 62.2 61 63.1 66
(S=4mm)
Case 4
59.5 60.2 60.8 61.4 61.2
(S=8mm)
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2.4.5 Effect of interface properties

The interface properties can be affected by several reasons associated with the
sintering process and type of metal matrix. As discussed earlier, the cohesive
zone model is used for simulating the interface failure and the cohesive model
is characterised by four parameters. In order to investigate the effect of these
interface parameters, four different cases having different values of these
parameters (Table 2.5) are considered in the present study. For this purpose,
four different shapes of the diamond particle are used which are square,

pentagon, hexagon and decagon (Fig. 2.11a).

Table 2.5 Four case studies of different interfacial parameters.

Mode 1 Mode 11

Ultimate stress  Fracture stress Ultimate stress  Fracture stress

(T;E) (G{r_') (T;E) (Gﬂ'r_')
Case 1 543 MPa 0.14 mJ/mm?’ 314 MPa 0.33 mJ/mm”
Case2  271.5MPa 0.07 mJ/mm?> 314 MPa 0.33 mJ/mm?

Case 3 543 MPa 0.14 mJ/mm?> 157 MPa 0.165 mJ/mm?>
Case4  271.5MPa 0.07 mJ/mm?> 157 MPa 0.165 mJ/mm?>

The variation of critical force corresponding to the initiation of interface
failure with respect to the number of sides of the diamond particles is plotted
in Fig. 2.22 for the four different combinations of the interfacial properties
(Table 2.5). It can be seen from the figure that the value of critical force
decreases steadily with the decrease of interfacial strength as well as the
fracture toughness values. However, the contribution of the Mode I properties
is more than that of the Mode II properties. This difference is specifically
quite big for square and pentagonal shape of the diamond grit. The figure
shows that a highest critical force is found for all the particle shapes when the
value of all interface properties is higher (Case 1, Table 2.5) whereas a lowest
critical force is found when the value of all interface properties is lower (Case
4, Table 2.5). Thus, the interface properties are dominant parameters for the

retention ability of diamond particles.
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Fig. 2.22 Effect of interface properties on the critical load for interface failure.

2.5 Conclusions

In this paper, a failure analysis of diamond impregnated bits found in the form
of particle composite materials is attempted for the first time. The present
study has a focus on the interfacial failure mechanism between the matrix and
diamond particles. This provides the vital understanding of diamond pull out
mechanism which is one of the significant failure modes of diamond bits. For
this purpose, a single diamond particle along with a portion of the surrounding
matrix is used as a representative part of diamond bits. The diamond is
subjected to a tangential force at its tip which simulates the cutting force
whereas the matrix is restrained at its far ends. The finite element modelling is
used to simulate the diamond matrix system where 4 node plane strain
quadrilateral elements are used for the diamond and matrix materials. A zero
thickness surface based cohesive zone modelling technique is used to simulate

the failure at the interface between the matrix and the diamond.

In order to validate the finite element model and investigate its performance,

numerical examples are solved and the results produced by the finite element
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model are compared with the results available in the literature. The
performance of the model is found to be good in the majority of these test
problems which include interfacial stress analysis of diamond impregnated
bits, and de-bonding simulations of a double cantilever beam and mixed-mode
bending tests. Based on the confidence gained from the observation, the
present model is used to conduct a parametric study for the critical force

prediction of the interface failure initiation of diamond impregnated bits.

It has been observed that the shapes, orientations and protrusions of diamond
particles, and interfacial properties have a significant influence on the
retention capacity of diamond particles. As the efficiency of the entire drilling
process is also dependent on the sharpness of the cutting surface, the hexagon
shaped diamond particle is found to have a better performance for drilling
because it has a relatively higher retention capacity when it is under sharp
cutting face. The results also indicate that the critical force decreases with the
increase of protrusion height in all cases. It is also observed that the interface
properties are the dominant parameters for the retention ability of diamond
particles as the value of critical force decreases steadily with the decrease of
interfacial strength as well as the fracture toughness values, and the
contribution of the Mode I properties is more than that of the Mode II

properties.
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Abstract

In this study, the finite element technique is used to analyse the failure
mechanisms of impregnated diamond bits. The diamond bit is established as
particulate composites consist of diamond particles, with variant sizes and
shapes, randomly distributed within a metal matrix for hard rock drilling.
Investigations are carried out using a 3-D numerical model of diamond
particles embedded in a metal matrix. This study mainly focuses on the
interfacial debonding behaviour between diamond particles and the matrix for
the assessment of diamond retention capacity of the drill bit. A zero thickness
surface based on cohesive zone modelling technique is used to simulate the
failure at the interface. In order to validate the present model, several example
problems are solved by the method. The solutions are compared with
published results and a good agreement is observed. The effects of the shape
and orientation of diamond particles as well as the interface properties on the
retention capacity of diamond particles in the drill bit are investigated with the

help of a parametric study.

Keywords:

Interface debonding; Impregnated diamond tools; Rock cutting; Cohesive

zone modelling; Finite element analysis; Fracture simulation
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3.1 Introduction

Impregnated diamond core (IDC) bits have been widely employed for rock
cutting and drilling in the area of mining for mineral exploration over the last
few decades (Miller and Ball, 1991). It is due to the unique characteristics of
synthetic diamonds such as the extremely high hardness (Paone and Madson,
1966), as well as the high thermal conductivity, bulk modulus, critical tensile
stress (Wang et al., 2002) and the low coefficient of friction and thermal
expansion rate (Konstanty, 2005a). A typical IDC bit is composed of several
segments that are made of large numbers of synthetic diamond particles
having a size of the order of 100 microns which are thoroughly mixed with
metal powders through the sintering process. During the drilling operation, the
embedded diamond particles near the cutting surface are partially exposed due
to gradual wear of the matrix material when the cutting surface of the bit
slides over a rock due to rotation of the bit, and these exposed diamonds do
the cutting or drilling of the rock. The matrix is expected to hold the freshly
exposed sharp diamonds firmly and at the same time, it should wear at a rate
compatible with that of diamonds so that the worn diamond can fall out to
allow new diamonds to expose continuously (Scott et al., 1975), which is also
known as their self-sharpening ability. Despite the success of IDC bits, their
drilling efficiency is still low under some conditions due to the lack of

fundamental understanding of the failure mechanisms inside the bit.

Xuefeng and Shifeng (1994), Miller and Ball (1990) conducted some
experimental studies on IDC bits to investigate the wear mechanisms of those
bits in the 1990s, and four distinct types of wear modes have been classified
where the pull out of diamonds prior to reaching their full-service life is the
most undesirable failure mode which can greatly impact the tool’s cutting
efficiency and increase the cost of drilling operation (Konstanty, 2005b). The
retention ability of diamond grits is mainly affected by the mechanical and
chemical bonding at the interface between the diamond and the surrounding
matrix. In some cases, diamonds are mostly held by the matrix through

mechanical interlocking which gives a low interfacial strength. Therefore,
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many attempts have been made by researchers, (Scott et al., 1975) and (Levin
and Gutmanas, 1990), to establish a strong bond between the matrix and
diamonds by adding some alloys which react with carbons present in
diamonds to form chemical bonding in the form of metal-carbide elements at
the interface to improve the retention ability of diamonds. However, it has
been found that the added chemically reactive materials in the metal matrix
powder can cause severe surface degradation of diamonds and it is
impracticable to prevent the graphitization of diamonds under sintering
process (Konstanty, 2005b). Consequently, the technique of metal-coated
diamonds has been invented and used which not only protects the diamonds
from oxidisation but also increases their retention capacity (Wang et al., 2002).
Tungsten and titanium have been widely used as coating materials for
diamond grits, and it helps to form a thin film of metal-carbide at the interface
that acts as a strong chemical bond between the matrix and diamonds

(Konstanty, 2005, Lin et al., 2008).

Zhou et al. (1997) attempted to model the behaviour of diamond bits under
drilling condition by conducting stress analysis at the diamond-matrix
interface of a 2-dimensional finite element model without considering any
failure or damage in the bit. This may be defined as a micromechanical
modelling of the bits where the diamond is subjected to a horizontal cutting
force only at its cutting tip. Zhou et al. (1997) plotted the variation of normal
stress along the interface for different levels of matrix wear and these stress
distributions were taken as the measure of interfacial debonding failure. Suh
et al. (2008) conducted a similar study on diamond impregnated grinding
wheel where they calculated the von Mises stress along the interface where
they also studied the effect of unsymmetrical matrix wear with respect to the
diamond particle. A 3-dimensional finite element model was presented by Li
et al. (2010) who tried to predict the plastic deformation and residual stresses
within the matrix near the diamond particle which is produced due to the
sintering process. The main limitation of these models is that no one has paid
any attention so far on the modelling of interfacial failure of this system.

Although the interfacial crack propagation is a complex process for simulation,
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it is necessary to conduct a proper model to analyse the interfacial debonding

behaviour.

The concept of fracture mechanics, which can be implemented through finite
element modelling, can be used to characterise the onset and growth of
delamination. Based on that, the Virtual Crack Closure Technique (VCCT)
has been incorporated into finite element codes for analysing composite
delamination (Turon et al., 2007). However, it is not convenient for modelling
crack propagation of IDC bits as VCCT requires pre-defining initial crack and
re-meshing to advance the crack front when the energy release rate reaches its
critical value (Rinderknecht and Kroplin, 1997). The cohesive zone modelling
(CZM) technique became very popular in recent years for modelling crack
onset and growth using traction-separation law that relates the opening
displacement in the process zone to the resisting tractions. This technique
needs the information of the crack propagation direction in advance which is
the interface between the matrix and diamond in present problem. The
traction-separation law is defined in each fracture mode by the initial elastic
stiffness, the interfacial strength and the critical energy release rate or fracture

energy (Barenblatt, 1962a).

This paper develops a three-dimensional finite element model incorporated
with CZM technique to simulate the matrix diamond interfacial failure. This
will help to understand the wear mechanism of impregnated diamond bits due
to diamond pull out more accurately that can benefit the design of these bits.
Moreover, there is a need for investigating the effect of different parameters
such as protrusions, shapes and orientations of the diamond particle on its
retention capacity which is undertaken in this research as this has not been

studied previously
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3.2 Finite element model

3.2.1 Failure model for the diamond-matrix interface

The concept of cohesive zone model (CZM) was proposed by Barenblatt
(Barenblatt, 1962b) which is aiming to eliminate the crack tip stress
singularity in the classical linear elastic fracture mechanics (LEFM). On the
other hand, the LEFM is not computationally attractive for modelling the
interfacial failure in the present study as the thickness of the interface is very
small which needs a very fine mesh to capture the sudden variation of
displacements and stresses within this small distance. Previous papers
(Serensen, 2002) and (B.F. Serensen and Jacobsen, 2003) indicated that
cohesive zone models can provide quantitatively predictive analyses for
interfacial fracture of adhesively bonded composite joints. Thus, the CZM
approach (Elices et al., 2002, M. Alfano, 2007) is the most appropriate
technique to be adopted in the present study. In three-dimensional analysis, an
interface has three possible modes of failure: 1) Mode I (opening mode) due
to tensile stress acting normal to the interface, 2) Mode II (sliding mode) due
to shear stress parallel to the interface and perpendicular to the crack front,
and 3) Mode III (tearing mode) due to shear stress parallel to the interface and
parallel to the crack front. Fig. 3.1 shows two elements connected with the
cohesive surface under undeformed and deformed configurations where the
top element represents the diamond part and the bottom element represents the
matrix part. Four nodes linear tetrahedron elements are used to model both

diamond and matrix in this study.
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Diamond

Cohesive

surface A
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S\ Matrix:
Undeformed Defonned.
configuration configuration
(a) (b)

Fig. 3.1 Cohesive fracture separation (a) undeformed configuration and

(b) deformed configuration.

The relative displacement vector {A} in global coordinates (x-y-z) at any point

in the interface of deformed configuration can be expressed as:

X x* X ) x|, X,
A} =7 =40" =4y =2 NS = DNy, (3.1)
z z* z~ = z! = z

i i

where x* and x are the displacement components at the two sides of an

interfacial point in the global x-direction whereas x7 and x are the

corresponding displacements at the i-th node of the elements (Fig. 3.2) used to
model the materials on the two sides of this interfacial point and N; are the
shape functions of these elements. This is similarly applicable to the
displacement components in the global y-direction and z-direction. The
components of n, s and ¢ (Fig. 3.2) represent the vectors in local coordinate
system. Thus, the normal and tangential components of {A} with respect to
the relative displacements in local coordinate system {0} (Liao and Luo, 1992)

can be obtained as:
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161=10,r=[0]iA} (3.2)

where [(] is the transformation matrix from the global to a local coordinate
system. The CZM approach assumes that the interface has no thickness and
the formulation is based on traction-separation relationship, shown in Fig. 3.2.
Fig. 3.2 shows the traction-separation (7—06 ) law where OA denotes the
elastic response of the interface having a high stiffness of K and AB
represents the interfacial damage in the form of a linear softening law. The
ultimate stress 1° represents the damage initiation point where the area under
of the triangle OAB illustrates the fracture toughness G.. The separations
indicate the relative displacements between the diamond and the matrix (Fig.

3.1) at their interface whereas the tractions are simply the interfacial stresses.

ion A
Traction sUltimate stress (damage initiation)
© PA (d = 0)
_~Damage evolution
Ki G X\
1 | ,/I/{ld]K ,Complete failure
e 4
NV B(d=1) R
8° &f Separation

Fig. 3.2 A typical bilinear traction-separation relationship.

The CZM approach requires an incremental (iterative) procedure for solving
the governing equations. As the damage is an irreversible process, the solution
technique dependent on the loading history. Thus, it is needed to store the

maximum values of these relative displacements (§7°**, 6% and §"%*)

which calculated before in any increment (iteration) and they are updated in

that increment as follows:

If 5, >0™ = 6™ =0, otherwise 5, =™ (3.3)
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If

9,

max max __
>0, =0, =

5

otherwised, ™ =0, (3.4)

If|6,| > 6™ = 6™ =|8,| otherwises™ = 5™ (3.5)

For pure Mode I and pure Mode II or Mode III the tangential and normal

components of the interfacial traction vector (7, , 7. and 7,) can be related to

the maximum value of these relative displacements using the interfacial

constitutive properties in the form of traction-separation law (Fig. 3.2) as:

r =K,G6, if 5™ <&
r,=(1-d K05, if 6° <™ <&/ (3.6)

r, =0 if 6™ > 5/

7, =K 3, if 5 < 6]
r,=(1-d K35, if 8 <™ <5/ (3.7)

r =0 if 6™ 25/

7, =K,5, if 5™ < 5!
r,=(1-d,)K,8, if 5 <™ <5/ (3.8)

7, =0if 5™ > 65/

For the bilinear softening law (Fig. 3.2), the damage parameters for these

three modes of fracture may be written as:

5f (5max _50 5f 5max _50 é;f (5tmax _ 5;}
. — _n n : n , ds — s S : s , dt _
5 o) -6, &7 (6] =6y

d

The above equations (6), (7) and (8) can be used if the three modes of failure
are independent having no coupling between them. However, due to the
varying drilling conditions of the impregnated diamond bits, the matrix

diamond interface is more likely to have a mixed-mode fracture where the
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three modes of failure will be coupled as mentioned earlier. In that situation,
the damage onset and its propagation may occur before reaching the ultimate

stress of Mode I (z?), Mode II (z7) and Mode III (7;). Under mixed-mode

failure scenario, a quadratic failure criterion proposed by Cui et al. (Cui and
Wisnom, 1993) for the prediction of damage initiation is used in the present

study and it is expressed as:

[(r,é)J +[T_Oj +[T_Oj 1 (3.10)
T, 7, 7,

The power law [33] is used for the mixed-mode damage evolution of the

interface which is expressed in terms of energy release rates (G;, G, and G,;;)

and their critical values (fracture toughness for these three modes) as:

2 2 2
(9] f G o[ 5] - s
GIC GIIC GIIIC

S rx[max 5;113}( é)max 5) If
whereG, =[" 7,d5,, G, =[" ©,dS,, Gy =" 7d5, and G =|"r,d5,,

5/ 5/ . . .
Ge =L‘ 7.do, , Gy =L 7,do, . In a mixed-mode failure analysis, the

traction-separation relationship (Fig. 3.2) for the three modes are combined
and expressed in terms of an equivalent traction-separation relationship
having a similar bilinear shape which helps to implement the mixed-mode
damage model conveniently. This combined traction-separation relationship

will have a same initial stiffness (K) whereas the separation at the onset of
damage initiation §° and the separation at complete failure 5/ (subscript m
indicates mixed-mode fracture) can be obtained from Equations (10) and (11)
respectively (Camanho et al., 2003). In that case, the two components of the
separation obtained in any incremental are to be combined to have single

resultant component §, as:
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5, =10, +52+5; (3.12)

With the above equations, the stiffness matrix of the interface can be derived
using Virtual Work Principles following the unusual steps of finite element

technique.

3.2.2 Material model of the matrix, diamond and

interface

In this study, diamonds are treated as elastic and isotropic materials due to
their fragility. The Tungsten carbide cobalt (WC-Co) alloy is used as the
matrix material which is having high wear resistance and hardness
characteristics, as well as the strong bonding. The mechanical properties of
diamond and matrix used in this study are shown in table 3.1, which are taken
from experimental tests done by Field et al. (1986) and Jaensson et al. (1972)
respectively. By assuming that toughnesses and strengths in Mode II and III
are equal to each other and a high default value of the stiffness K is used, it is
shown that the mixed-mode constitutive equations of the cohesive interface

are defined by four material properties: G,., Gy, 7,5, and z.. Since there is no

experimental method available to directly determine the interfacial parameters
of diamond bits (Zhai and Zhou, 2000, Cavalli, 2003), the material properties
of the matrix are taken as the interfacial material parameters which are
illustrated in table 3.1. Elastic-plastic material properties of the matrix are
used in some sample test cases where no significant effect of plasticity is

observed.
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Table 3.1 Mechanical properties of diamond, matrix and interface.

E (GPa) v
Diamond 1100 0.1
Matrix 600 0.2

*(MPa) °&z’ (MPa) G, (mJ/mm’) G, &G, (mJ/mm’)

Interface 543 314 0.14 0.33

3.2.3 Material model of the matrix, diamond and

interface

It is assumed that diamond particles are evenly distributed within the matrix
and having adequate gaps between them so that stresses around these particles
do not affect each other. This is true for most of the diamond bits as they are
designed to have adequate service lives by avoiding non-uniform distribution
of diamond grits which is responsible for localised stress concentration
leading to premature failure of these bits. Similar to the previous researches
(Zhou et al., 1997, Suh et al., 2008), the failure of diamond impregnated bits
is modelled by taking a single diamond particle which is partially embedded
within a portion of the matrix and cuts the rock with its exposed part during
the drilling operation (Fig. 3.3). Fig. 3.3 illustrates different views of a typical
IDC bit as well as its operational variables. Fig. 3.4 shows the developed
three-dimensional micromechanical model of the IDC bit as well as its mesh
and the shape of the diamond particle. This model has been used to predict the
failure and stresses within the representative portion of the diamond bit
mentioned above (Fig. 3.3d). For the convenience of representing and
analysing the problem, the finite element model is drawn as a mirror image
(upside down, Fig. 3.4) of the actual object (Fig. 3.3d) and a displacement
load is imposed at the tip of the exposed part of the diamond particle to
simulate the contact load between diamond and rock. As the fall-out of the
diamond particle due to interfacial debonding are primarily facilitated by
tangential cutting force, the model has predicted the cutting in the form of

resisting force with respect to the imposed horizontal displacement.
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According to previous researches (Xuefeng and Shifeng, 1994, Li et al., 2010),
the typical size (in diameter) of synthetic diamond particles varies from 0.01
to 0.5 mm and this is taken as 0.5 mm in the present simulation. A regular
octahedron shaped diamond particle (Fig. 3.4) has been assumed and used as a
typical shape of the diamond in this study, and the radius of a circumscribed
sphere of this octahedron particle is equal to 0.25 mm. Finer meshes are
applied in the region of interest, which is in the vicinity of the interface
between the diamond and matrix as shown in Fig. 3.4 as the stress intensity
will occur at the interface area. The mesh convergence studies are performed

for all models in this study to ensure a converged solution.

(a) (b)
Top view Segment Synthetic diamond

Waterway

Metal matrix

(d)

ROP

V=QxR
I Matrix

Front view

Fig. 3.3 Impregnated diamond core bit and its variables: (a) Top view, (b)
SEM view of exposed diamond, (c) side view and (d) bit-rock interface

view (2-D).
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Fig. 3.4 3-D finite element model of the representative part of the IDC

bit: (a) Diamond & Matrix parts and (b) mesh configuration of the

model.

3.3 Validation of the numerical examples

Despite the behaviour of IDC bits have been studied by various researchers
using both experimental tests (Miller and Ball, 1990, Liao and Luo, 1992) as
well as numerical simulations (Zhou et al., 1997, Suh et al., 2008, Romanski,
2010), there is no experimental test data available for validation of the present
model as no one attempted to determine the interfacial strength between
diamond and matrix for any type of IDC bit. Thus, the available numerical
results (Zhou et al., 1997, Suh et al., 2008) are utilised for a partial validation
of the present model by taking a perfect diamond-matrix interface. The
cohesive zone damage model used in the present analysis is indirectly
validated with the experimental test results of a double cantilever beam (DCB)

test and a mixed mode bending test (MMB).

3.3.1 Validation with available numerical researches

The first numerical example is taken from the paper of Zhou et al. (1997)
who conducted a two-dimensional model of diamond-matrix system, shown in
Fig. 3.5a, to analyse the stress distribution in the system with a constant

cutting force (P = 2.5N) applied on the diamond particle. The diamond was
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assumed as a square geometry with 0.015mm side length. The material
properties used in the present finite element model are taken from the paper
where the moduli of elasticity are 1141 GPa and 110 GPa for the diamond and
the matrix (bronze) respectively, and the corresponding Poisson's ratios are
0.1 and 0.3. Three different levels of matrix wear are taken from the research
(Zhou et al., 1997) (Fig. 3.5a) and they are denoted as case 1, case 2 and case
3. The finite element mesh used for three sample cases of matrix wear is
shown in Fig. 3.5a, where a small part of the portion of the matrix considered

in the present model is illustrated.

(a)

compression side Tension side

S, Mises
(b) (Avg: 75%)
+1.210e+00
+1.108e+00
+8.000e-01
+7.000e-01
+6.000e-01
+5.500e-01
+5.000e-01
+4.,000e-01
+3.000e-01
+2.000e-01
+1.000e-01
+5.000e-02
+5.110e-04

S, Mises
(Avg: 75%)
+1.210e+00

S, Mises
(Avg: 75%)
+2. +I

+1.108e+00 Rt
+8.000e-01
+7.000e-01
+6.000e-01
+5.500e-01
+5.000e-01
+4.000e-01
+3.000e-01
+2.000e-01
+1.000e-01
+5.000e-02
+5.110e-04

+2.000e+00
+1.600e+00
+1.400e+00
+1.200e+00
+1.000e+00
+9.000e-01
+7.000e-01
+5.000e-01
+3.000e-01
+2.000e-01
+1.000e-01
+5.110e-04

Fig. 3.5 Finite element model for different level of matrix wear: (a)
Finite element meshing of the model geometry, (b) Distribution of the

Von-Mises stress over the entire body.

Fig. 3.5b shows the variations of Von-Mises stress over the entire system
predicted by the present finite element model. It could be noted that higher
values of this stress component are concentrated at the tension and

compression sides of the diamond-matrix interface near the exposed surface
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of the matrix. According to the study by Zhou et al (1997). The normal stress
(0,) at the centre of those elements, which are located on the tension side of
the interface within the diamond particle, is computed by the stresses (o, oy,
oy,) at that point obtained in the present analysis. Based on these calculations,
the variation of normal stress (o,,) found along the interface on the tensile side
of the diamond particle is plotted in Fig. 3.6. For the convenience of
presentation, the distance along the interface, which is the horizontal axis in
Fig. 3.6, is shown in terms of element numbers of the diamond particle where
the number assigned to the lower corner element is 0 and the number
incremented by one while moving along the interface on the tensile side
following the direction of the arrow as shown. The figure shows that the
matrix wear has a significant effect on the variation of interfacial normal
stress. For the first case (Fig. 3.6), the maximum value of the normal stress is
about 0.8 MPa which is found at element #17. For the third case study, the
maximum/peak normal stress is found to be 1.25 MPa which indicates that it
increases with the increase of the level of matrix wear. To conclude, the
present results are found to have a very good agreement with those reported
by Zhou et al. (1997). In order to study the effect of elastic-plastic effect of
the metal matrix on the final result, a typical elastic-plastic material property
(bronze) is used for the matrix, which the yield stress of 70 MPa, the ultimate
stress of 220 MPa and the maximum plastic strain of 5% is used. The results
indicate that there is no significant influence caused by introducing the elastic-
plastic material properties of the matrix. Thus, the elastic material model for
representing the behaviour of matrix seems to be adequate for the present

problem and it is followed in this paper.
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Normal stress at the interface (MPa)
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Fig. 3.6 Variation of normal stress along the interface as element centre

stress in the diamond.

3.3.2 Validation of the interfacial damage model with

a DCB test

The problem of a double cantilever beam (DCB) as shown in Fig. 3.7a is used
in this section for an indirect validation of the interfacial damage model. It is
well known that the DCB test is commonly used for evaluating the
delamination resistance in Mode I direction of laminated composite materials.
In present study, a DCB made of carbon-epoxy polymer that consists of the
following material properties: £, = E, = E3 = 8E10° MPa, G, = G13 = Gz =
4E10° MPa, vi2 = vi3 = vp3 = 0, 800 MPa, Gic = 1.2 N/mm, Gyc = G = 6
N/mm, are used and a three-dimensional finite element model is developed for
the DCB (Fig. 3.7b) with the damage model of surface based cohesive zone
modelling at the interface between the two cantilever beams. The load-

displacement (P-0) curve obtained in the present analysis is plotted in Fig. 3.8
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along with that calculated by Tada et al. (1985). The results indicate that the

numerical result has a reasonable correlation with the result predicted by

theory.
(a) Cohesive zone Crack tip "o
A
y
T o B s
a v

Fig. 3.7 Finite element model of DCB test: (a) Illustration of DCB test
specimen and (b) 3-D model DCB.
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Fig. 3.8 Experimental and numerical results comparison for the three-

dimensional DCB debonding.
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3.3.3 Validation of the interfacial damage model with

an MMB test

The experimental test reported by Crews et al. (1998) for a mixed-mode
bending (MMB) test apparatus (Fig. 3.9a) made of AS4/PEEK carbon-fibre
reinforced composite is used in the present study for the validation of the
developed model. Table 3.2 shows the values of the dimensions as well as the
material properties of the MMB test specimen. The different Gy/Grt ratios
could be obtained by adjusting the loading position P (Fig. 3.9a) during the
experimental test. A 3-D finite element model (Fig. 3.9b) of the MMB test is
developed to simulate the failure mechanisms of the beam under various

loading conditions (mixed-mode failure).

Y

\o

Fig. 3.9 Finite element model of MMB test: (a) Illustration of MMB
apparatus and (b) 3-D model of MMB specimen.
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Table 3.2 Mechanical properties of diamond, matrix and interface.

Specimen Dimension

L (Length) W (Width) T (Thickness of one arm)
102 mm 25.4 mm 1.56 mm

Mechanical Material Properties

En Ez = Es33 Gi2=Gi3 G I/12=1/13
122.7 GPa 10.1 GPa 5.5 GPa 3.7 GPa 0.25
23 Gic Gic T S

0.45 0.969kJ/m> 1.719 kJ/m> 80 MPa 100 MPa

In this study, three different Gy/Gr ratios are simulated and compared with the
experimental results, which are shown in Fig. 3.10. It can be seen that a good

agreement between the numerical predictions and the experimental results is

obtained.
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Fig. 3.10 Numerical and experimental comparison of the load-

displacement response of MMB test.
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3.4 Results and discussions of parametric
study

The CZM is applied for the interfacial failure modelling of diamond-matrix
system in this section, and a number of cases are investigated in the form of
parametric study which including diamond shapes, diamond orientations, load
directions and interfacial material properties. In order to have an
understanding of the effect of an individual parameter, the value of that

parameter is varied while the values of other parameters are kept unchanged.

3.4.1 Effect of diamond shapes with different load

directions

The effect of diamond shapes on the retention capacity of diamond particles in
ID bits is investigated in this section. Three different diamond shapes (Cube,
Octahedron and Dodecahedron), shown in Fig. 3.11a, are built in the
developed model and they are all regular polyhedrons with the same radius, r
= 0.25 mm (radius of the circumscribed sphere), and same protrusion height, 4
= 0.25 mm (the portion of these diamonds above the exposed surface of the
matrix). The material properties used are same as those provided in Table 3.1.
The force is applied to these systems by imposing a gradual horizontal
displacement at the tip (top corner) of the diamond, shown in Fig. 3.11a.
However, the direction of the applied load can vary in the horizontal plane as
the current model is in three-dimensional. Therefore, three different loading
directions are applied for each diamond shape in this study to determine its
effect on the retention ability of the diamond particles, shown in Fig. 3.11b.
The finite element meshing used for modelling all these diamond-matrix
systems is also shown in Fig. 3.11c. The distributions of von Mises stress
(before interfacial failure) over the entire system of different diamond shapes
are obtained and illustrated in Fig. 3.11d. As the stress distributions are taken

before the complete debonding of the interface, the stress is concentrated at
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the tipping point (loading point) of the diamond particle as well as the area

around the interface.

@ Cube Octahedron Dodecahedron

+5.000e+02|
+0.000e+00|

Fig. 3.11 Models for diamond particles with vertex-face toward upward:
(a) different diamond shapes, (b) different horizontal loads from a top

view, (c) finite element meshing and (d) Von-Mises stress distributions.

The force-displacement variations for three diamond shapes with three
different loading directions are plotted in Fig. 3.12. The results indicate that
the different load directions have only slight effects on the force-displacement
response for all the three different diamond shapes shown in Fig. 3.11. For the
cube-shaped particle, the results show that the forces are increased linearly at
the start and the force-displacement ratio is dropped slightly after the failure
of interfacial debonding, eventually, the force continues to increase without a
drop. For the octahedron shaped particle, the forces drop to zero steadily after

reaching its critical value. For the dodecahedron shaped particle, the forces
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start increasing again after a brief decline. The critical force for interfacial
failure is an important parameter to a designer as it indicates the retention

capacity provided by the interface which is the primary focus of the present

study.
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Fig. 3.12 Force-displacement variation at the tip of diamond particles
with different load directions: (a) cube, (b) octahedron and (c)

dodecahedron.
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Fig. 3.13 Cut-out views of Von-Mises stress distribution of different

diamond shapes: (a) Cube, (b) Octahedron and (c) Dodecahedron.

The critical forces corresponding to the initiation of the interfacial failure for
all the cases from the present study are shown in Table 3.3.3. It can be seen
that the cube-shaped diamond particle has the highest retention capacity (37.6
N) due to its stronger interfacial adhesion. The octahedron and dodecahedron
shaped particles have similar critical values, which are 30 N and 30.9 N
respectively. From the cut-out view of Von-Mises stress distribution presented
in Fig. 3.13, the octahedron particle has been pulled out after the occurrence
of interfacial debonding, which means there is no mechanical interlock for
this particle after the occurrence of the interface debonding, and it has much
lower stress distribution when compared with the other two shapes. For the
octahedron and dodecahedron particles, they are still held steadily by the

matrix even they have lost the interfacial adhesion.

Table 3.3 Force to initiate interfacial failure for different case studies.

Diamond Load for diamond fall-out (N) Average
shapes Direction 1 Direction 2 Direction 3 value (N)
Cube 40.1 37.9 34.8 37.6
Octahedron 29.7 29.8 30.5 30
Dodecahedron 31.5 30.6 30.7 30.9
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3.4.2 Effect of diamond orientations

The effect of diamond orientations on the retention capacity is studied in this
section for all three particle shapes shown in Fig. 3.11. Based on the study in
the previous section, two additional orientations of those three particle shapes
are studied and shown in Fig. 3.14a and Fig. 3.15a. The diamond particle size
and material properties are the same as those used in the previous section. As
these particles are all regular polyhedron, these three orientations for all the
particle shapes are obtained by rotating the particles to keep the vertex, edge
and flat surface face toward upward respectively. Similar to the previous
section, three different horizontal loading directions are also considered and
applied by imposing a gradually increased displacement at the centre point of

the exposed edge/face respectively, shown in Fig 3.14b and 3.15b.

Octahedron Dodecahedron

Fig. 3.14 Models for diamond particles with edge face toward upward:
(a) different diamond shapes and (b) different horizontal loads from top

view.
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Octahedron Dodecahedron

Fig. 3.15 Models for diamond particles with flat surface face toward
upward: (a) Different diamond shapes and (b) Different horizontal loads

from the top view.

Similar to the previous section, the critical forces corresponding to the
interfacial failure initiation of all these cases obtained from the present
analysis are reported in table 3.4. The table shows that the retention capacity
of diamonds is greatly affected by the orientation and the shape of diamond
particles, and the load direction has a relatively lower influence on the
retention capacity. From the results, it can be seen that the cube and
dodecahedron shaped particles achieved their highest retention capacities
when they are having an orientation of “upward face” which correspond to a
situation of the wear flat. However, the enhancement of diamond retention
capacity with a wear flat situation is not desirable as the efficiency of the
entire drilling process is also dependent on the sharpness of the cutting surface.
In contrast, the octahedron shaped particle is the desirable shape as it has a
relatively higher retention capacity with the orientation of “upward vertex”

which is the sharp cutting surface for efficient cutting.
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Table 3.4 Critical forces to initiate interface debonding of different diamond

shapes with various orientations and loading directions.

Diamond shapes | Critical forces for interface failure of different diamond
and load directions orientations
Upward vertex Upward edge | Upward face (N)
N) (N)

Pl 40.1 34.9 47.4

Cube P2 37.9 37.9 48.6

P3 34.8 32.9 49.5

Pl 29.7 31.3 23.0

Octahedron | P2 29.8 29.1 22.6

P3 30.5 29.5 22.6

Pl 31.5 32.9 46.8

Dodecahedron | P2 30.6 32.0 45.9

P3 30.7 31.6 44.7

3.4.3 Effect of interfacial properties

The interfacial properties can be affected by several factors associated with
the sintering process and metal matrix types. The cohesive zone parameters
are characterised by six fracture property parameters in three different
directions (Mode I, Mode II, and Mode III), which is discussed earlier. In
order to investigate the effect of these interfacial parameters, twelve different
cases having different values of these parameters (Table 3.5) are considered in
the present study. For this purpose, the octahedron shaped diamond particle
with its vertex facing toward upward is taken in this section by varying the
values of those interfacial parameters. The reason to choose the octahedron
diamond is due to its retention capacity is purely based on the interfacial
adhesion which is proven in the previous section. The variation of critical
forces corresponding to the initiation of interfacial debonding for all cases is
simulated and reported in Table 3.5. It can be seen that the values of critical

forces decrease steadily with the decrease of interfacial strength as well as the
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fracture toughness values. The normal fracture energy has the most
contribution to the interfacial adhesion as it leads the highest change of the
value of critical force among all those parameters. The contribution of the
fracture stresses is more than that of the fracture energies. Moreover, the
results also indicate that the interfacial adhesion is mainly based on the Mode

I fracture parameters.
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Table 3.5 Twelve case studies of different interfacial parameters.

Interfacial parameters

(=]

T: 1, 7! Gye Gy G Critical
MPa | MPa | MPa | mJ/mm® | mJ/mm? | mJ/mm? | Force (N)
Case 1
o 543 314 | 314 0.14 0.33 0.33 30.7
(Original sample)
Case 2
(50% T:.) 2715 | 314 | 314 0.14 0.33 0.33 27.4
Case 3
(50% =) 543 157 | 314 0.14 0.33 0.33 25.6
Case 4
(50% T:D) 543 314 | 157 0.14 0.33 0.33 25.5
Case 5
(50% 6, 543 314 | 314 0.07 0.33 0.33 249
Case 6
(50% Gyye) 543 314 | 314 0.14 0.165 0.33 29.2
Case 7
(50% Gy, ) 543 314 | 314 0.14 0.33 0.165 29.3
Case 8
(50% 7©) 271.5 | 157 157 0.14 0.33 0.33 20.6
Case 9
(50% G,) 543 314 | 314 0.07 0.165 0.165 24.4
Case 10
2715 | 314 | 314 0.07 0.33 0.33 23.6
(50% Mode 1)
Case 11
543 157 | 314 0.14 0.165 0.33 25.3
(50% Mode 1I)
Case 12
543 314 | 157 0.14 0.33 0.165 25.4
(50% Mode III)
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3.5 Conclusions

A failure analysis of diamond impregnated bits is attempted by using the finite
element method for the first time to simulate the interfacial failure mechanism
between the matrix and diamond particles. This provides the vital
understanding of diamond fall-out mechanism which is one of the significant
failure modes of diamond bits. For this purpose, a single diamond particle
along with a portion of the surrounding matrix in three-dimensional is
developed and used as a representative part of diamond bits. The diamond is
subjected to a tangential force at its tip which simulates the cutting force
whereas the matrix is restrained at its far ends. 4-node linear tetrahedron
elements are used for the diamond and matrix materials. A zero thickness
surface based cohesive zone modelling technique is used to simulate the

failure at the interface between the matrix and the diamond.

The performance of the proposed finite element model is investigated and
validated by solving numerical examples and the results produced by the finite
element model are compared with the results available in the literature. The
performance of the model is found to be good in the majority of these test
problems which include interfacial stress analysis of diamond impregnated
bits and debonding simulations of a double cantilever beam and mixed-mode
bending tests in three-dimensional models. Based on the confidence gained
from the observation, the present model is used to conduct a parametric study
for the critical force prediction of the interface failure initiation of diamond

impregnated bits.

It has been observed that the shapes and orientations of diamond particles and
interfacial properties have a significant influence on the retention capacity of
diamond particles. As the efficiency of the entire drilling process is also
dependent on the sharpness of the cutting surface, the octahedron shaped
diamond particle is found to have a better performance for drilling because it
has a relatively higher retention capacity when it is under sharp cutting face
and a lower retention capacity when it is under blunt cutting face. It is also

observed that the interface properties are the dominant parameters for the
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retention ability of diamond particles as the value of critical force decreases
steadily with the decrease of interfacial strength as well as the fracture
toughness values, and the contribution of the Mode I properties is more than
that of the Mode II and Mode III properties. For each individual interfacial
parameter listed, the fracture energy in Mode I has the most contribution to

the interfacial adhesion ability.
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Abstract

A finite element model is used to analyse the failure mechanisms of
impregnated diamond bits to assess the diamond retention ability of these
diamond drilling tools. In this approach, a zero thickness surface based
cohesive zone modelling technique is used to simulate the interfacial failure
between diamond particles and the matrix, and the extended finite element
method (XFEM) is used to predict the initiation and propagation of cracks in
the matrix. Both two-dimensional and three-dimensional modelling
assessments are conducted in this study. For the validation of the model, two
numerical examples are solved using the proposed method. The solutions are
compared with published results and a good agreement between them is
observed. Different values of interfacial parameters and matrix fracture
properties are considered in this study to investigate their influences on the
failure mechanisms of the diamond-matrix system. Different shapes of
diamond particles are also considered to assess their effects on the critical

forces for the initiation of interfacial debonding and matrix failure.

Keywords:

Impregnated diamond bit; Extended finite element method; Cohesive zone

model; Interfacial debonding; Metal matrix cracking
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4.1 Introduction

Diamond cutting tools have been widely used since the invention of synthetic
diamonds in the 1950s (Paone and Madson, 1966, Busch and Hill, 1975).
Recently, the rotary drilling bit has become one of the most commonly used
tools in the underground exploration and mineral extraction field (Kumar et
al., 2015). Three different types of diamond drill bits (polycrystalline diamond
compact (PDC) bit, surface-set diamond (SD) bit and impregnated diamond
(ID) bit) have proven to be economically advantageous for rock drilling.
Diamond particles are widely used in cutting tools not only due to the
diamonds’ hardness but also because of their high strength, high wear
resistance, low friction coefficient and high thermal conductivity. Therefore,
when used as an abrasive, diamonds have many obvious advantages over
other common abrasives, including their high grinding efficiency, low
grinding force, long lifespan and low comprehensive cost. ID drilling bits are
usually composed of a base metal body mounted with several impregnated
diamond segments at the cutting face, and the segments are usually formed
from well-mixed diamond particles and metal powder through the sintering
process (Li et al., 2010). The matrix material is a multi-phase alloy consisting
of a skeleton such as tungsten carbide (WC), which has high wear resistance,
and bonding metals such as cobalt (Co), copper (Cu), tin (Sn), nickel (Ni), and
so forth. The skeleton material has the most effect on the wear resistance of
the matrix and the interfacial properties of the diamond-matrix system (Hsieh
and Lin, 2001, Lin et al., 2008, Tze-Pin et al., 1992, Ding et al., 1998). During
the drilling operation, when the cutting surface of the bit slides over a rock
due to the rotation of the bit, the embedded diamond particles near the cutting
surface are partially exposed due to the gradual wear of the matrix material
and these exposed diamonds do the cutting or drilling of the rock. The matrix
is expected to hold the freshly exposed sharp diamonds firmly and, at the
same time, it should wear at a rate compatible with that of diamonds so that
the worn diamonds can fall out to allow new diamonds to be exposed,
continuously (Xuefeng and Shifeng, 1994). This is known as having the

ability to self-sharpen. However, the drilling performance of these bits is still
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quite volatile and inconsistent due to a lack of fundamental understanding of
the micro-mechanisms of both the matrix and the interface between the
diamond and the matrix. The major issues that manufactures are currently
facing with using impregnated diamond bits are ineffective matrix to diamond

wear rates and premature diamond fall-out failure rates (Konstanty, 2005).

The failure mechanisms of ID bits, such as micro-cracking of the matrix and
interfacial debonding, are complex and system-dependent processes which are
affected by the properties of the matrix, the interfacial strength as well as the
size and shape of the diamond particles (Chalkley and Thomas, 1969,
Konstanty, 1999). Initially, some experimental studies (Miller and Ball, 1990,
Miller and Ball, 1991, Xuefeng and Shifeng, 1994) on impregnated diamond
bits were conducted where the wear mechanisms of these bits were
investigated. However, these minor failures do not typically constitute full
structural failure and do raise difficulties in the direct detection and
measurement of the growth of these failures using normal experimental
technologies. With the help of finite element analysis, these problems can be
eliminated by using a combination of the cohesive zone method (CZM) and
the extended finite element method (XFEM) techniques to simulate the
interfacial failure and matrix cracks respectively. Although CZM and XFEM
techniques have been used extensively to simulate different aspects of fracture
of various engineering problems, they have not yet been applied to
impregnated diamond drilling bits in order to assess the drilling conditions
and visualise the failure mechanisms. The fundamental concept of the CZM
technique is based around the fracture process zone, which is characterised by
either the cohesive law or the traction separation law for de-cohesion of
atomic lattices, as proposed by Barenblatt (1962), which is suitable for
interfacial debonding analysis. The XFEM method, originally proposed by
Belytschko et al. (1999), is a numerical technique that extends the
conventional finite element method (CFEM) approach by extending the
solution space for solutions to differential equations with discontinuous
functions. It is a powerful and effective numerical technique suited to simulate

initiation and propagation in the matrix.
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Although some researchers (Romanski, 2010, Li et al., 2010, Suh et al., 2008)
have conducted micromechanical modelling of the ID bits to analyse the stress
distribution of a single diamond particle along with a portion of the
surrounding matrix under a tangential load, no one has yet paid any attention
to the modelling of realistic, accurate, failure mechanisms for this system. The
ability to predict this critical damage build-up in an FEM model is of prime
importance to understanding the fracture behaviours of ID bits. Therefore, the
matrix crack and matrix-diamond interface failure are modelled by
incorporating the XFEM and CZM techniques in combination for the first
time in this study. This will help the industry to understand the wear
mechanisms of impregnated diamond bits due to matrix failure or diamond
pull-out more accurately which will be of benefit to the future design of these
bits. Moreover, there is a need for investigating the effect of different
parameters such as protrusions, shapes and orientations of the diamond
particle on the bit’s retention capacity. Such novel research is undertaken in

this study.

4.2 Model formulation and material properties

4.2.1 Geometry of the model and its finite element

meshing

The failure of ID bits is investigated by taking a single diamond particle,
which is partially embedded within the matrix, and placing it subject to a
tangential load (Fig. 4.1a). The dimension of the portion of the surrounding
matrix is adequate to dissipate the stresses produced by the forces acting on
the diamond particle. For the justification of the above model, it is assumed
the diamond particles are uniformly distributed throughout the matrix and the
diamond concentration is low enough that the stress of adjacent diamond
particles at one point would not influence those at another. The design of ID
bits avoids non-uniform distribution of diamond grits, a feature which would
be responsible for localised stress concentrations, leading to premature failure
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of the bit. A 2-dimensional finite element model is developed for this portion,
and the finite element model (Fig. 4.1b) is drawn as a mirror image (upside
down) of the actual object, as shown in Fig. 1b. The Figure also shows the
finite element mesh where a finer mesh is used in the regions of interest,
which is at the diamond part of the bit along with the vicinity of the interface
between the diamond and the matrix, while a coarse mesh is used in the
regions away from the interface with a gradual transition placed between the
two in order to improve computational efficiency. Mesh convergence studies
are performed for all models in this study in order to ensure a converged
solution. Both horizontal and vertical thrust forces are considered and the
results indicate that the fall-out of the diamond particle due to interfacial
debonding is primarily facilitated by the tangential cutting force as the
additional vertical forces do not affect the result significantly. A displacement
is imposed at the tip of the protruding part of the diamond particle and the
cutting force is predicted in the form of a resisting force with respect to the
imposed displacement. Thus, the critical load for the interfacial debonding

could also be determined in this way.

100pm

Diamond\‘ Tangential load

Fig. 4.1 Micromechanical model of a diamond impregnated bit: (a) SEM
micrograph of an ID bit and (b) skeleton drawing of an ID bit and a
finite element model of a single diamond particle embedded in the

matrix.
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The shape of synthetic diamond particles can be treated as regular polygons
(2D model) in most cases, as the shape of synthetic diamond grits can be
controlled for ID bits. A square geometry has typically been used by different
investigators for simplicity, a geometry which is also used in most of the cases
in the present study. According to the literature (Xuefeng and Shifeng, 1994,
Li et al., 2010), the size of the diamond particles varies from 0.01 to 0.5 mm
in diameter and a diameter of 0.5 mm is taken as the diamond particle size in
this study for all the cases. The size taken for the surrounding matrix is about
20 times larger than that of the diamond, which is large enough to ensure that
the stresses are zero near the boundaries (the edges of the darkened areas of
the matrix in Fig. 4.1b) of the matrix. In the present study, a well-regarded
finite element code ABAQUS 6.12 is used for reliable numerical modelling of
the diamond-matrix system. Four nodes of bilinear plane strain quadrilateral

elements are used to model both the diamond and the matrix parts.

4.2.2 Material model of the matrix and diamonds and

their properties

In the present study, the diamonds are treated as elastic and isotropic materials,
where the modulus of the elasticity is taken from the literature (Zhou et al.,
1997, Li et al., 2010, Suh et al., 2008) as £ = 1100 GPa, whereas the Poisson's
ratio is v = 0.1 for these diamond particles, as diamonds behaves like a brittle
material. It is assumed that the applied load is stable and no impact force will
cause the fracture of diamonds due to their high fracture resistance. Due to its
high specific strength, stiffness and wear resistance, a Tungsten-carbide cobalt
(WC-Co) alloy is taken as the metal matrix, with an elastic modulus of 600
GPa and a Poisson's ratio of 0.2, both of which were determined
experimentally by Jaensson et al. (Jaensson and Sundstrom, 1972). It should
be noted that the matrix alloy used here is a kind of cemented carbide material,
which is a hard metal that can be treated as elastic material. Moreover, elastic-
plastic material properties are used to model the matrix in some sample test

cases where no significant effect of plasticity is observed.
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4.2.3 Cohesive zone model for the diamond-matrix

interface

For the analysis of the zero-thickness interface between the diamond and the
matrix of ID bits, the concept of a cohesive zone modelling approach (Elices
et al.,, 2002, M. Alfano, 2007) is most appropriate and is adopted in the
present study, as it can quantitatively predictive analyses for interfacial
fractures of adhesively bonded composite joints (Serensen, 2002, B.F.
Serensen and Jacobsen, 2003). The interface has two possible modes of
failure: they are Mode I (the opening mode) due to the tensile stress acting
normal to the interface and Mode II (the sliding mode) due to shear stress
parallel to the interface and perpendicular to the crack front. Fig. 4.2 shows
the global (x-y) and local (n-s) coordinate system of the interface of the
developed model. The relative displacement in global and local coordinate

systems of the interface nodes between two elements is also shown in Fig. 4.2.

y)

x (u)

‘\f:O 3 (1, Vi)

Diamond
Element

Fig. 4.2 Detail of an interface for the cohesive zone method.

The formulation of this approach is based on the traction-separation
relationship, which is shown in Fig. 4.3, where OA shows the elastic response
of the interface having a high stiffness of K and AB represents the interfacial

damage in the form of a linear softening law. The damage is characterised by
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the damage parameter (d) as shown in Fig. 4.3, which helps to represent the
irrecoverable damage of the interface through pure elastic unloading with

reduced stiffness. The separation at failure &7 is obtained from the ultimate
stress 7" (a material property of the interface) and the interfacial fracture

toughness G, (another material property), which is the area of the triangle

OAB. The use of fracture energy helps to make the analyses mesh-insensitive.

i AN
Traction ,Ultimate stress (damage initiation)
0 A (d =0)
/ _~Damage evolution
K6 NS
1 ,,q:ﬁl—d)K .Complete failure
/’// ”’.
O S B (d = 1) -~
8° & Separation

Fig. 4.3 A typical bilinear traction-separation relationship.

The traction separation law (Fig. 4.3) mentioned above is used in the present
study, where the separation indicates the relative displacements at the
interface and the tractions are simply the interfacial stresses. The relative

displacement vector {A} in global coordinates (x-y) at any point in the

interface of deformed configuration can be expressed as:

+ —

Uu. 4 u[
> N(&=17n) (4.1)
i=1 Vv

u u u 4
Bf=1 =1 (71 _[=XN(E=-Ln)

v

v -

i i

<I
<

where " and u~ are the displacement components at the two sides of an
interfacial point in the global x-direction whereas v' and v are the

displacements in the global y-direction. ui and u; are the corresponding

displacements at the i-th node of the element (Fig. 4.3) used to model the

materials on the two sides of this interfacial point and N, are the shape

functions of these elements. The coordinates of an element can be written as
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4 4
x= ZN x, and y= ZN ., based on the isoparametric formulation, where x.

i=1 i=1

and y, are the nodal coordinates of the element. Thus, the normal and
tangential components of {A} with respect to the relative displacements in

local coordinate system {&} (Liao and Luo, 1992) can be obtained as:

5,
{a}:{ }:[Q]{A} 2

where [Q] is the transformation matrix from the global to a local coordinate
system. The damage introduces nonlinearity in the system that requires an
incremental/ iterative procedure for solving the governing equations. As the
damage is an irreversible process, the solution technique is dependent on the
loading history. Thus, there is a need for storing the maximum values of these

relative displacements ( &% , §I"** ), which occurred before any

increment/iteration and they are updated in that increment/iteration as follows:

Ifo, >0 = 0, =0, otherwiseo,™ =0,"" 4.3)

If[8,]> 0™ = 6 =[5 ] otherwised™ = 5™ (4.4)

For pure Mode I or Mode II criteria, the interfacial normal and shear tractions

(7, and 7, ) can be related to the maximum value of these relative

displacements using the interfacial constitutive properties in the form of

traction-separation laws (Fig. 4.2) as:

r, =Ko, if 6™ <&
r,=(1-d,)K,5, if 5 <™ <&/ (4.5)

r, =0 if 5™ > 5/
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7, =K, if 6™ <5°
r.=(1-d, K0, if 5 <™ <5/ (4.6)

. =0if 5™ >/

For the bilinear traction separation law (Fig. 4.3), the damage parameters for

these two modes of fracture may be written as:

S| smax _ go S| smax _ go
P A T ) R (67 s
O N &7 (o) =6

The above equations (5) and (6) can only be used if the two modes of failure

(4.7)

are independent, that is, have no coupling between them. However, a mixed-
mode fracture is more likely to occur at the matrix diamond interface due to
the varying drilling conditions of the impregnated diamond bits, thus, the two
modes of failure will be coupled, as mentioned earlier. In that situation, the
damage onset and its propagation may occur before reaching the ultimate

stress of Mode I (z;) and Mode II (z)). Under the mixed mode failure

scenario, a quadratic failure criterion proposed by Cui et al. (Cui and Wisnom,
1993) for the prediction of damage initiation seems to be most suitable and is

used in the present study. It is expressed as:

(@“}J J{T—Oj -1 (4.8)
Tn TS

Similarly, the power law [33] is used for the mixed mode damage evolution of

the interface, which is expressed in terms of energy release rates (G, and G, )

and their critical values (i.e., fracture toughness for these two modes) as:

2 2
(i] (G—J 1 49)
GIC GIIC
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Sh o S/ o/
where G, =[" 7,d5,. G, =" 7d5, andG,.=|"7,d5,, Gye =" 7,d5, .

In a mixed mode failure analysis, the two modes of the traction-separation
relationship are combined and expressed in terms of an equivalent traction-
separation relationship having a similar bilinear shape, which helps to
implement the mixed-mode damage model conveniently. This combined
traction-separation relationship will have the same initial stiffness (K),

whereas the separation at the onset of damage initiation §2, and the separation

at complete failure 6, (subscript m indicates a mixed-mode fracture) can be

obtained from Equations (8) and (9) respectively (Camanho et al., 2003). In
that case, the two components of the separation obtained in any
incremental/iterative steps are to be combined to have a single resultant

component §_ as:

5, =46 +5? (4.10)

The material properties required for defining the interfacial behaviour in the

present study are the fracture toughness values G,. and G, for the two modes
and the corresponding ultimate stresses t° and z”. It has been proved

experimentally as well as theoretically (Zhai and Zhou, 2000, Cavalli, 2003)
that these material parameters should be taken for the weaker material, which
is the metal matrix in the present case, providing that the matrix is adequately
connected to the diamond. Thus, the material properties of tungsten carbide
cobalt (the matrix) are taken as the interfacial material parameters which are:

7% = 543 MPa, 1% =314 MPa, G, = 0.14 mJ/mm” and G, = 0.33 mJ/mm”.
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4.2.4 Extended finite element model for the metal

matrix

The extended finite element method (XFEM) has been used for the simulation
of crack initiation and propagation problems extensively in recent years. This
technique was firstly proposed by Melenk et al. (1996), based on the concept
of the partition of unity method, to add the enrichment functions into the
standard finite element and allow simulation of initiation and propagation of a
discrete crack without the requirement of a pre-defined crack and re-meshing.
As mentioned earlier, XFEM 1is a numerical technique that extends the
classical finite element method (FEM) approach by extending the solution
space for solutions to different equations with discontinuous functions.
XFEM was initially applied to model fractures in a material, which is very
suitable for the modelling of matrix cracks in this study. The advantage of
XFEM is that the finite element mesh does not need to be updated to track the
crack path. The enriched Finite Element approximation (Elgued; et al., 2006)

can be written as:
u(x) = iN J(O[u;, + H(x)a, + iFa ()] (4.11)

where N, (x) is the standard finite element shape function that is associated
with node i; u, is the nodal displacement vector associated with the
continuous part of the finite element solution. H(x) is the discontinuous jump
function across the crack surfaces and F_(x) is the elastic asymptotic crack tip
functions. a; and b are the associated nodal enriched degree of freedom

vectors. Referring to Fig. 4.4, x is a sample integration point, x* is the closest
point to x that is located on the crack surface, and n is the unit outward normal
to the crack at x*. It also illustrates the discontinuous jump function across the

crack surface, which is shown in Equation (12):
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1 if(x-=x)Dn>0,

4.12
-1 otherwise ( )

H(x):{

H(x) =1 above crack

H(x) =-1 below crack

Fig. 4.4 Heaviside jump function.

The crack tip enrichment functions are suitable for stationary cracks only and
account for crack tip singularity. The functions use displacement field basis
functions for a sharp crack in an isotropic linear elastic material. The crack tip

enrichment functions in isotropic elasticity F_(x)=F,_(r, #) are obtained from

the asymptotic displacement fields, as shown in Eq 4.13:
[F, (x),a=1~4]= [\/;sing,\/;cosg, \/;sinﬁsing,\/;sinﬁcosg] (4.13)

where (r, 8) represent the coordinate values at the crack tip from a polar

coordinate system, as shown in Fig. 4.5:

Fig. 4.5 The crack tip from a polar coordinate system.
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In XFEM, the crack is located using the level set method (LSM). The level set
method is a numerical scheme proposed by Osher and Sethian (Osher and
Sethian, 1988) to model the motion of interfaces. The level set of a real value
function is the set of all the points at which the function obtains a specified

value. For example, the zero-valued level set of f(x,v) = x* + y2 is a circle

located at the origin. To describe the crack completely, two level set functions

®(x) and ¥(x) are used, where the level set & = 0 denotes the crack face and
the intersection of & = 0 and ¥ = 0 represents the crack front. Specifically,
the nodal value of the function @ is the signed distance from the crack surface
to the node. The value of the function € is positive on one side of the crack

and negative on the other. On the other hand, the nodal value of the function

¥ is the signed distance of the perpendicular surface that passes through the

crack front and the sign is negative on the side towards the crack. The LSM is
used to represent the crack location, including the location of crack tips. The
XFEM is used to compute the stress and displacement fields necessary for
determining the rate of crack growth. The LSM was first applied in XFEM by
Stolarska et al. (2001) and Sukumar et al. (2000) to track moving

discontinuity.

The damage modelling in the XFEM framework to simulate moving cracks is
achieved by applying the cohesive segments method; the formulae and laws
that govern the behaviour of XFEM-based cohesive segments for a crack
propagation analysis are very similar to those used for surface-based cohesive
method with traction-separation constitutive behaviour, shown in section 4.2.3.
However, unlike the CZM, which requires that the cohesive surface aligns
with the element boundaries and the crack paths need to be predefined, the
XFEM-based cohesive damage mechanics can be used to simulate crack
initiation and propagation along an arbitrary, solution-dependent path in the
bulk materials. The damage properties such as initiation and evolution are
specified in the material definition and the enriched element does not undergo

damage under pure compression. Thus, the damage properties used for the
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metal matrix are the maximum principle stress a,, .. = 543 MPa, and fracture

energy release rates G, = 0.14 mJ/mm? and Gy =0.33 mJ/mm?’.

4.3 Validations

Due to the lack of available experimental test data for validation of the present
model, the developed model cannot be directly validated or compared with
experimental results. Moreover, although a few studies (Zhou et al., 1997, Suh
et al., 2008) conducted some numerical simulations on the stress analysis of
impregnated diamond bits, they did not consider the interfacial or matrix
damage failure. Thus, in order to validate the present model with damage
analysis, two example problems are modelled and analysed as indirect

validation for the present model.

4.3.1 Validation of the interfacial damage model

The problem of a double cantilever beam (DCB), as shown in Fig. 4.6, is used
in this section for an indirect validation of the interfacial damage model. The
DCB, made of T300/977-2 carbon fibre reinforced epoxy laminate, is used for
the present analysis, and the results are compared with the experimental test
data reported by Morais et al. (2002). The laminate (3.96 mm) consists of 24
identical layers having 0° orientation and the following material properties: E|
= 150.0 GPa, £, = 11.0 GPa, Gy, = 6.0 GPa, v = 0.25. Similar to the
diamond-matrix system, a two dimensioned finite element model is developed
for the DCB with the damage model based on the cohesive zone modelling
technique at the interface (BC) between the two cantilever beams. Four

interfacial parameters are used for the cohesive zone model. They are =45
MPa, 2= 80 MPa, G, = 0.268 mJ/mm* and G,,. = 0.4 mJ/mm°. The load-

displacement (P-0) curve obtained in the present analysis is plotted in Fig. 4.7,
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along with that reported by Morais et al. (2002), which shows that the

numerical result has a reasonable correlation with the experimental results.

™
(@)
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|

Fig. 4.6 Schematic drawing of a double-cantilever beam test.
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Fig. 4.7 Load-deflection curve of the double cantilever beam with

4.3.2

delamination.

Validation of the extended finite element model

This example model verifies and illustrates the use of the extended finite

element method (XFEM) in FEM to predict crack initiation and propagation

due to stress concentration in a plate with a hole. The XFEM-based cohesive

element method is used to analyse this problem and the geometry of the plate

shown in Fig. 8 reveals that half of the plate is modelled, as it is in a

symmetry condition. The thickness of the plate is 0.02 m. The material

properties of the plate are as follows: £ = 3.24 GPa and v = 0.3. The
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maximum principal stress failure initiation criterion and energy-based damage

evolution law are used to find their values as follows: g, . =22 MPa, G,. =
2.87 J/m* and Gy = 2.87 J/m*. Displacement loads are applied at the top and

bottom edges to produce tensile stress, as shown in Fig. 4.8, and it also
illustrates the deformed shape of the plate after the crack has occurred. The
corresponding reaction forces versus displacements are plotted and compared
with the experimental results reported by Tada et al. (1985), shown in Fig. 4.9.
It can be seen from the results in Fig. 4.9 that a good agreement between the

numerical predictions and the experimental results is obtained.

THIRIn

0.34m

Fig. 4.8 Geometry of the plate specimen.
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Fig. 4.9 Experimental and numerical results comparison for the plate

specimen.

4.4 Results of the parametric study

A number of cases are investigated in the form of a parametric study in order
to get a better understanding of different failure modes (matrix failure and
interface debonding) of ID bits. The surface based CZM is used for interfacial
fracture whilst XFEM is used for cracks propagating within the metal matrix.
The analysis reported herein employed both of these models simultaneously to
investigate a range of cases obtained by changing material properties (peak
tractions and fracture energies of the interface and matrix) or geometric
parameters (diamond shapes), which can help to understand the influence of

this individual parameter on the retention capacity of diamond particles.

4.4.1 Effect of interfacial material properties — 2D

As the interfacial properties can be affected by several factors, such as the
sintering process and the type of metal alloy used, it is essential to understand

how these interfacial properties affect the retention capacity of the diamond
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particles in the ID bits. The material properties, diamond particle size and
mesh size used are same as those provided in Section 4.2 and kept unchanged
to minimise their influence on the analysis results. Moreover, the orientation
position and protrusion height are also kept constant (Fig. 4.1). As discussed
earlier, the cohesive zone model is used for simulating the interface failure
and the cohesive model is characterised by four parameters. In order to
investigate the effect of these interface parameters, seven different cases
having different values of these parameters (Table 4.1) are considered in the
present study. The square shaped diamond particle (Fig. 4.1) with its vertex
facing toward upward is used for all cases as it has no mechanical interlocking
properties to influence the results. From Table 4.1, it can be seen that a
proportional increase in the value of the interfacial parameters is proposed and
two representative cases of different Mode [ parameters are shown

schematically in Fig. 4.10 (weak interface to strong interface).

Table 4.1 Seven case studies of different interfacial parameters.

Interfacial parameters

20 . Gy G Initial Failure Ultimate
. initiation force force
MPa MPa mJ/mm’> mlJ/mm> failure N) (N)
Case 1l 271.5 157 0.035 0.0825  Interface 31 31
Case 2 543 314 0.14 0.33 Interface 63 63
Case3 8145 471 0.315 0.7425  Interface 99 99
Case4 950.2 5495 0.429 1.01 Interface 114 114
Case5 1086 628 0.56 1.32 Matrix 116 124
Case 6 1629 942 1.26 2.97 Matrix 108 163
Case 7 2172 1256 2.24 5.28 Matrix 110 230
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Fig. 4.10 CZM traction-separation laws of assumed strong and weak

interfaces.

The forces produced at the diamond tip points due to the displacement
imposed are analysed for each case shown in Table 4.1. The force-
displacement variation curves for four representative cases are recorded and
plotted in Fig. 4.11. The results show that the ultimate force for diamond
particle fall-out increases with the increase of interfacial strength. The values
of critical forces corresponding to the initiation of failure (either interfacial
debonding or matrix crack) and ultimate forces for all cases are reported in
Table 4.1. Among these cases, two different modes of initial failure
(interfacial debonding and matrix crack) have occurred due to the effect of
interfacial parameters. This is because in cases where the interface has
relatively low cohesive parameters (a weak interface), the interface would lose
its adhesion prior to the matrix failure, such as in Cases 1 to 4. In these cases,
due to the weak interfacial bonding, the ultimate force is equal to the critical
force for interfacial debonding. However, due to the relative strong interfacial
strength for Cases 5, 6 and 7, matrix crack failure has occurred first with a
force of 111 N, which is eventually followed by the failure of the interfacial
debonding with different ultimate values (increasing with the increase of

interfacial strength).
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Fig. 4.11 Force-displacement variations at the tip of diamond particles

for 4 cases with different interfacial parameters.

The distribution of maximum principal stress over the entire system of two
representative cases (Cases 3 and 6) is presented in Fig. 4.12, and the failure
mechanisms are also illustrated and compared. The Figure shows the
occurrence of stress concentration near the tipping point (loading point) and
the uppermost point of the diamond-matrix interface on the compression side
(right side) in both cases. Fig. 4.12a represents the pure interfacial failure
mode due to the use of weak interfacial bonding, where Fig. 4.12b shows the
combined failure modes (matrix crack and interfacial failure) with the strong
interface. Due to the strong interfacial adhesion, the required force at the tip of
the diamond (the cutting force) is much higher than the weak interfacial

strength case to pull out the diamond particle.
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Fig. 4.12 Maximum principal stress contours and failure mechanisms
illustration for the square shape ID bit with two cases: (a) weak interface

(b) strong interface.

4.4.2 Effect of matrix fracture properties — 3D

A three-dimensional model, with a regular octahedron-shaped diamond
particle having its vertex-face upward and half of the particle embedded in the
matrix (Fig. 4.13a), is created to study the effect of matrix properties on the
critical load to initiate damage in the ID bit. Similar to the above section, the
size of the diamond particle is 0.5 mm in diameter, and the material properties
used for the diamond and the interface are the same as those mentioned in
Sections 4.2.2 and 4.2.3, where the Mode III (shear) material properties for
the interface are assumed to be the same as for Mode II fracture properties.
Finer meshes are applied in the region of interest, which is in the vicinity of
the interface between the diamond and matrix as shown in Fig. 4.13b as the
stress intensity will occur at the interface area and the debonding failure is
expected to start in this area. A tangential displacement load is applied at the

tip of the cutting face of the diamond particle.
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Fig. 4.13 3-D finite element model of the representative part of the ID

bit: (a) Diamond & Matrix parts and (b) mesh configuration of the

model.

The reason to use this shape of diamond particle is due to the diamond’s
retention ability and is based purely on the interfacial adhesion when the
particle is in the orientation shown in Fig. 4.13. The maximum principal stress
criterion is used for the damage initiation of the metal matrix, and an energy
based damage evolution criterion is used for the crack propagation. Six
different cases having different values of the matrix material parameters
(Table 4.2) are considered in the present study. The table shows that a
proportional decrease in the value of the matrix material parameters is
presented from Case 1 to Case 6, and the critical loads to initiate interface

failure and matrix crack are calculated and reported.
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Table 4.2 Six case studies of different matrix material properties.

Matrix fracture parameters Critical loads (N)
r?? Gic Gric Gie Matrix  Interface
MPa mJ/mm’ mJ/mm’ ml/mm’> crack failure
No
Case 1 543 0.14 0.33 0.33 30.5
crack
Case2 488.7 0.1134  0.2673 0.33 29.5 31
Case3 4344 0.0896 0.2112  0.2112 29 31
Case4 380.1 0.0686 0.1617  0.1617 28 31.6
Case5 3258 0.0504 0.1188  0.1188 26.4 30.9
Case 6 271.5  0.035 0.0825  0.0825 19.2 33

According to the results shown in Table 4.2, the matrix crack did not occur in
the first case when the matrix and the interface had similar fracture properties.
Only interfacial failure has occurred under the tangential cutting force of 30 N,
and the distribution of the principal stress in the diamond-matrix system of
Case 1, before the occurrence of the interfacial debonding, as illustrated in Fig.
4.14a. Fig 4.14b also shows the diamond particle pull-out failure (top view,
side view and cut out view) after the occurrence of the complete de-bonding
of the interface. Due to the value of the matrix parameters being reduced in
the following cases, the matrix crack has occurred before the interfacial failure
as the required force to initiate such failure has become lower than that of
interfacial failure (around 31 N). It can be seen that the force for the matrix

crack initiation decreases with the decrease of the matrix-fracture properties.

(a)

S, Max. Principal
(Avg: 75%)

Top view Side view Cut-out view

hdd

Fig. 4.14 3-D finite element model of the representative part of the ID

-1 43e+01

bit: (a) Diamond and matrix parts and (b) mesh configuration of the

model.

128



Chapter 4

Since similar failure mechanisms were obtained for the following cases (Case
2 to Case 6), the visualized result of Case 6 is taken as an illustration example
to illustrate the principal stress distribution after the initiation of matrix crack
(Fig 4.15a) and the crack propagation through the matrix and interface (Fig.
4.15b). From the cut-out view in Fig 4.15b, we can see that the matrix crack is
firstly initiated at the tension side and then propagated to the interface to cause
interfacial failure, which is very similar to the failure process of the two-

dimensional model shown in Section 4.4.1.

(a) (b)

S, Max. Principal
(Avg: 75%)
+1.96e+04
+1.80e+04
+1.63e+04
+1.47e+04
+1.30e+04
+1.14e+04
+9.74e+03
+8.10e+03
+6.45e+03
+4.81e+03
+3.17e+03
+1.52e+03
-1.22e+02

Top view Side view Cut-out view

Fig. 4.15 3-D finite element model of the representative part of the ID
bit: (a) Diamond and matrix parts and (b) mesh configuration of the

model.

4.4.3 Effect of diamond shapes

The shape of the diamond grits plays an important role in the behaviour of
abrasive cutting tools, and it has a significant effect on their retention capacity
or failure mode in ID bits. Thus, the diamond particle shape is investigated in
this section. Natural diamonds with irregular shapes are not suitable for ID bit
use as they are mostly in round shape with limited cutting ability (Fig. 4.16a)
(Sumiya et al., 1997). Particles with sharp cutting surfaces (vertex and edge)
remove surface material much faster than round particles without sharp
surfaces. Unlike natural diamonds, synthetic diamond particles are mainly
produced using the Chemical Vapor Deposition (CVD) technique, which can
help to produce regular shaped diamonds (Fig. 4.16b). Therefore, synthetic
diamonds can be conveniently represented as regular polygons, as shown in

Fig. 4.17. In this study, six regular polygonal shapes having a different
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number of sides ranging from 4 to 12 are used to show their effects on
different failure modes (interfacial and matrix failure). The force is applied to
these systems by imposing a gradual horizontal displacement at the tip (top
corner) of the diamond towards the right side. Similar to the previous section,
the size of the diamond particles remains constant, r = 0.25 mm (radius of the
circle circumscribing the polygons), for all the cases shown in Fig. 17. The
protrusion height h = 0.25 is used and the vertex of each of the diamond
particles is rotated to face upward to form a sharp cutting surface in all these
cases. Same material properties, provided in Section 2, are used for both the
diamond and the matrix parts. In order to simulate different failure modes for
each case, two different interfacial parameters (weak interface and strong
interface) are used in this section for each diamond shape. For the weak

interface, £ = 543 MPa, 7%= 314 MPa, G, = 0.14 mJ/mm’ and G, = 0.33

mJ/mm” were used as the interfacial property parameters, whereas a perfect
interface (infinite interfacial strength created by applying tied interface

connection instead of CZM) was used for the strong interface case.

Fig. 4.16 Shape illustration of natural and synthetic diamonds: (a)

natural diamond and (b) synthetic diamond.

(a) (b) (©) (@ (e) ®

Matrix Matrix Matrix Matrix Matrix Matrix

Fig. 4.17 Study of different diamond shapes: (a) square, (b) pentagon,
(c) hexagon, (d) octagon, (e¢) decagon and (f) dodecagon.
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The distribution of maximum principal stress over the entire system obtained
after the initiation of failure for all diamond shape cases is presented in Fig.
4.18. The Figure shows the occurrence of stress concentrations near the
tipping point (loading point) and the area around the diamond-matrix interface
in all cases. The first column (a) in Fig. 4.18 represents the weak interface
case for all diamond particle shapes, whilst the second column (b) represents
the strong interface. According to the results, interfacial failure would occur
prior to the occurrence of matrix failure when the interface and matrix have
similar fracture parameters, which is called a weak interface. Under this
condition, the shape of the diamond particle has little effect on its retention
ability, with a change from the lowest critical force of 63 N for a square
shaped particle to the highest critical force of 109 N for a hexagon shaped
particle. For the strong interface, the square shaped particle has the lowest
critical force to initiate the matrix crack at the tension side, where all the other
shapes with strong interfaces require much higher critical forces, in the range

between 440 N and 645 N.
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The critical values of the cutting force corresponding to the initiation of the
interfacial failure or matrix crack for the different diamond shapes with the
weak interface and strong interface are plotted in Fig. 4.19, respectively. The
results indicate that the hexagon shaped diamond particle has the relatively
strongest interfacial bonding ability among these differently shaped particles
when the weak interface is applied. On the other hand, when the interface has
strong binding strength, matrix failure would occur first in the vicinity of the
interface at the tension side. The critical forces to initiate the matrix crack are
much higher than those for weak interface failure. Hexagon and decagon
shaped particles require relatively higher forces for matrix failure, where the

critical force of the square shaped particle is much lower than for the other
shapes (121 N).

700

600 +

500 4

N

(=]
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- Interface failure
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—e— Matrix failure

200 +

100

Number of sides of diamond grit

Fig. 4.19 Effect of diamond particle shape and interfacial strength on its

retention capacity.
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4.5 Conclusions

In this study, the failure mechanisms of impregnated diamond bits are
investigated through the use of the finite element method. The present study
has a focus on the interfacial failure mechanisms between the matrix and
diamond particles, as well as the matrix crack failure. The developed model
includes a single diamond partially embedded in a portion of the surrounding
matrix, which is a representative part of diamond bits, and a zero thickness
surface based cohesive zone model is used to simulate the interfacial failure,
where the extended finite element model with cohesive damage is used to
analyse the matrix crack initiation and propagation. This provides vital
understanding of the diamond pull-out mechanism, which is one of the
significant failure modes of diamond bits. A tangential displacement load is
applied at the protruding tip of the diamond particle to simulate the cutting
force during the drilling operation, and the surrounding matrix is restrained at
its far ends. Both two-dimensional and three-dimensional models of the
impregnated diamond bits are conducted and analysed in this study. The
diamond-matrix system is simulated by the finite element modelling with 4-
node plane strain quadrilateral elements in two-dimensional models and 4-

node linear tetrahedron elements in three-dimensional models.

Numerical examples are developed and solved to validate the finite element
model and investigate its performance by comparing the results with the
results available in the literature. These example problems include the
interfacial debonding analysis of a double cantilever beam and the fracture
initiation and propagation simulation of a thin plate with a hole. An adequate
performance of the model is found in this validation section, and therefore, the
present model is used to conduct a parametric study for the critical force
prediction of the initiation of the interfacial failure and matrix crack of the

impregnated diamond bits.

Different shapes of the diamond particles and interfacial properties between

the diamond and matrix have been investigated and their effects on the
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retention capacity of the diamond particle of impregnated diamond bits are
studied and compared. It has been observed that both parameters have a
significant influence on the retention ability of the diamond particles and
failure mechanisms of the ID bits. When the interface has relatively lower
adhesion strength, the interface tends to de-bond prior to the occurrence of
matrix failure. Under this circumstance, the critical forces for interfacial
failure are relatively low and the shape of the diamond particles has little
effect on its retention capacity. On the other hand, the matrix starts to crack in
the vicinity at the tension side of the interface when the interface has a very
high binding strength. At this point, the square shaped diamond particle has a
much lower critical force for the initiation of matrix failure than the other
shapes. As the efficiency of the entire drilling process is also dependent on the
sharpness of the cutting surface, the hexagon shaped diamond particle is
found to have a better performance for drilling due to its relatively higher
retention capacity as well as its sharper cutting face. Moreover, the effect of
the matrix-fracture parameters has also been studied by conducting a three-
dimensional model and the result is similar to the two-dimensional model.
When the matrix has relatively higher fracture properties, only interfacial
failure would occur. However, if the weak matrix fracture properties were
given in the model, the matrix crack would occur at the start and be followed
by the pull-out (interfacial debonding) failure of the diamond particle. Finally,
it is worth noting that the interfacial properties directly influence the ultimate
force (diamond pull-out) of the diamond-matrix system, which the ultimate

strength increases with the increase of the interfacial strength.
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Chapter 5

Conclusions

Diamonds have been widely used to make diamond tools for rock and metal
machining operations such as drilling, sawing and grinding in mining, civil
and many other engineering disciplines for many decades. Diamond tools can
be loosely divided into three classes, namely impregnated, brazed, and
electroplated tools, according to the manufacturing process. The impregnated
diamond core bits, commonly used in the mineral exploration industry for
hard rock drilling, consist of large numbers of diamond grits having a size in
the order of 100 microns, commonly embedded in a metal matrix. The drill bit
diamond segments are manufactured by mixing the diamond grits with the
metal powders thoroughly and then processing the mixture under high
temperatures and high pressure, known as the sintering process, to form solid
segments. Thus the diamond bit segment is practically a particulate composite
material where the metals act as the matrix for binding the diamond particles
that are randomly distributed within the composite material. The diamond
composite segments are attached to the steel core barrel by means of brazing
or laser welding to form the final drill bit. Synthetic diamond manufacturing
techniques have undergone a tremendous revolution over the past five decades.
There are two commonly used methods for the production of synthetic
diamonds: high-pressure high-temperature (HPHT) techniques and chemical
vapor deposition (CVD) techniques. A CVD diamond refers to the manner of
growing such diamonds from a gas phase. The CVD diamond is a major
breakthrough in the low-pressure synthesis of polycrystalline diamonds. In
operation, impregnated diamond bits have unique self-sharpening

characteristics. Under ideal conditions, the matrix is expected to hold the
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freshly exposed, sharp diamonds firmly and at the same time, the matrix
should wear at a rate compatible with that of the diamonds so that the worn
diamond can fall out to allow new diamonds to be exposed continuously.
However, in some cases, diamonds are held by the matrix through mechanical
interlocking, which gives a low interfacial strength and leads to a weak
retention ability of the diamond bit. The lack of interfacial bonding between
diamond particles and the surrounding metallic matrix results in the de-
bonding of diamonds prior to reaching their full-service life, which is one of
the most undesirable failure modes of a diamond bit. This premature loss of
diamonds greatly impacts the tool’s cutting efficiency and increases the cost
of drilling operations as well as reducing the service life of the diamond bit.
Thus, in order to improve the retention capacity of diamonds to avoid their
premature fall-out, a great deal of effort has been made to establish a strong
bond between the diamonds and the matrix by means of supportive chemical
bonding. Consequently, the technique of metal-coating on diamonds has been
invented and used to resolve the problems. Several investigations as to the
stress distribution inside the impregnated diamond bits using numerical
simulations have been carried out by researchers over the previous few
decades. However, no modelling has been found on the interfacial failure of
this system, which can predict the diamond pull out process realistically.
Therefore, proper modelling of interfacial crack initiation and its propagation
in impregnated diamond bits is necessary to understand the complex
interaction process between the rock-diamond-matrix better, so that the design

of such tools can be improved significantly.
The specific contributions of this research are summarised in Section 5.1. The

limitations of this research and the recommendations for future work are

presented in Section 5.2.
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5.1 Research contributions

This thesis presents a micromechanical model, in both two dimensions and
three dimensions, of a single diamond particle embedded inside the metal
matrix in terms of the tangential cutting force applied to the cutting face of the
diamond particle. An FEM modelling tool is employed to study the
impregnated diamond bit’s stress and strain distributions during the cutting
process, incorporating of CZM (cohesive zone modelling) to simulate
interfacial crack initiation and its propagation between the diamond particle
and the surrounding metal matrix as it is the weakest component and the
location of the critical failure mode during drilling operations. Moreover, the
failure of the matrix has also been simulated using XFEM (extended finite
element modelling) to model the crack’s initiation and propagation in a metal
matrix. Parametric studies are undertaken to investigate the effect of various
features that can influence the retention capacity of the diamond particle. This
includes the diamond’s shape, orientation and load directions, as well as
different interface properties. Based on the results, observations and in-depth

analysis, the following overall conclusions can be drawn:

1. A two-dimensional FE model incorporating cohesive zone modelling,
which is based on the traction-separation law, has been proposed to
conduct fast and accurate predictions of interfacial debonding of
impregnated diamond drill bits. The CZM is developed for modelling
automatic crack propagation without any predefined cracks. In order to
introduce the chemical bonding between the diamond particle and the
metal matrix, tungsten coating of the diamond is used in this study,
and therefore, a thin film of tungsten-carbide will be formed at the
interface. As the interface properties could be affected by the coating
material and sintering process, as well as the characteristics of the
metal matrix and there is no valid experimental test available to
measure the interface properties for impregnated diamond bits directly,
the interface properties have been assumed to be the same as the

properties of tungsten-carbide. In order to validate the proposed FE
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model and examine its performance, a number of numerical examples
have been simulated and tested, including the stress analysis of a
single diamond particle embedded in the matrix under different matrix
and diamond wear conditions, along with a double cantilever beam test.
The results indicate that the modified FE model can efficiently and
correctively cover a wide range of impregnated diamond bits for
interfacial failure analysis. Therefore, having proved that the model
has sufficient accuracy and reliable confidence, the proposed FE
model has been applied to investigate the ways in which the diamond’s
shape, orientation, protrusion, and interface property affects the critical
tangential load at the top tip of the diamond particle to initiate
interface debonding. The hexagon shaped diamond has been found to
be the best shape for drilling purposes due to its high retention
capacity and cutting efficiency when its sharp corner has been
orientated to do the cutting. In general, the diamond fall-out load
decreases with the increasing protrusion of the diamond particle.
Therefore, the matrix has to wear at a rate compatible with the rate of
diamond loss. The interface fracture is dominated by Mode-I fracture

properties.

. A further developed FE model in three-dimensions has been proposed
to simulate the diamond particle fall-out failure of the impregnated
diamond drill bits with the incorporation of the cohesive zone method.
The diamond particles developed in this study have been assumed to
be a regular polyhedron with a constant diameter of 0.5 mm. The
diamond was pre-treated with a tungsten coating to increase the
binding between the diamond and the matrix. Two numerical example
problems, a double cantilever beam test and a mixed-mode bending
test, have been developed and solved by using the same computer
techniques to validate the proposed model as well as to investigate its
performance. As the obtained results have a good agreement with the
experimental results, the present model can be recommended with

confidence for the analysis of interface failure between the diamond
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and the matrix of an impregnated diamond bit with reasonable
accuracy and reliability. Parametric studies have been carried out to
analyse the effect of different input parameters on the diamond
particle’s retention ability. It has been observed that the diamond’s
shape, orientation, and its interface properties have significant effects
on the improvement of the diamond particle’s retention ability under
such circumstances. The diamond particle’s shape and its orientation
are found to have a more dominant influence than the load direction.
The normal mode fracture energy has the greatest impact on the
diamond’s retention ability, and the Mode I fracture parameters are

found to be the dominant influence on the particle’s retention capacity.

Combined XFEM and SCZM for predicting matrix microcracking and
interface debonding of ID bits is presented in this study. Both XFEM
and SCZM are based on traction-separation law, represented by the
maximum normal and shear strength and the normal and shear fracture
energies. Tungsten carbide (WC) fracture properties were used in the
models as the material properties of both the metal matrix and the
interface. In general, regardless of how many sides the regular
diamond polygon has (from a 4-sided square shape to a 12-sided
dodecagon shape), the interface failure mode will always occur first
when the same fracture properties are applied for the matrix and
interface for all the half embedded diamond particles. There are two
key reasons for the interface delamination that occurs before matrix
failure. Firstly, the different material properties on the two sides of the
interface (the diamond and the matrix) lead to a stress concentration
region at the interface region. Moreover, the geometrical shape of the
model leads the stress concentration at the interface to fall at the left
hand side of the diamond’s corner. Therefore, incorporation of the
cohesive zone interface should correctly and accurately predict the
failure mode of the ID bit. The square-shaped and pentagon-shaped
diamond particles, with a lower number of sides, have poor retention

abilities. In order to simulate the matrix failure mode, the perfect
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interface (infinite strength) was applied as the interface properties for
all the models with different diamond particle shapes. The critical
loads to initiate micro cracks in the matrix that are computed are much
higher than the loads to initiate interface failure. According to the
results, the decagon shaped particle requires the highest force to
initiate matrix failure, whilst the square shaped diamond has the lowest

retention ability among all the models.

5.2 Limitations and future perspectives

Based on the results, it should be stressed that there are some limitations in
this work, as well as a potential axis for further research. The following points

are recognised to be the limitations of this research:

1. For the two-dimensional and three-dimensional FE modelling of
impregnated diamond drill bits, the geometry of the model is limited to
regular shaped diamond particles, which could pose restrictions on the
interpretation of the simulation results when making links with
laboratory tests of impregnated diamond bits. As the real diamond
particle shape is irregular in most cases, a further developed numerical
model considering more realistic diamond sizes and shapes is expected

to provide more reliable results.

2. The present research is limited to one type of metal matrix composite
as the binding material of the diamond particles; however, cobalt-base,
iron-base, copper-base and tin-base alloys have also been widely used
as a base matrix material for diamond-impregnated tools over the
years. As the prime role of the metal matrix is to hold the diamond
particle firmly during operation and it should also wear simultaneously
with the diamond particle to allow the embedded diamond particle to
protrude out, different matrices can be used when drilling different
rock types. Therefore it is necessary to take into account more types of

matrix than the tungsten-base alloy alone for the analysis of
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impregnated diamond bits. The material properties of different types
of metal matrix should first be observed through the experimental tests.
Due to the variations in the matrix material properties, the interface
properties should also be varied. There is currently no valid method
available to test the interface properties directly, thus, a proper
experimental test method for the determination of the interface
properties between diamonds and a range of matrices should be

proposed in a future study.

The uncertainty of the design variables of impregnated diamond bits is
not considered in the present study, however, the material
manufacturing deviations during the sintering process may cause
micro-cracks or flaws either in the matrix or at the interface. This may
lead to the premature failure of the diamond-impregnated bits.
Therefore, robust design and reliability based on an optimisation
design are very important for the cutting efficiency and service life of

impregnated diamond bits in any future work.

In the present research, only a static tangential load is considered and
applied to the cutting face of the diamond particle. However, the real
drilling conditions of the impregnated bits are more complex, with the
forces acting on the diamond bit varying due to the vibrations caused
by the uneven surface of the rocks. Therefore, a more realistic loading
condition of the impregnated diamond bit, based on experimental
determination of potential parameters, should be considered in the
numerical simulation in any future research. Dynamic loading
conditions and impact loads could also be considered, along with
diamond particle failure, as the diamond is a brittle material, which
can easily crack under impact loads.

As the drilling operation can create heat at the cutting surface between
the bit and rock, the temperature at the bit surface can reach as high as
some 700 degrees. This may lead to material property changes in the

drill bit as the majority portion of the bit consists of metals. Therefore,
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the thermal effect and the thermal conductivity of the bit should be

considered during future numerical simulations.
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1. Introduction

Since the invention of synthetic diamonds dated back to 1950k,
these diamonds have been increasingly used as impregnated dia-
mond tools for drilling, grinding, sawing and similar activities of
hard materials such as rock, concrete, metal and glass The popu-
larity of diamond impregnated tools is dee to vanous advantages
such as low friction coeffident, high stiffness and thermal conduc-
tivity as well as high bulk modulus exhibited by these tools 1,2
The impregnated diamond bits are commaonly used in the mineral
e¢ploration industry for drlling hard rocks. A segment of these hits
is made with particulate composite matenal consist of large num-
bers of diamond partices having a size of the order of 100pm
which are evenly distributed within a metal matrix. The diamaond
grits are thormoughly miced with metal powders and the mixture
is processed under high temperature and pressure, known as sin-
tering process, to form these solid bit segments. The materials
commanly used for this metal matnx are cobalt, copper, tin, tung-
sten, and nickel due to their optimal mechanical and thermal prop-
erties |3-5]. During the drilling operation, when the cutting surface
af the hit slides over a rock due to ratation of the bit, the embedded
diamond particles near the outting surface am partially exposed
due to gradual wear of the matrix material and these exposed

* Carmespanding author.
E-muail addrme @ shdu | cheikhodslyid esduan (AH Sheikh)

hittp: i xdeni g1 L1016 oomps truct 21 607 075
026 3-8 223 oo 201 6 Elsewier Ltdd. All rights reserverd.
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diamonds do the cutting or drilling of the rock, The matrix is
expected to hold the freshly exposed sharp diamonds firmly and
at the same time, it should wear at a mte compatible with that
of diamonds so that the wom diamond can fall out to allow new
diamaonds to expose continuously |6] This is one of the major
advantapes of impregnated diamond bits, which is known as their
self-shampening ahility. The de-bonding of diamonds prior to
reaching their full service life is one of the most undesirable failire
modes of these bits, This premature loss of diamonds greatly
impacts the tool's cutting efficdency and increase the cost of drilling
operation |7 .

In order to study the mechanical properties of particulate com-
posites, Huang et al. | B] conducted an experimental test to evaluate
the Elastic Moduli of polyester resin matrix compaosites with hol-
low glass spheres indusions as reinforcements and the results have
been compared with the theoretically calculated dastic moduli.
Tagliavia et al [9] have investigated the mechanical properties of
syntactic forms reinforced with spherical hollow particles under
tensile loading where the effect of particle-matnx de-bonding
and particke wall thickness on the elastic modulus of the reinforced
foam has been shown. Tagliavia at al. |9] have deveoped a model
which they used along with the fnite element anabysis to under-
take this research Shams et al | 10] have developed another model
and made a study, which is very similar to Tagliavia etal. |9 ] How-
ever, the behaviour of these particulate composite materials [ 8- 10|
will be quite different from the diamond impregnated bits as the
maost effective particles are partially exposed from the matnx in
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the present case whereas these are embedded within the matrix
for these materials [B-10].

The retention of diamond grits by the matrix is 2 complex and
system-dependent process which is affected by the properties of
the matrix, interfacial materials as well as the size, shape and on-
entation of diamond particles [11,12]. A poor adhesion at the inter-
face between the matrix and diamond particles leads to premature
fall out of diamond grits while resisting the interfadal stresses
developed during the operation of the bits. A majority of literature
has identified that the premature interface failure is one of the
major issues limiting the performance of diamond bits. In some
cases, diamonds are mosty hold by the matrix through mechanical
interlocking which gives a low interfacial strength. In order to
improve the retention capacity of diamonds, many attempis have
been made to establish a strong bond between the matrix and dia-
maonds by adding some alloy which reacts with carbons present in
diamonds to form chemical bonding in the form of metal-carbide
elements at the interface | 13,14 . Initially, iron, tungsten and nickel
alloys are added into the metal matrix formation which not only
helps to improve the strength, toughness and hardness of the
matrix but also enhances the interfacial strength as these metals
have a strong atomic bonding affinity for carbons. However, it
has been proved that a severe diamond surface degradation is
often observed by the formation of too thick carbide layers due
toadding more chemically reactive materials into the metal matrix
poweder |7 | Also for an industrial scale of production, it is almost
impracticable to prevent the graphitization of diamonds under
high temperature which is required when the matrix material
indudes these reactive alloys Consequently, the technigue of
metal-coated diamonds has been imvented which not only protects
the diamonds from oxidization, but also increases their retention
capacity |12]. Tungsten has been widely used as a coating material
for diamond grits, and it helps to form a thin film of tungsten car-
bide at the interface that acts as a strong chemical bond between
the matrix and diamonds |7]. Besides using tungsten as coating
material, some other metals such as Ti-coating are also used which
improves the interfadal bonding strength significantly [4].

Initially, some experimental studies |G, 15 16] on impregnated
diamond bits were conducted where the wear mechanisms of
these bits were imvestigated. Also, the wear modes have also been
classified into four distinct types where the pull out of diamaonds is
one of these failure modes, which has an impartance influence on
the efficiency of these bits. Howewver, no one made any attempt to
quantify these fallure mechanisms in terms of displacements,
forces or some other mechanical parameters so far. The first
attempt towands modelling the behaviour of these diamond bits
is due to Zhou et al. [ 17| who conducted stress analysis of a single
diamond particle along with a portion of the surrounding matrix as
a representative part of these bits using a 2-dimensional finite ele-
ment model without considering any failure or damage at the
interface between the matrix and diamonds. This may be defined
as 3 micro-mechanical modelling of the bits where the diamond
is subjected to a horizontal cutting force only at its tting tip.
Zhou et al |17] plotted the variation of normal stress along the
interface for different levels of matrix wear and these stress distn-
butions were taken as the measure of interface de-bonding failure,
Suh et al. [18] conducted a similar study on diamond impregnated
grinding wheel where they caloulated the von Mises stress along
the interface where they also studied the effect of unsymmetrical
matrix wear with respect to the diamond particle. In a slightly dif-
ferent study, Li et al [19] tried to predict the plastic deformation
and residual stresses within the matrix near the diamond partice
which are produced due to the sintering process where a
3-dimensional finite element simulation of the micro-mechanical
model were used. It is interesting to note that no one has paid
any attention so far on the modelling of interface failure of this
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system which can predict the diamond pull out process more real-
istically. This is a problem of interfacial crack propagation which is
a complex process but a proper modelling of this process is neces-
sary for a better understand of these diamond tools and their
design.

A satisfactory solution of the above problem can be achieved by
using the concept of fradume mechanics which can be imple-
mented through finite element modelling. In this context, the Vir-
tual Crack Closure Technigue (WOCT) |20] became quite popular
which is based on Linear Elastic Fracture Mechanics (LEFM]L
Although valuable information related to onset and stahility aof a
crack can be obtained by using this technigue (VCCT), it is not
comvenient for modelling crack propagation as VWOCT requires
re-meshing to advance the oack front when the energy release
rate reaches its critical value |21]. Moreover, the VOCT requires
the information of a pre-defined initial crack. These problems can
be eliminated by using the cohesive zone modelling (CZM)
technique which is becoming very popular in recent years for mod-
elling automatic crack propagation in many engineering problems.
However, this technique needs the information of the crack prop-
agation direction in advance Incidentally this is predefined in
the present pmoblem which is simply the interface between the
matrix and diamonds. Similarly, there are many other problems
such as delamination in multi-layered compaosite laminates, bond
failure of reinforcing bars or externally bonded plates in concrete
structures, delaminaton in adhesively bonded joints, matrix-
inclusions de-bonding in any composite materials and similar
situations where the direction of crack propagation is known
|22-24]

Actually, the delamination problem in multilayered compaosite
structures has drawn a significant attention in recent past which
has helped to develop this modelling technique [ CZM) so well that
it can be used with full confidence. The fundamental idea of the
ZM technigue is based on the concept of fracture process zone
which is chamcterise by the cohesive law or fraction separation
law for the de-cohesion of atomic lattices as proposed by Baren-
blatt | 25 ). According to this model, the traction across the interface
between the two materials is increased elastically at the beginning
with the separation of these two materials untl the traction
reaches its critical value, This traction is then decreased with fur-
ther increase of the sepamation and eventually disappears accord-
ing to some principles of damage mechanics.

The CZM technigue, which has been successfully applied to var-
ious problems, should to be most suitable for the present problem
but it has not been exploited so far. Thus the matrix-diamond
interface failure is modelled by finite element and CZM techniques
in combination for the first tme in this study. This will help to
understand the wear mechanism of impregnated diamond bits
due to diamond pull out more accumtely that can benefit the
design of these bits. Moreover, there is 2 need for investigating
the effect of different parameters such as protrusions, shapes and
orientations of the diamond particle on its retention capacity
which is undertaken in this research as this has not been studied

previously.
2 Numerical model
2.1, Geomelry of the model and it finite element meshing

Similar to the previous investigations [17,1 8], the failure of dia-
mond impregnated bits is modelled by taking a single diamond
particle which is partially embedded within the matrix and cuts
the rock with its exposed part during the drlling operation
{Fig. 1a). The model also includes a portion of the surrounding
matrix that holds the diamond particle (Fig. 1a) wheme the dimen-
sion of this portion of matrix (within the dotted lines) is adequate
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Fig_ 1. Finite lement model of a diamond impregnated drill bit

to dissipate the stresses pmduced by the forces acting on the dia-
mond particle. For the justification of the above modd, it is
assumed that diamond partides are evenly distributed within the
matrix and having adegquate gaps between them so that stresses
around these particdes do not affect each other. Thisis true for most
af the diamond bits as they are designed to have adeguate service
lives by avoiding non-uniform distribution of diamond grits which
is responsible for localised stress concentration leading to prema-
ture failure of these bits. In order to predict the failure and stresses
within the representative portion of the diamond bit mentioned
ahove (Fig. 1a), a 2-dimensional finite element moddling of this
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partion (Fig. Th)is undertaken. For the convenience of representing
the problem, the finite element mode (Fig. 1b) is dmwn as a mirror
image (upside down ) of the actual object Although the model con-
sidered both harizontal and vertical forces to simulate cutting force
{F;) and vertical thrust force (F,} on the bit, the results indicate that
the fall-out of the diamond partice due to interffacial de-bonding
are primarily facilitated by tangential cutting force and the addi-
tional wertical force do not affect the result much. Moreover, the
magnitude of the cutting force is unknown and it changes during
the cutting process. This problem is addressed by the displacement
control technique where the displacement is imposed at the tp of
the pmotruded (exposed) part of the diamond partice. The finite
element model has predicted the cutting in the form of resisting
force with respect to the imposed displacement. This has also
determined the critical load for the interfacial de-bonding of the
diamond particle.

Although the natural diamond particles are highly irregular in
shape (either round andfor few sharp edges and corners |, the shape
of synthetic diamond grits, used in impregnated diamond bits, are
controlled and these can be treated as regular poly gons { 20 model)
in most cases. A square geometry has ty pically been used by differ-
ent investigator for simplidty which is also used in most of the
cases of the present study. The typicl size of synthetic diamond
particles varies from 001 to 05 mm |619] and this is taken as
0.5mm in the present simulation. The size taken for the surround-
ing matrix is about 20 times larger than that of the diamond which
islarge enough to ensure that the stresses are zero near the bound-
aries (dotted lines in Fg. 1a) of the matrix In the present study, a
well-regarded finite element code ABACQUS 612 is used for a reli-
able numerical modelling of the diamond-matrix system. Four
nodes hilinear plane strain quadriaterml elements are used to
madel both diamond and matrix. The mesh convergence study is
performed for all examples to ensure a comverged solution but
the details are not shown A sample representative case of the
finite element model of the system with meshing is shown in
Fig. 1h. A finer mesh is used for the regions of interest, which is
the diamond particle and the portion of matrix at the vicinity of
the interface, while a coarse mesh is used for the portion of matrix
away from the interface with a gradual transition in order to
improve the computational efficiency. The detail of the mesh con-
vergence study of this problem is illustrated by taking 8 different
mesh densities. The mesh divisions used for the diamond particle
is defined as n = n and the value of n is taken as 5, 10, 20, 30, 40,
60, B0 and 160 in the present study. Fig. 1c shows two sample
cases corres ponding to n=5 and n =40. The values of the critical
load obtained from these eight mesh densities are plotted in
Fig. 1d, which shows that the results converged well as the mesh
density increased. It can be seen that a mesh density corresponding
to n =40 is adeguate to obtain accuracy result in this case.

22 Material model of the matric and diomonds and ther properties

Since diamonds behaves like a brittle material, they are treated
as elastic and isotropic materials. In the present study, the modulus
of the elasticty is taken as E= 1100 GFa whereas the Poisson's
ratio v=0.1 for these diamond particles [ 17-19]. The Tungsten-
carbide cobalt {WC-Co) alloy is used as the matrix material which
is having high wear resistance and hamness characeristics. The
mechanical propertes of WC-Co is significantly influenced by the
content of cobalt as well as the tungsten-carbide grain size before
sintering [26]. The modulus of elastidty and Poisson’s ratio of
WCLo alloy are taken as 600 GPFa and 0.2 respectively which were
experimentally determined by Jaensson et al. |27) for low cobalt
contained alloy. It is worth to note that WCLo alloy is a kind of
cemented carbide material and due to the high proporton of
tungsten-carbide content, the matrix behaves as a hard metal
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and it is treated as eastic material in the present study. In order to
ensure that, elastic-plastic material properties are used to model
the matrix in some sample test cases where no significant effect
of plastidty is ohserved

2.3, Failure meodel for the diamond-matrix interfoce

The traditional continuum hased approach is not computation-
ally attractive for modelling the interfacial failure in the present
study as the thickness of the interface is very small which needs
a very fine mesh to capture the sudden variation of displacements
and stresses within this small distance In this situation, the con-
cept of cohesive zone modelling approach |23, 28] is maost appro-
priate which is adopted in the present study. This modelling
approach assumes that the interfface has no thickness and the for-
mulation is based on tmcton separation relatonship instead of
stress strain relationship. A typical taction separation (1 — &) rela-
tionship is shown in Fig. 2 where OA show s the elastic response of
the interface having a high stiffness of K and AB represents the
interfacial damage in the form of a linear softening law. The
damage is characterized by the damage pammeter (d) as shown
in Fig. 2 which helps to mpresent the irrecoverable damage of
the interface through pure elastic unloading with reduced stiffness.

Traction /URtimate stress {damage initiation}
o 2 d=0)
~Damage avolution
Iy s I
i _.-Lr_,rli 1-djK [Camplets failure
s ¥
o At B(d=1) k.
&¢ & Separation

Fig 2 A typial bilnear tract on-separation relationship

Diamond
Element

Interfacial Thickness: =0

The separation at failure 4 is obtained from the ultimate stress 1
(a material property of the interface) and the interfacial fracture
toughness G (another material property] which is the area of the
triangle OAB. The use of facture energy helps to make the analyses
mes h insensitive.

As the present problem is based on 2D analysis, an interface
may have two possible modes of faillure: 1) Mode | or opening
mode due to tensile stress acting normal to the interface and 2)
Made I or sliding mode due to shear stress parallel to the interface.
Thus the traction separation law (Fig. 2) mentioned above will be
used for both these modes of failure which will have coupling that
will be discussed later. In the present case, the separation indicates
the relative displacements between the diamond and the matrix at
their interface whereas the tractions are simply the interfacial
stresses. These relative displacements {A} at any point of the inter-
face may be expressed as:

w={E {5 - Eree-anf3)
—‘_g:_m[:= o}

where u+ and v are the displacement components at the two sides
of an interfacial pointin the global x-direction whereas - and
are the corresponding dis placements at the ith node of the elements
(Fig. 3] used to model the materials on the two sides of this interfa-
dal point and N; are the shape functons of theze elements. This is
similarly applicable to ¢+ and ¢~ which are the displacement com-
ponents in the global y-direction.

The normal and tangential components of these relative dis-
placements {4} are in local coordinate system n-s (Fig. 3] which
can be obtained from their glohal counterparts {A} using the coor-
dinate transformation

Acoording to the isoparametric formulation, the coordinates of
an element can be written as x = %} Nx andy = '_s_: My, where

(1

Fig. A Detail of an interface for cohssive zone modelling.
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x% and y, are the nodal coordinates of the element. With these, the
vectors along the curvilinear coordinate system £ and g can be
obtained as:

i
ar 2, [
V=400 =822 2]
V=1 (=X tn) @
il
i
oy 4
i g [ X A
Uh={ ot =315} 2
im
The above vectors may be taken at any point on the interface
after substituting as £ = +1 or { = -1 depending on the location

of the element (i.e., negative or positive side of the interface]. In
order to keep the presentation simple, the + or — superscripts are
avoided in this secion. It should be noted that the vectors (W},
and {V}, may not be orthogonal to each other in all cases as the
dements will not always have a rectangular shape (Fig. 3]. How-
ever, the vector {V}, will always follow the interfacial direction
which aligns with the mode Il or shear failure. In order to get the
vector {¥}, along the normal direction of the interfadal and laying
in £ —n plane for the modeling of mode | failure, it is convenient to
have the vector perpendicular to the £ — g (or x-y)plane fictand it
can simply be obtained as:

_ UVl {Vh)

=— = = a4
V= V] &

¥k

As the above eguation gives a normalized unit vector {V}, per-
pendicular to the { —n plane, {V}_ can be normalized to have the
tangential unit vector {V'}, which may be utilized to get the unit
normal vector {V} as follows.

) :
V} =—-1_ 5
Wk =y (5)
Wh = (VL V1, (6)

Once {¥}, and {¥}; are obtained, the transformation matrix (],
which correlates the local coordinate system s-n of the interface
(Fig. 3} with the global coordinate system x-y, @an be simply
formed as

V] _
HVE

where & is the orientation of the nomal to the interface as shown in
Fig. 3. By using the abowve transformation matrix [(J] and the inter-
facial relative displacements {A} expressed in global coordinates

in Eg. (1], these relative displacements can be expressed in local
ooordinates as:

r={ 5} = i) 8)
&

The damage introduces nonlinearity in the systemn that requires
an incremental/iterative procedure for solving the governing
equations. As the damage is an irreversible process, the sohtion
technique dependent on the loading history. Thus there is a need
of storing the maximum wahies of these melative displacements
(4775, &™) which occumred before any increment/iteration and
they are updated in that increment/iteration as follows:

If fa = & = £ = fpotherwise 50 =5 (a)

(7

Q] = _[a:m.-ﬂ sinEJ

—sinf  (ose
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The interfacial normal and shear tracions (1, and 1.} can be
related to the maximum wvalue of these relative displacements
using the interfacial consttutive propertiesin the form of traction
sepamtion laws (Fig. 2) as:

Ta = Kadn If 522 < 50
Ta = (1 — da)Kade if &7 <52 < & (1
T, =0if & = &

9% = |§,| otherwise &% = 5o (1

L=K4& 1 <&
to=(1—d)Kels f &0 < &5 < & (12
L =0if &5 = &

For the bilinear traction sepamtion law (Fig. 2], the damage
parameters for these two modes of fradbure may be written as:

_AE"-8) , _&E"-5) (13)
we(d-g)  #=(d-%)

The above Eqgs. (11) and (12 can be used if the bwo modes of
failure are independent having no coupling bebween them. How-
ever, due to the varying drilling conditions of the impregnated dia-
maond bits, the matrix-diamond interface is mome likely to have a
mixed-maod fracture where the two modes of failure will be cou-
pled as mentioned earlier. In that situaton, the damage onset
and its propagation may occur before reaching the ulimate stress
of mode | {12} and mode I { ). Under mixed mode failure scenario,
a guadratic failure criterion proposed by Cui et al. [29] for the pre-
diction of damage initiation seems to be most suitable which is
used in the present study and it is expressed as:

(-~

Similardy, the power law | 33] is used for the mixed mode dam-
age evolution of the interface which is expressed in terms of
enerzy release rates (3 and Gg) and their critical values (ie., frac-
ture toughness for these bwo modes) as:

G Gy .
(EJ +(G—J ~1 (15)
where Gy = (5 T.db, and G = [}F  T.db,.

In a mixed mode failure analysis, the traction separation mela-
tionship (Fig. 2) for the two modes are combined and expressed
in terms of an equivalent traction separation relationship having
a similar hilinear shape which helps to implement the mixed-
mode damage model conveniently. This combined traction separa-
tion relationship will have same initial stiffness (K] whereas the
separation at the onset of damage initiation &2 and the separation
at complete Failum&:‘ {subscript mindicates mixed-mode fractume)
can be obtained from Egs. { 14) and (15 respectively |30]. In that
case, the two components of the sepamtion obtained in any incre-
mental/iterative are to be combhined to have single resultant com-
ponent &, as
dn=rfB+ 8 (16)

With the above equations, the stiffness matrix of the interface
can be derved using Virtual Work Principles following the unusual
steps of finite element technigue, It should be noted that the
Newton-Cotes integration technique is used to evaluate the inter-
facial stiffness matrnx following the full integration scheme in
arder to have better results as recommended by Goncalves and

d,
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de Borst | 31,32 | Thus the material properties required for defining
the interfacial behaviour in present study are the fracture tough-
ness values G and Gee for the two modes and the comesponding
ultimate stresses ™ and 12 It has been proved experimentally as
well as theoretically [ 33,34 that these material pammeters should
be taken for the weaker material which is the metal matrix in the
present case if the matrix is adequately connected to the diamond.
Thus, the material properties of tungsten carbide cobalt {matrix)
are taken as the interfacial material parameters which are:

=543 MPa, ™2 =314MPa, Ge=014ml/mm* and
G = 0,33 m)/mm?.

3. Validation of the numer i@l examples

Although some researchers studied the behaviour of diamond
impregnated bits experimentally |5.16,35] as well as numerically
| 17,18 but there is no experimental test data available for valida-
tion of the present model as no one attempted to gquantfy the fail-
ure mechanism as mentoned earlier. On the other hand, the
available numerical results | 15,16] @nnot be used for a complete
validation of the present models because these studies did not con-
sider the interfacial damage. These studies [1516] used a linear
finite element model to evaluate the diamond-matrix interfacial
stresses which were taken as a simple measure of interfacial de-
bonding. However, these numerical results |[1516] are wtilised
for a partial validation of the present model taking a perfect
diamond-matrix interface. The interface damage model used in
the present analysis i indirectly validated with the test data of a
double cantilever beam (DCB) |24

3.1. Vabdation of the model with perfect diamond-matrix interfoce
considering different levels of matric and diamond wear

This problem is picked up from the paper of Zhou et al. |17 whao
applied a constant cutting force (P = 2.5 N) on the diamond particle
having a square geometry with 0015 mm sides (Fig. 4a) and the

Tension sde Comprendon side

{2) Fmite element meshing of the maodel geometry

reap

i

T

5

=
EH
e = -
5
i i i
..,

{b) Diarbuton of the Von-Mises sress over the entmme hody found 1n the
present FE analyss

Fig. 4 Finite element analysis for different level of matric wear:
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analysis was carried out taking the modulus of elastcity as
1141 GPa and 110GPa for the diamond and the matrix (bronze)
respectively. The problem seems to be hypothetical in regamds to
the particle size and the magnitude of cutting force but this is used
only for the purpose of validaton. The same loading, material
properties and geometric dimensions are used in the present finite
element model and the analysis is carried out for different levels of
matrix wear (Fig. 4a). For the representation of results with respect
to the meshing used in the present analysis (diamond has a regu-
lar| structured meshing with a division of 12 =« 12, the matrixwear
isdefined as “07 (initial conditionor basic case] when one-fourth of
the diamond height is exposed or protruded out of the matrix
whereas this is 6" when six layers of matrix elements of the basic
case are removed to have half protrusion of the diamond particle
(Fig.4a) These elements are removed inrementally at the rate
of two layers at a time that has simulated seven different levels
of matrix wear ranging from 0" to “12" with an increment of 2.
The finite element mesh used for three sample cases of matrix
weear is shown in Fig. 4a where the entire portdon of the matrix
oonsidered in the present model is not shown for the convenience
of presentation.

Similar to Zhou etal. [17], the cutting force is applied on the left
side of the diamond particle’s exposed edge where total force
(2.5 N} is equally distributed at the six nodes starting from the
top corner of the diamond. The variations of Von-Mises stress over
the entire system predicted by the present finite element model
are illustrated as stress contours in Fig.4h, It could be noted that
higher values of this stress component are concentrated at the ten-
sion side of the diamond-matrix interface near the exposed surface
of the matrix As Zhou et al. | 17 ] presented their results in the form
of distribution of the normal stress (7, ) along the diamond-matrix
interface; the normal stress (@) at any point of the interface,
which acts perpendicular to the interfacial plane, is computed by
transforming the stresses (7, 7. 7] at that point obtained in
the present analysis. For this purpose, the elements along the inter-
face, which are within the diamond partice, are selected and the
stresses at their gauss points are utilised. It should be noted that
the number of gauss point of an element is one which is at its cen-
troid for the type of element used in the present model. Based on
these calculations, the variation of normal stress (o) found along
the interface on the tensile side of the diamond particle is plotted
in Fig. 5. For the convenience of presentation, the distance along
the interface, which is the horzontal axis of Fig. 5, is shown in
terms of element numbers of the diamond particle where the num-
ber assigned to the lower corner element is 0 and the number
incremented by one while moving along the interface on the ten-
sile side following the direction of the arrow as shown. The figure
shows thatthe matrix wear has a significant effect on the varation
of interfacial normal stress. For the inital condition of the matrix
wear (“07), the maximum value of the normal stress is about
0.8 MPa which is found at element #17. For the highest level of
matrix wear ("*127], the maximum/peak normal stress is found to
be 1.25 MPa which indicates that it inreases with the increase of
the level of matrix wear. The figure shows the ooccurrence of a sec-
ond peak stress when matnx wear is severe (eg., second poak
stress at element #7 and element #5 for matric wear corres pond-
ing to 107 and 12" respectively L. It also illustrates a significant
variation of the stress distribution at the exposed surface of the
matrix. Moreover, the present results are found to have very good
agreement with those reported by Zhou et al. [17].

In arder to study the effect of plastic deformation of the matrix
(metal] on the final results, a typical elastic-plastic material model
based on von Mises yield criterion with isotropic hardening and
associated Aow rule is used to the matrix (bronze). A bi-linear
stress-strain curve with a yield stress of 70 MPa, ultimate stress
of 220 MPa and maximum plastic strain of 5% is used for the
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material. The comparison of the results obtained from these two g
E 5 P 2 1 n Enmpraisinside
models {one with elastic materal model for the matrix and the - L
other with elastic-plastic material model) has not shown any sig-

nificant difference. Thus the elastic material model for represent-
ing the behaviour of matrix seems to be adequate for the present
problem and it is followed in this paper.

A similar investigation was carried out by Suh et al. |18] who
used 0000231 Nofthe cutting force and 0,02 mm for the diameter
of the square shaped diamond particle. The elastic modulus used
|18] for the matrix and diamond are 7GPa and 1171 GFa respec-
tvely. Momover, they have presented their results in the form of
von Mises stress instead of normal stress along the tension side
of the diamond matrix interface. Using these geometnc and mate-
rial properties, the present finite element models are developed for
two different levels of diamond wear which are defined as “17 and
“9%, Fig. Ga shows these two sample cases where a number (eg.,
“17}indicates the number of elements from the umsom top corner
to the worn harizontal plane of the diamond particle along one of
its exposed edges. These numbering system is based on the mesh-
ing used in the present analysis (diamond has a mesh with division
of 15 x= 15). Since the value of the normal force has not been men-
toned inthe paper, it is assumed a value of 0.00231 N of normal
force {ten times larger than the horizontal cutting force) is applied
at the horizontal worn surface of the diamond. The variation of the
vaon Mises stress over the entire diamond-matrix system predicted
by the present model is shown in Fig. Gb for these two cases ofdia-
mond wear.,

For both cases of diamond wear as mentioned above, the varia-
Hon of won Mises stress along the diamond-matrix interface
obtained in the present analysis is plotted in Fig. 7. In this case,
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Fig. & Finite slement analysis for different level of diamond wesr.

the von Mises stress is calculated at the nodes along the interface
of the tension side of the diamond where these nodes are taken
from the bottom corner *A” of the diamond to the top corner “C”
(Fig. &{a)). With respectto the meshing used in the present analysis
(mesh division of diamond: 15 = 15), “A" is defined as O, (" is
defined as 30 (no wear) and the diamond left corner “B” is defined
as “15". Fig. 7 shows that there are some discrepancies bebween
the present results and those reported by Suh et al. [18]. One of
the probable reasons behind the discrepancy between these results
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is the magnitude of the applied normal force which is not reported
by Suh et al. [18] and a value of this force is guessed in the present
analysis. Assuming a value of the friction coeffident in the range of
0.1, the value of the normal Force is taken in the range of 10 imes
of the mutting force. Moreover, Suh et al. | 18] obtained a higher
stress near the mot (Point A, Fig. Ga) compared to that at the left
corner (Point B, Fig. 6a) which is not expected physically. The left
corner of the diamond particle is maost vulnerable and it should
capture more stresses compared to other parts which are expern-
ence consistently in all cases of the present study.

32 Vahdation of the interfoecal damape model with a double
cantlever beam

As there is no data available for the validation of diamond-
matrix interfacial damage as mentioned eadier, the problem of a
double cantilever beam (B ) as shown in Fig. B isused in this sec-
tion for an indirect validation of the interfacial damage model. This
problem {[B) is commaonly used in laminated composite struc-
tures and some ather areas for the same purpase. The experimental
test data reported by Morais et al. |[24] for a DCB made of
TINDfAT7-2 carbon Fbre minforced epogy laminate is used for
the present analysis. The laminate (3.9 mm) consists of 24 identi-
cal layers having 0° orentation and the following material proper-
ties: Ey = 15000 GFa, Ex = 11.0 GPa, Gyz= 60 GPa, viz= 025, Similar
to the diamond-matrix sy stem, a two dimensioned finite element
maodel is developed for the DCB (Fig. B) with the damage model
based on cohesive zone modelling technique at the interface (BC)
between the two cantlever beams. The load-displacement (P-5)
curve obtained in the present analysis is plotted in Fg 9 along
with that reported by Morais et al. |22] which shows that the
numerical result has a reasonable correlation with the experimen-
tal results.

In order to validate the crack propagation under mixed-mode
loading condition of the developed model, the experimental test
data reported by Crews et al. |36] for 2 mixed-mode bending
{MMB] test apparatuses (Fg. 10] made of AS4/PEEK carbon-fibre
reinforced composite is used for the present analysis. Table 1
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shows the dimension and material properties of the MMB speci-
mens { Fig. 10)

In this study, five different Gg/Gr ratios have been simulated
and compared with the experimental results, which are shown in
Table 2 It can be seen that a good agreement between the numer-
ical predictions and the experimental results is obtained

4. Parametric study

With initial confidence gained from the validation of the pmo-
posed modelling technigue carried out in the previous section,
the method is applied for the interfacial failure modelling of
diamond-matrix system in this section. As there is no published
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Tahle 1
[Mmensian and properties for MM test specimen.

Specimen Dimension

L {L=ngth) W (wWidth) T {Thickness of one
arm)
102 mm 254 mm 156 mm
Mischanical Materia Propenties
Eu Exn=En Gr=0n Gxm Ha= B3
1223 GPa 11 GPa 55 GPa 37 P 18]
Bn e G T 5
045 0,968 kjim® 1319 kYins® 20 MPa 100 MPa
Tahle 2
Mumetical and expai menta] mympanisan of masimum loads of MME test
Gyl Py (Tumesrical, N) P (Excperimental, M) Ermar (%)
0% (DCH) 16583 147.11 127
20 10675 109 12
S a6 1535 84
113 48306 518.66 649
100 (ENF) B45T5 pEER: ] 152

result available for this problem, a large number of cases are imees-
tgated in the form of parametric study. The spedfic pammeters
used in this study include diamond shapes, diamond orientations,
diamond protrusion levels and interface material properties. In
order to have an understanding of the effect of an individual
parameter, the value of that parameter is varied while the values
of other parameters are kept unchanged.

P‘
Lagon agaon

{2) Finite element meshing of the madel geometry Tor dTerent diamimd shapes some cinowne el e radius.

4.1. Effect of diomond shapes

The previous studies |37, 38] have observed experimentally that
the shape of diamond grits has a significant effect on their reten-
tion capacity or pull out rate. Thus the diamond shape is an impor-
tant parameter which is investigated in this section. As mentioned
earlier, the diamond bits use synthetic diamond particles which
are produced by the chemical vapor deposition (VD) technigue
|39]. This mechanized process (CVD) helps to produce regular
shaped diamonds that can be comvenienty represented as paly-
gons as shown in Fig. 11. In this study, seven regular polygonal
shapes having different number of sides ranging from 4 to 18 are
used to show their effects on diamond retention capadty. The
finite element meshing used for modelling all these diamond-
malrix system is also shown in Fig. [ 1a. A size of r=025mm
(rRdius of the circle cimumsribing the polygons) s taken for all
these polygonal shapes. The portion of these diamonds above the
exposed surface of the matrixis defined as protrusion height which
is taken as 025 mm for all these cases (Le., the centre of the parti-
cles lies along the exposed surface of the matrix). The material
properties used are same as those provided in Section 2 The force
is applied to these systems by imposing a gradual horizontal dis-
placement at the Hp (top corner) of the diamond towards right
side. The distribution of equivalent von Mises stress over the entire
systermn obtained at the onset of interface failure is presented in
Fig. 11b. The figure shows the ocourrence of stress concentration
near the tip point (loading point) and the upper most point of
the diamond-matrix interface on the compression side (right side)
in all cases. The stress concentrtion at this interfadal point is
observed as the diamond is still having contact with the matrix
at this point. As the interface has completely de-bonded at this
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stage, the chemical bond between the diamond and matrix is lost
which should lead to the fall out of diamonds. However, it is
observed that stress concentrations are still present around one
corner of the left {or tension) side of the interfaces for hexagon,
decagon and octadecagon shaped diamonds. This ensures a contact
between the matrix and diamonds at these corners, which prove
additional restrain in the form of mechanical interlocking to have
better retention ability. Thus the diamond partices having hexa-
gon, decagon and octadecagon shapes are supposed to have rela-
tively higher retention capacdity.

The forces produced at the diamond Gp points due to the dis-
placement imposed at these points are captured. The force-
displacement variation for two representative cases (square and
hexagon shaped partides) is plotted in Fig. 12, it shows that the
force is inreased up to its peak value linearly and dropped down
sharply for both cases where this pick force may be defined as
the critical load of the initiation of interfacial de-bonding. The
interfacial cracks are observed after reaching this critcal load
which cased this sudden reduction of the cutting force. For the
square particle, the force is dropped to zero steadily after reaching
its critical value of 61 M, which indicates that the particle has com-
pletely lost its retention capacdty. In contrast, a relatively higher
value ofthe peak force (865 M) is produced for the hexagonal par-
tide which is due to its additional mechanical interlocking with
the matrix. Moreover, the force started increasing again after
reaching a value of 146 M and this is also due to the mechanical
interlocking which didn’t allow the partice to move out from the
matrix freehy. This is similady observed in the case of decagon
and octadecagon shaped partides. The orentation of the interface
near the exposed surface of the matrix on the left (tension) side
plays an important mole on this addition mechanical interlocking
found in the abovementioned cases. The critical load of interface
failure is an important parameter to a designer as it indicates the
retention capacity provided by the interface which is the primary
focus of the present study.

The critical values of the cutting force comesponding to the ini-
tiation of the interface failure for each of the case studies are plot-
ted in Fig. 13. The results have an anticipated trend where the
hexagon, decagon and octadecagon partcles have relatively higher
retention ahbility due to the additional mechanical bonding as
explained abowe. Among the different shapes studied here, the
hexagon particle is found to have the highest retention capacity
(86.5 M) For the particles, predominantly hold by the interfacial
adhesion bonding with minimum mechanical interlocking, the
critical force is found to increase with the increase of number of
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Fig 12 Force-displacement variation at the tip of diamond particles.
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sides. For such cases, the square particle has the lowest value of
critical force (61.2N) whemreas the dodecagon shaped particle has
the highest value (B5M). It seems the orentation of the particles
will play an important role on the mechanical interlocking which
will influence the diamond retenton capacity.

In order to show the variation of crack opening at the critical
point with respect to the cutting force, one of the cases considered
in the above study (Fig. 11) is taken as the sample example, which
is shown in Fig. {4a. It is observed that the left corner (point B,
Fiz. 14a) is the critical point having a maximum crack opening.
This result is plotted in Fig. 14h, which shows that the cutting force
reached its maximum value (61 M) when the cack opening at the
critical point became (LOO026 mm

Although it is more realistic to apply distributed load on the
cutting edge of the diamond particle to simulate the real drlling

{2) Square shaped dizmond particle
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Fowee at the tip of dionsnd portick
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{h) Relehve displecemenl jump veries Joad.

Fig. 14. Results of displacement jump with respect to the mitting fore for square
shaped diamond partide at paint B,
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Fig 15 Distributed losd apphisd an the diameond of the modsl

process, it is observed in the present study that the load distribu-
tion has no effect on the retention capadty of the diamond particle
when compared with the point load In order to demonstrate this,
one of the cases of the problem considered in Fig. 11 (square
shaped diamond particle) is taken as a sample case whichis reanal-
ysed with a distributed loading as shown in Fig. 15 where other
parameters (used in Section 4.1] are kept unchanged The maxi-
mum fore to cause the diamond de-bonding failure is about
62 N for the case of distributed load whereas this is 61 N for the
case of point load. Therefore, a concentrated load is applied for
the purpose of simplidty. This cutting force is induced by imposed
a horizontal displacement in order to mimic the actual drilling
SCENArio.

The problem studied above (Fig. 13) with a constant cirumeir-
cle radius of diamond particles (Fig. 11) is reinvestigated with a
constant volume fracton taking same area (0.1 25 mm?) for all dia-
mond particle shapes (Fig. 11). In this sitwation, the droumcircle
radius of regular polygons is decreased with the increase of the
number of their sides. Keeping other parameters unchanged, the
problem is reanalysed and the critical values of the cutting force
corresponding to the initiation of the interface failure obtained
for the different shapes ame plotted in Fig. 16. It shows that the val-
ues of this critical load found in the present scenario (Fig. 16) are
reduced for all diamond shapes except the first case (square shape)
compared to those obtained earlier (Fig. 13) Similar to the previ-
ous scenario, the hexagon shaped diamond particle has the highest
metention capadty in the present situation {constant volume frac-
tion) and it is 808 N now. However, the octagon shaped particle
has the lowest mtention capacity in the present scenaro and it is
48 M.

Ex

7% 4

Critical force (N)

o = ritcal force
2 -'l E- 5 l‘:l l‘! 14 15 i:] frin)
Number of sides of the diamond grit

Fig. 16 Bffsct of dizmond shape on its reention apacity with the same vohme
fraction.
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4.2, Effect of diom ond orientations

The effect of orientation of the diamond particles on their reten-
tion capacity is studied in this section for all seven particle shapes
shown in Fig. 11a. Thediamond particle sizeand material properties
are same as those used in the previous section For all these partide
shapes, four different orientations are studied which areobtained by
rotating the particles about their centres which are held at their ini-
tial position In order to get the four orientations, the partides are
rotated with an equal increment which is one fourth of the angle
batween the radial lines passing through two adjacent corners as
shown in Fig. 17a. It should be noted that this angle is different for
the different shapes (eg. 90°/4 =225 for the square partice
whemas 60°4 =15 for the hexagonal particle] and its value
decreases with the increase of the number of sides of the particles.
Fig. 17a also shows the position of all these cases where the force
or rather the horizontal displacement is imposed gradually. The
finite element meshing of the diamond-matrix system for a sample
particle shape ( square)is shownin Fig. 1 7b for its fourdifferent ori-
entations. Similarly, the results are shown as equivalent von-Mises
stressin Fig. 17c which are obtained at the instant of interface fail-
ure (at the onset of the peak value ofthe cutting force .

The critical forces corresponding to the interface Failure of all
these cases obtained from the present analysis are reported in
Table 3. The table shows that the retention capacdty of diamonds
is greatly affected by the orientation of diamond grits. For the dif-
ferent particke shapes, the varation of retention capacities of these
grits due to their orientations is shown in terms of its highest and
lowest walues in Fig. 18 It can be seen from this figure that the
square and decagon shaped particles achieved their highest reten-
tion capacities when they are having an orientation of 45 and
18° respectively which correspond to a situation of wear flat when
a fat edge is utilized for cutting. The orientation has the highest
influence for the square shaped diamond whereas this is lowest
for the dodecagon shaped particle. However, the enhancement of
diamond retention capacity with a wear flat situation is not desir-
able as the efficdency of the entire drilling process is also dependent
on the sharpness of the cutting surface. Thus the four orientations
are divided into two categories entitled as sharp and blunt where
the blunt category (last column) comesponds to wear flat scenario
which is not acceptable even it gives a higher diamond retention
capadity. Itis interesting to note that the hexagon shaped diamond
particle has a relatively higher retention capadty when it has an
orientation of 0% (sharp cutting surface] and a lower retention
capadty for an orientation that makes the mtting surface blunt

43. Effect of damond protrusion { particle wear and matric wear)

The wear of diamond bits is a complex pmcoess and it depends
on a number of pammeters assodated with different operating
conditions encountered while cutting different types of mdks.
The material properties of diamond and matrix used in this section
are same as thase provided in Section 2 The metal matrix is likely
to wear faster while cutting soft rocks consists of coarser loosely
cemented particles. In contrast, it would wear slower while cutting
hard rocks consist of finer partides. As a result of these, different
protrusion levels of diamond grits (heights of the exposed part of
the particles ) can be obtained during the cutting operation Since
the protrusion of diamond grits depends on the diamond wear as
well as the matric wear, the effect of both these wear mechanisms
is studied. In order to assess the contribution of the individual
mechanisms, they are incorporated inthe present numerical model
sepamately as shownin Fg. 19, A regular quadrilateral shaped dia-
mond particle with a symmetric orientation and symmetric
matrix/diamond wear is taken to avoid the influence of other
parameters on the effect of diamond protrusions.
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In the present study, thirteen different cases of protmsion levels are due to matrix wear (from 00625 mm to 0.375mm of protru-
are considered where seven cases are due to the diamond wear sion heightl. The critical forces corresponding to the inidation of
{from 0,0197 mm to 0.25 mm of protrusion height) and six cases interface deboning for all these cases predicted by present numer-
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Table 3 o
{ritical forees for the onset of interfacal Galure. el it aha
iy — i PATI
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Zm " ke for the matrixwear is relatively higher than that of diamond wear
E oo % il ", when protrusion level is up to 0.25 mm and same for both typesof
ZE w0 .k : : BTy wiear. The numerical results are reasonably intuitive which indi-
= i e e cates that if the matric wear rate is too high compare with the dia-
i e iy T - mand wear rate, the diamond will have premature fall out before
- e utilising the full capacity of the diamond which will significantly
S - affect the efficiency of the diamond bit.
T * e
..g i 4 o 4.4. Mulnple diomond particles and their interactions
10 - == MR
% w =+ulies Madmem In omder to study the interaction of neighbouring particles, a
a i . . ] typical example of a diamond bit consists of five diamond particles
k] 4 & E in tH 14 16 1 m having identical shapes and protrusions as shown in Fig. 21 is con-
Number of sides of dismsond particle sidered in this secton. The materal pmoperties of the matrix as

Fig. 18. Effect of orentations and shapes of diamonds on their retention @pacity.

{2) Diferent protrusions due to partcle wear (symmetic)
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Fig. 18, Interface faiure influenaed by (a) diamond wear and (b ) matrix wear.

ical model are shown in Fig. 20. The results indicate that the critical
force decreases with the inrease of protrusion height in all cases
as expected. In most of these cases, the critical fore is same as
the ultimate force required for the complete pull out of the dia-
mond grit except the cases of lower level of matrix wear (up to
025 mm] where the load camying capacity of the particle increases
steady after the initiation of interface deboning. This is due to a
strong mechanical interlocking provided the matrix which holds
the partide in its position and does not allow a complete pull
out of the particle. Moreover, Fig. 20 shows that the critical force
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well as diamonds, and their sizes and loading are same as those
used in Section 4.3. The diamonds are having equal spadng (5]
which is varied from 1 mm to 8 mm to show the effect of this spac-
ing on the retention capacty of these diamond partides. The crit-
ical loads corresponding to the interface failure of these diamond
particles(Fig. 2 1) obtained for four different values of their spadng
(5] are presented in Table 4 The results clearly show that the inter-
action between the partides is reduced once the spacing bebween
the particles is inreased.

4.5. Effect of nterface properties

The interface properties can be affected by several reasons asso-
ciated with the sintering process and type of metal matrix. As dis-
cussed earlier, the cohesive zone model is used for simulating the
interface failure and the cohesive model is characterized by four
parameters. In omder to investigate the effect of these interface
parameters, four different cases having different values of these
parameters { Table 5) are considered in the present study. For this
purpose four different shapes of the diamond particle are used
which are square, pentagon, hexagon and decagon (Fig. 11a}

The wariation of critical foroe corresponding to the initation of
interface failure with respect to the number of sides of the dia-
mand partides is plotted in Fig. 22 for the four different combina-
tions of the interfacal properties (Table 51 It can be seen from the
figure that the value of crtical force decreases steadily with the
decrease of interfacial strength as well as the fracture toughness
values. However, the contribution ofthe Mode | propertes is more
than that of the Mode Il properties. This difference is specifically
quite hig for square and pentagonal shape of the diamond grit.
The figure shows that the highest critical force is found for all
the partide shapes when the value of all interface properties is
higher (Case 1, Table 5] whereas the lowest critical foroe is found
when the value of all interface properties is lower (Case 4, Tabhle 5).
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Fig. 21. Multiple diamaond particles with equal spadng (5L

Table 4
Variation of criicl load wath respsct to spacny betwesn diamaonds.
Critical Laad P (M)
Diamaond 1 Diamond 2 lamaond 3 Diamond 4 Diamaond 5
Came1 (8 =1 mmj) 428 651 [Eh) L) ]
Casme 2 (5 = 2 mm) 504 493 G5 G @62
Came 3 (5 =4 mm) 623 G222 61 631 6
Came 4 (5 = 8 mm) 595 Gz 68 614 1.2
Table 5 : : . is one of the significant failure modes of diamond bits. For this pur-
P syl coms ol Py iyl P e pose,a singlediamond particle alongwith a portion of the surmund-
Mode ] Maode 1I ing matrix is used as a representative part of diamond bits. The
U Mirmate Fradure Ultimate Fracture diamondis subjected to a tangential force atits tip which simulates
stess sress stress e the cutting force whereas the matrix is restrained at its fFarends. The
() (MPa)  (Ge)(mifmm®)  (zT)(MPa)  (Guc) (m)jmm?) finite element modelling is 1.15-3:.1 to sim1..1]ate the diamond matrix
system where 4 node plane strain quadrilateral elements are used
Camm1 543 14 14 (kL] % % R 4
Case2 2T15 a7 314 e for the diamond and matrix materals. A zero thickness surface
Cazed 543 w14 157 165 bhased cohesive zone modelling technique is used to simulate the
Camed 2715 aay 157 0165 failrre at the interface between the matrix and the diamond.

In order to validate the finite element model and imvestigate its
performance, numerical examples are solved and the results pro-
duced by the finite element mode are compared with the results

= available in literature. The performance of the model is found to

" —a be good in rnajcrr.ity uft.'ltse t!s.t prohlems Wl'l:i:h include imm?fa—

dal stress analysis of diamond impregnated bits, and de-bonding

% simulations of a double cantilever beam and mixed-mode bending

z tests. Based on the confidence gained from the observation, the

E * present model is used toconduct a parametric study for the critical

B — force prediction of the interface failure initiation of diamond
b} impregnated bits.

1 ==& It has been ohserved that the shapes, orientations and protru-

= sions of diamond particles, and interfadal properties have signifi-

e i N g gy cant influence on the retention capacity of diamond partides. As

0 the effidency of the entire drilling process is also dependent on

T Lo the sharpness of the cutting surface, the hexagon shaped diamond

m . -I. Ia J' ; ; 1:] 1'1 particle is found to have a better peformance for drilling because

Number of sides of the dimobd grit modelled as a polygsn

Fig. Z2_ Effect ofinterfare properties an the oiticl load for interface failure.

Thus, the interface properties are dominant pamameters for the
retention ability of diamond partides.

5. Conclusions

In this paper, a failure analysis of diamond impregnated bits
found in the form of particle compasite materials is attermpted for
thefirst ime. The present study has a focus onthe interfacial failure
mechanism between the matrix and diamond partides. This pro-
videsthevitalunderstanding of diamond pull out mechanism which
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it has a relatively higher retention capacity when it is under sharp
wuttingface. The results also indicate that the aitical force decreases
with the increaseof protrusion height in all cases. Itis also observed
that the interface properties are the dominant parameters for the
retention ability of diamond particles as the value of critical force
decreases steadily with the decrease of interfacial strength as well
as the fracture toughness values, and the contribution of the Mode
| properties is mome than that of the Mode |l properties.
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