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Abstract

Predicting the wear of drill bits is essential for all oil companies to maximise drilling
efficiency and reduce loss in money and time. Typically, this problem has been dealt
with by evaluating the specific energy of the drill bits at drilling formatiatervals
Although this technique sometimes provila good indication of the bit tooth wear, a
number of phenomena such as bit balling and high vibration of the drill bit might give
misleading results that affect the reliability of these techniques. Theratore
necessary to develop an effective préde tool for the bit tooth wear rate by both

experimental and theoretical approaches.

A case studyis presented for the evaluation of the specific energybined with
dimensionless drilling parametargethodas indicating tool$or monitoring the wearfo

the rollercone bits. The results were compared with the qualitative tooth wear index of
the bits andan agreement was found for limited cas&ébe case study did not include

the mechanical properties of the materials that form the bit, therefore anodal was
neededto combine the drilling parameters with the mechanical properties of the
materials forming the bit under the phenomena of three body abrasion where the drill
bits are in reality facing this effect. The new formula for quantifying théobth wear

is presented and compared with the qualitative bit tooth webex, where close
matchng was obtained.

Experimental studies werried out on polycrystalline diamond compact cutters from
two manufacturers. Th@echanical properties wedetermined bynicro-indentation as

well as nanandentationtestingon the diamond andhe substrate layers of the cutters
Microstructural properties of the materials forming the PDC cutters found to be
effective on the mechanical properties amhsequently on the amount of weahe
volume of wear for the PDC cutters was determined experimentally using micro and
nancscratch tests of PDC cutters. The experimental wear was compared with the
predicted wear based on current approaches in thetditeralhe results show that the
wear of both layers of PDC cutters in this work can be predicted by the material
mechanical properties and the applied load on the indétteranalytical studyased

on various scanning electron microscopy techniqegsded that the main dominant
wear mechanism for the substrate and the diamond layers is abrasive wear in the format

of ploughing and cutting.

Keywords: bit tooth wear; PDC bits; rollepne bits; micrescratch testing; naro

scratch testing.
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Chapter One: Introduction UNIVERSITY OF LEEDS
Chapter 1 Introduction

1 . Wear of oil and gas drill bits

Drilling for oil and gas is still very demanding in many areas around the world.
Rotary drilling is the most common technique for drilling oil and gas and since the
invention of rotary drilling two types of drill bits have been used: raltare ad
PolycrystallineDiamondCompact (PDC) bits. Roller cone bits or tricone bits have three
rotating cones with each one rotating on its own axis during drilling, while PDC bits are
fixed cutter bits with no moving parts. Drilling occurs due to the comioresand
rotation of the drill string. Tricone bits are used in general to drill a wide variety of
rocks, from soft to extremely hard®DC bits are used todrill various sorts of
formations, especially at harsh environme(itemations of high pressure and high
temperature) Since the wear of drill bits is considered an intrinsic cost, significant
savings can be achieved by effective control and minimisation of bit WReaktime
monitoring of the status of the bit weardsucially important to increase the rate of
penetration and determining the right time to pull out the bit due twwe&s Drilling
with worn bits might cause losing the bit and consequently bit fishing is required that
would add additional cost besideetloverall drilling costs as well as delaying the

drilling operations.

1 . Gbjectivesof the thesis

1- The overall aim of this PhD is tdevelopa new original wear model for
predicting the bit tooth wear for drill bitheoretical and experimental work
werecarried out to obtain a wear model using state of the art technologies for
wear testing such as mienodentation and micrgcratch test along with nano
indentation and nanscratch tests.

2- The literature surveypresented inChapter 2 demongtates the main failure
modesand wear mechanisntd oil drill bits and studying the destructive and
nondestructive bit testing techniques. Previous models for wear quantification
are presented and described individually.

3- Predicting the redime bit tooth wear using a combination of specific energy
and dimensionless drilling parameters. Develo@ngew theoretical model for
bit wear monitoringoased on three body abrasi@ncase study is presented to

show he implicationof the new mode{Chapter 3.
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Chapter One: Introduction UNIVERSITY OF LEEDS
4- Experimentalwork includesnano andmicroindentationtesting carried out on

Polycrystalline Diamond Compact (PDC) inserts from different sources to
measure the mechanical properties of the materials forming itiszsés. These
properties include hardness, Young's modulus and fracture tougluhegser
4)

5- Using state of the artechnology for wear testingxperimentdly (micro and
nanascratch testing The aimof these tests is determine the volume of wear
the PDC samplebased on the geometry of the removed matetaloriginal
proposedformula was presented to quantify the wear of the PDC specimens.
Analytical studycarried outin the experimental workising SEM, BSE, EDX
and 2D surface roughness measuremdatgwvestigate the mechanism of wear
of the PDC cutteréchapter 5).

A general work plan is summarised in Figure 1.1 to illustrate the stages of the

research process.

Analysis of the wear
of oill and gas drill kits

Tests omn
Specific Energy ““&”hrﬂ“'"t Three-body Tests on materials from

technigque abrasionwear materials from Polycrystalline
ISE) nr”"ﬂg;;‘;llhnd concept Roller-cone bits Joamond compact
) (FDC) bits

Analytical
study

Using a naw Predicting Mano-Indentation il Micro-indentation Scanning
trending tool the bit and Electron
for wear tooth duliness Micro-Scratch Micross opy
prediction testing (SEM)

Energy
Ccomparison with Qualitative Measuring material properties N‘KP""""
bit tooth wear index {Elastic-Plastic properties) -m“um“ opy
(EDX)

y
e

Figurel.1 Shematic diagram of the work plan
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Chapter Two: Literature Review on Oil and Gas Drill Bit Wear UNIVERSITY OF LEEDS

Chapter 2 Literature Review on Oil and GasDrill Bit Wear

This chapter deals with assessing wear analysis methods for drill bits, where bit wear
mechanisms have been clarified to give a better understanding of the failure modes of
roller-cone and PDC bits. In additiostate of the arbf manufacturing processes
synthessing manufactureoil drill bits is reviewed. Thewear mechanismsvere
explained by applying variodaboratory testsAbrasion and scratch testse applied on
roller-cone bits, whereasdestructive and nedestructive tests are used for PDC bits.
Micro-ploughing and micrautting behaviour in rollecone and PDChbits were the
dominant format of abrasive wedrowever further scratch test analysis is needed for
PDC bitsfor further clarifcation. Wear in drill bits is influenced by many factors
related to drilling and rock properties, as well as the properties of materials that form the
bit. The type anémountof wear is dependent on several complicated factors that need
to be considereth anticipating the rates of wear in field and laboratory conditions such
as the geometry of the bit as well as the drilling parameters along with the mechanical
properties of the materials forming the drill bit.

Numerous quantification technologies of hiear have been described. Each method
depends on the available measured data and on wise interpretation to estimate the bit
wear condition. Furthermore, each approach has assumptions that limit its applicability.
However,diverse quantification techniqgueavebeen appliedor understanding the bit
performanceof the bitand when to pull out the bit due to the weheyshould beused

in conjunction with the conventional techniques of wear detection like bit records and
well logging methods. Modelling ansimulation are advanced approaches to give a
better understanding of the bit behaviour and its design, which consequently leads to the

optimum bit performance as well as predicting the wear rate of drill bits.

The main objective of this review is to intigate the wear mechanisms of the oil drill

bits. Furthermore, previous methods for wear quantificatvere discused and also

apply a suggested approach for estimating the torque of the bit which consequently can
be used for calculating dimensionlel#lling parameters, to be used as indications for

monitoring bit wear.
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2 . Ah overview of wear mechanisma of oil and gas drill bits

2 ..12Wear mechanisns of roller -cone bits
Wear ofdrill bits is defined as macroscopic or microscopic removal or fracture of

material particularly at the cutter surface, anore generalas any degradation that
reduces bit life. Mouritz and Hutchings (1991) investigated the wear rates of the
materials used in the teeth of the rotdrijl bits and the abrasive wear mechanisms of
these material'he teeth of the rotary drill bitsontain three layers. The external layer
consists of a W&o hardfacing layer, the second layer is made from-baghon
martensitic steel and the third layer is the core of the tooth that consists-céiioan
martensitic steel. Small cylindrical spe@ns manufactured from materials similar to
those used in the teeth of rotary drill bits were used in the investigation by Mouritz and
Hutchings (1991). The abrasive rocks like sandstones an@brasive rocks such as
limestone, representing the most conmrock formations encountered in oil drilling

were used in the tests.

When thespecimens of low and high carbon steel were scratched with a diamond stylus
the wear damage caused by the process abrpioughing and micreutting asshown

in Figures 21 and 22 respectively. In micrgloughing,the material is displaced to the
sides of the wear groove and the material is not removed from the surface, while in
cutting a chip is formed at the end of th®ove and the material is removed from the

surface (Kopeliovich ,2015).

Figure2.1 SEM images of wear scars formed by the process of fmiotghing
(Sinhg2 0 D 6

Pagel|n



Chapter Two: Literature Review on Oil and Gas Drill Bit Wear UNIVERSITY OF LEEDS

S500um

Figure2.2 SEM images for large wear particle formed by micutting
(Fujiwarg2 0 1 2)
Mouritz and Hutchings (1991) observed that abrasion against limestone senaes
wear by the mechanism of ploughing for low and high carbon steel, while no evidence
of severe damage to the hardfacing layer of-G#Cwas observedue to the high
hardness of the hardfacing layer compared to low hardness of limestone rocks

Osburn(1969) and Perrott (1979) illustrated the strong influence of rock hardness on
the wear of the rotary drill bit tools made of tungstanbide with cobalt as a binder.
Abrasion was found to be worse under high temperatures (hot abrasion) causing thermal
fatigue. Osburn (1969) also added that the WC grains during the manufacturing of the
roller-cone insert bits must be structured perfectly to gain maximum fracture resistance.
LarsenBasse (1973) explained that the main modes of failure for wilee inserdrill

bits are as the follows:

1- impact fracturing, 2thermal fatigue, 3abrasve wear and 4 mechanical
fatigue due to overloads.

Reshetnyak, and Kuybarsepp (1994) studied the abrasive erosion of hard metals such as
WC-Co alloys that form the rollezone insert bits. The extent of wear was evaluated

and indicated, that the hardness of the material cannot be the only dominant property
causing the abrasive erosion wear. The wear is attributed to other properties, such as the
compressive strength and thiadture toughness.

2.1.2 Wear mechanism of PDC bits

Polycrystalline Diamond drill bits are known to be more efficient than
conventional roller cone bits, especially in soft rock formations. For a better
understanding of bit efficiency, bibck interaction of the worn tool should be studied
in detail. It ha been deduced that more than 50% of the energy of drilling by PDC bits

is dissipated bythe wearof cuttersunder normal drilling conditions, when assuming a
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steady motion, and avoiding excessive heating, therefore studying the wear mechanism
of PDC ishighly essential (Geoffroy, 1999).

Ortega and Glowka (1984) illustrated the main categories of PDC cutters failure as: 1
delaminiation near the interface of the diamond and the substrate layptasfic
deformation of thediamond and table and the substratecBipping at the edge of
cutting and 4chipping at the diamond table and dislodging of the diamond grains 5

abrasive wear and @hermal fatigue.

Dunn and Lee (1979) believed that the main reason of the PDC faildresito the
tensile stresses arising after the sintering process inducing cracks, which propagate
throughout the diamond table and substrate. PDC bits in general suffer from several
additional problems which including: (1) chipping of the diamond laygmi¢zballing,

(3) stud breakage in hard rocks, (4) abrasive wear, (5) poor hydraulics, (6) insufficient
cleaning efficiency,. (7deflectionof the bit when applying high weight on bit, (8)
scratching the composite layer of the cutters due to poor boodinghgsten carbide

stud, (9) distribution of cutters on the bit and (10) thermal failure. The improvements of
synthessing manufacturemethods of PDC bits to withstand both failure and impact
have been investigated by many researchers (Eaag2 0 0 However, an important

step for the improvement is to understand the failure mechanisms and modes of PDC
bits. Fanget al. (2001) illustrated the main failure modes of PDC cutters are due to

frictional heat and the high abrasiveness of the rock, as simdwgure 23.

Spalling Cluppang and beat checking

Figure2.3 Typical failure modes of PDC inserts for rock drill bit
(Fangetal.,2 00 1)

TzePin et al. (1992) and Zacny (2012) postulated four primary failure modes of PDC
cutters according to the type of wear mechanism:

1- smooth wear 2 microchipping 3 gross fracturing or (spalling) and - 4

delamination.
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TzePin et al. (1992) and Zacny (2012jttributed smooth wear to the individual
diamond crystals being polished away due to mechanical and thermal loads. This type
of failure is less significant than other failuneechanisms, because the wear is not

severe and the material removal of the PDC cutters is trivial (Figlirg 2

= R
e - —
9KV "X 1000 18 0U NSHE

Figure2.4 Smooth wear on the diamond layeiter TzePinetal.,1 9 9 2 )

Microchipping failure occurs along the edge of the diamond table of the PDC cutter or
insert. The main reason of this failure is due to the action of the bit cutting forces
besides thermomechanical fatigifégures 2.5 and2.6).

Figure2.5 Microchipping damage at the edge of the PDC insert
(TzePinetal.,1 99 2)
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Carbide substrate Diiamond table

Figure2.6 Schematic image of the microchipping failure of the PDC cutter
(Zacny2 01 2)
Gross fracturing, or fatigue represents the most severe type of failure causing the
damage of PDC cutters and subsequently, reducing the bit life. This failure is attributed
to the impact load of the drill bit on the bottom of the wellboreis Tailure usually

occurs in hard formations with high hardness, causing greater stress on the PDC cutters.
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Delamination of both diamond and WC layers is attributed to the mismatch between the

thermal expansion coefficients of the two layers.-Paeet al. (1992) stated that this
type of failure is caused by the high impact loading of the bit on the bottonkinglee
2. 3hows delamination failure mode, indicated by dark arrows.

- -
et —

o274 ioco.oUu N

Figure2.7 Delamination failure mode of PDC cuti@ize-Pinetal.,1 9 9 2 )

Zacny (2012) divided fracturing in general into four categories according to the
dimensions, shape, size and distribution of the occurred fractures as follows:

Microfracturing, Macrofracturing , Gross fracturing , and Ultimate fracturing.

In microfracturing, the fractures are very thin having a thickness of a few micrometers.
For this category the fractures are parallel to the diamond table and the width and length
of the individual fracture planegoesnot exceed 3 mntigures 28 and 29 illustrate a

schematic an@EM micrograph®f microfracturing under SEM, respectively.

| Y
g
s iy S

Carbide substrate Diamond table

Figure2.8 Schematic image of the microfracturing fail{facny 2 0 1 2 )

Figure2.9 An example of microfracturing failur@acny, 2 0 1 2 )

In macrofracturing, the thickness of the fractures is greater than 0.1 mm. The length and
width of the fracture are about 5 mm and 8 mm respectively. The fractures are parallel
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to the diamond table and do not extend to the WC subdtigtees 210 and 211 show

a schematic and a SEM images of macrofracturing mode, respectively.

Fractures

Figure2.1 JAn example of macrofracturing failure of the PDC cutter
(Zacny2012)

In gross fracturing (spalling), the fractures are thick and extend into the WC layer, with
a length of about 8mm and a width up to 12 mm. Hence, this type of failure is severe
and causes the removal of large parts of the diamond table as shad®hand2.13.

Fractures

Figure2.1 Bchematic image of gross fracturing failure m@dacny 2 0 1 2 )

Figure2.1 35ross fracturing failure of the PDC ins€ffacny, 2 0 1 2 )
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Ultimate fracturing is the mostetrimental because spalls can include more than half of
the diamond table with a considerable part of the WC layer as shown in Fjltes

and2.15. Fractures
..
— _.:: L]
=%\
'..'9"-'- *-{,'\1
-":._'- - -
Carbide substrate Diamaond table

Figure2.1 4chematic image of ultimate fracturing failure m@¢dacny, 2 0 1 2 )

Figure2.1 BJltimate fracturing in PDC cuttdZacny, 2 0 1 2 )

It is worth mentioning that,tber kinds of wear such as adhesive wear has minor effect
on oil drill bits, while impact wear affect the drill bits, especially when applying
excessive loads on the bits as mentioned by Wirojanupatump and Shipway (0999).
drill bits, when fluids are present, the influence of corrosion is considered negligible
when compared to theear where the material forming the drill bit is being physically
removed. The corroding effect is neglected since the abrasive wear take action on the

surface of the material forming the drill bit before oxidization.

2.2 Drill bit testing

2 . Rollér-cone bit testing
Two types of tests were performed within the studying of the wear mechanisms by
Mouritz and Hutchings (1991):

2 . 2 Abtasidn testing the specimens of the teeth materials were abraded against
sandstone and limestone disks for a total period time of 300 seconds. Mass loss
measurements illustrated that the materials used in the cutting teeth etookebits
suffered wear rates almostd times more when abraded against sandstone as compared
to limestone. Figures Xland 21 7@emonstrate the difference in the mésss of the

bit materials with time, or sliding distance when abraded with sandstone and limestone

respectively.
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Aelative Slidiag Distance (m)
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Figure2.1 6viass loss of bit materials when abraded against sand$fmegitz and
Hutchings, 1991)

Mouritz and Hutchings (1991) concluded that the hardness ofibial samples
increased as the following order: Lasarbon steel < higharbon steel < W&o alloy.

The above conclusion comes from the principle that abrasive wear rate of any material
depends on the ratio of its hardnedg)(to the hardness of the ahikaes(Ha,).

0 158
, —

P — . i

a ] 200 El=-]
Time (1)

Figure2.1 Mass loss of bit materials when abraded against limestone
(Mouritz and Hutchingsl 9 9 1)
WhenHJ/Hn< 1, this means that the abrasive cannot easiigtch the material and the
wear rate is extremely low. However, whet./H) >1.2, the abrasive is much more
capable of scratching the material and hence causes high wear rates (Richardson 1968).
The hardness values of the three materials used in thedes- 460 HV, 700 HV and
1320 HV for lowcarbon steel, higlsarbon steel and WACo alloy, respectively.
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Table 2.1 shows the mineral composition and expected hardness values for the

sandstone. It can be seen that moshefrhinerals in the sandstone are considered hard,
while the limestone is mainly consists of calcite with a hardness of 110 HV which is
less than the hardness of the specimens.

Abrasion testf the specimens against limestone disk showed that wear resistance
increasd with hardness. Thereforét is safe to say that during drilling sandstone
formations, the W&o alloy of the bit teeth external layer will wear away slowly due

to its high hardess , however when this layer is damaged the teeth will face severe
wear.

Table2.1 Composition of minerals and anticipated values of hardness for sandstone
(Mourtiz and Hutchingsl 9 9 1)

Mineral Content Hardness (HV)
Quartz 41 % ~ 1,100

Rock Fragments 27 % ~ 950

Feldspars 3% ~ 875

Fossils 3 % ~ 110

Mica Trace ~ 110
Heavy minerals Trace ~ 1,200
Quartz-bearing clay Trace ~ 1,100

2 . 2 Sctatcletesting This test is carried out to simuldtee types of wear obtained by

a hard mineral particle as it slides over a drill bit. This test is performed by sliding a
sharp diamond stylus across polished bit materials. The attack di)giiefined as the

angle between cutting face of the stylus and surface of specimen. Various attack angles
are chosen during the abrasion. The selected attack angles in Mouritzuahdc hi ng s «
(1991) work, ranged from 6 to 86The scratched surfaces of tepecimens were

examined by a scanning electron microscope (SEM).

2.2. Z'esting of PDC bits

Various tests have been carried out on PDC bits to assess their performance and

applicability in diverse drilling conditions including harsh environments such as high
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bottom hole temperature conditions. The tests are broadly divided into, destructive and
nondestructive methods (Belletal , a)0 10

2 . 22 Destructive testing
In these testthe cutters of the bit are destroyed without possibility of reusing. The aim

of this test is to simulate downhole conditions in order to assess the behaviour of the
cutters under theseonditions. Two types of destructive tests are implemented by the

companies providing PDC cutters and PDC bits, namely abrasion and impact tests.

A- Abrasion test:Abrasion resistance is the capability of the cutter to survive when
abraded against abrasive rocks. The abrasion resistance depends mainlyaodribges

of the minerals in the rock. Highly abrasive rocks like granite or hard sandstone are
normally congilered for the test.

The Vertical Turret Lathe (VTL) abrasion test is mainly implemented by the PDC cutter
manufacturers (Figure 2.18). In this method the cutter is fixed on a VTL with a rock
sample placed beneath the cuttdre Tock sample is rotated at fixed rotational velocity

as the cutter indents the rock sample at a certain depth, usually less than 1 mm, and is
moved laterally from the outer circumference of the rock to the axis in a spiral mode. A
range of rotation rateare possibleModern VTLs are computerised control the
appliedslide velocity.

During a dry VTL test, the cutter is not cooled and consequently most of the frictional
heat enters the cutter and the transformation prooésdiamond to graphite is
accelerated. The test assesses the stability of PDC cutters under elevated temperatures
and the durability of these cutters against wear. The cutter is tested until the wear
progresses into the WC substrate or the test is terdinat the point when the

graphitisation occurs, as indicated by a black ring left on the rock.

Figure2.1 &Abrasion testing of a PDC cutter usi_ng a vertical lathe
(Bellinet al.,2 0 D)0
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At atmospheric pressure, the conversion
(Evans and James, 1964). However, when P
rocks, the performance of ashielsekeved thdatleer s
diamond layer of the PDC cutter converts to graptiiteto the frictional heat When

temperature increases, this transformation of diamond to graphite accelerates.

As PDC cutters have cobalt as a binding material, the presence of this binder &scelera
the transformation of diamond to graphite. The acceleration of the gsaphbiti
phenomena is occurred due to the significant difference of the thermal expansion
coefficients between cobalt and diamond that led to the breakage of the strong bonds
between the diamond to diamond grain that give the diamond high hardness forming
hexagonal sheets of carbon atoms. This is the reason that PDC converts to graphite
more quickly than diamond that has no binder. When facing elevated temperature, the
graphitsaton of polycrystalline diamond embedded in cobalt becomes the main
dominant mechanismBgllin et al, 2010 B. Graphitsation of diamond to graphite
causes the deterioration (wear) of the PDC cutters which is attributed to the allotropic
(crystal structure) convert from the diamond to the-diamond (graphite) phase with

the presence of frictional heat.

The cooled or weVTL test (with air or water) is conducted to evaluate the life of the
cutters under moderate temperatures. In this case the abrasion wear occurred will be
mainly due to the abrasiveness of the rock as thermal effects are minimised. In this

method wear is easured by the weight loss of the cutter.

The intrinsic goal of the VTL test is to study the resistance of diamond grains against
micro-chipping and gouging when abraded against hard rock such as granite or hard
sandstone.

The grinding ratio (Gratio): G-ratio is an industrial term defined as the dimensionless
number that represents the volume of rock removal per unit wear volume of the cutter.
A large, Gratio means a greater amount of redk be removed for a certain amount of
volumetric wear of the PDC cutter, and is therefore desirable. Fta¢ids have been
increased from 1 for the first PDC cutter generation to 15 for the most recent ones,
which indicate the substantial improvementsabrasion resistance of recent PDC

cutters

Page|mn



Chapter Two: Literature Review on Oil and Gas Drill Bit Wear UNIVERSITY OF LEEDS

B- Impact testin this test, the cutter is impacted at a given inclined angle varying from
1 5to 25 from a given height. At least ten samples of cutters are tested under different
heights, giving varying ipact energies up to 100J. Each cutter sample is dropped three

to seven times at a given energy level. Figure 2.19 illustrates the comparison of damage
due to impact for different cutters under various energy levels.

20 J; NS, NS, MF 40 J; NS, S8, SS

60 J; NS, DS, MF, S 80 J; MF, MFNS, DS

MF: Massive failure
DS: Deep spall

SS; Slight spall 100 J; MF, MF, MF, SS
NS: No spall

Figure2.1 $palled cutters after impact testi(@ellin et al.,2 0 b)0

Figure 2.20 shows the results of 22 cutters tested under increments of impact energy
varied from 20 J up to 100 J. Only six cutters survieed the test shoed 0%
spallation and the rest exhibited 60% to 80% spallation with an average overall
spallaton® 6 8 %. For most cases, the acceptabl
cutters failed to pass the test. However, the impact test measures the impact resistance
under very low or zero vibration conditions, while in the drilling field the cutters are
under a high level of vibration. Therefore, the impact test could have limitations since it

does not replicate true process conditions (Bellial.2 0 b)0

B 8-MFe 2-MF 2-MF 1-MFg ——13
100" F SMF® OME® TME®  4vE®
90 - >MFg 2-MF [
80 1-MF, e 2-MF
= M= 68% average
g 60 4-MFg 4-MFg [O1
z 50
T 401
@ 30
20|
10| 1
© L5
J _@ I (? I N N N N

20 30 40 50 60 70 80 90 100
Energy, J

Figure2.2 Bpallation chart of impacted PDC insdigellin et al.,2 0 D)0
2 . 2 .Semides2ructive testing
Micro and nanendentation tests as well as micro and raomtch tests on WCo

ceramics , diamond and materials like diamond were investigated by many researchers
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to measure the hardness and Iimited wagkbos mod
micro andnano tests in the literature conducted on PDC sampdescularlythosewith

WC-Co as a substrate coated with polycrystalline diamond embedded in cobalt as a
binder. Further investigation of micro and nanoindentations as well as micro and
nanoscratch téisg is essential to measure the mechanical properties of the PDC cutters

and to reveal the main wear mechanisms of the PDC inserts

Ndlovu et al. (2007) performed micro and nanoindentation tests on difféuagsten
carbides embedded in cobalt to meastire mechanical properties of Wo and to
correlate the obtained results with the effect of the microstructure of the grains. The
differences in the samples based on various cobalt content as well as different grain size
of WC. The wear of the hard métaas investigated in microscratch testing, where
various deformation mechanisms were observed. A smaller WC grain size produced a
lower scratch width and depth; therefore, better scratch resistance compared to coarser
WC grains

Xie and Hawthrong 2 0 (ngestigateddifferent WGCo ceramics by using micro
scratch testing to monitor the plastic deformation and failure of such materials. The
scratched areas were described and correlated the wearnehstias with a number of

materials based on the material loss measurement

Sawa and Tanaka (2002) carried out experiments on natural diamond indentation to
measure the Young's modulus. The produced curves shenging high degree of
elastic recovery. Thebtainedload-displacement curves were corrected for the effect of
machine compliance to adjust the obtained results. The final recorded value of Young's

modulus of the tested natural diamond was (10207) GPa

The hardness of the napolycrystaline diamond was measured by the
microindentation method using mainly the Knoop indenter (Sumiya and Irifune, 2004).
Vickers indenter was also used for the indentation test, while thenuambation test

was also attempted with Berkovich probe, where a large amount of elastic recovery was
observed. The wreckage of Vickers indenter during microindentation and Berkovich
indenter during nanoindentation tests were encount@mavyet al.( 2 D Yeported on

the nanondentation hardness and Young's modulus of hard materials:

Nanopolycrystalline Diamond (NPD) ; Cubic Boron Nitrite (CBN) and Polycrystalline
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Compact Diamond (PCD). The PCD sample consists of diamond grains in micron scale
embeddedn silicon-carbide as a binder with a volume of 25%. The obtained results of
nanohardness of the PCD sample werdqB+ 2 GPa and Young's modulus was-(86

168) + 24 GPa.Figure 2.21 shows the nanoindentation curves for the samples

investigated.
3000 |- e
« NPD N
e §
2500 b= * PCD (region 1) f
PCD (region 2) /
2000 ('.)
5 i’
g‘m "‘f!
1000
500
0 1 1
0 20 g0 80 100

‘Displacement (vm)
Figure2.2 1oad displacement curves measured during nanoindentatibi?D, CBN

and PCD sample€puvyetal, 2011)
Lu et al. (2012) performed mickscratch testing on specimens made of -G coated
with a thin layer of diamond. The cobalt content of the substrate was 6% and the
thickness of the diamond layer was around 4 um. The rsicratch test was conducted
with a Rockwelldiamond indenter with a tip radius of 50 um. The miscoatch test
was carried out with various loads of 10, 15, 20, 25 and 30 N. The aim of the test was to
investigate the delamination of diamond thin coatings on-@d#Cmaterials. The
delaminaibn was noéd to be moravorsewhen increasing the load. The width of the
diamond coating after delamination increases with increasing load. It was found that,
the critical load for the tested diamond coatings was between 4 andriguxe 2.22

illustrates the micragatch test of the sample and the grooves obtained at various loads.

Figure2.2 Microscopic image of the scratches produced by rrscratch test
(Luetal, 2012)
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Semtdestructive testing usingtate of the artechnologies opens the door for further
study relevant to wear analysis and quantification rather than using traditional
techniques that based on the measurement of the mass loss, especially with PDC
samples that have cobalt or nickel as a binder. Miom reanescratch testing are the

most approaches could this task.

2 . 23.N@n-destructive testing

In this methoda part of the cutter is examined in order to detect any voids and flaws,
particularly at the interface of diamond to carbide. Visual and microscopic testing as
well as Gscan techniques are the most common methods for detecting the flaws. The
latter approeh is usedto detect delamination and voids in the diamond table by using
ultrasonic waves ranging from 0.2 to 800 MHz (Beé#linal, 2 If). 1Snall flawsand
defectscan be detectedown to 51 (um and the determination of their location is also
possibe. The test is achieved by placing the cutter into a tank of water, which is
scannedusing anacoustic microscope. An image of the inner diamond table and the
diamond to substrate interface is produced. This is useful Wées, cavitiesvoids

cannot be dtected by visual or microscopic examination (Bettiral.,2 0 1b)0 Figure

2 .3illustrates examples of the flaws discovered bgoan testFurthermore, the
Acoustical Emissions Toughness T€8ETT) can be quantitatively applied to PDC
cutters toevaluate the impact strength of the bonds between diamdiaanond grain
created during the sintering process under High Pressure and High Temperature
(HPHT). The test includes applying loally a diamond indenter adhe PDC inserts at
constant rate. Meavhile, acoustic emissions caused by micracks are detected by
special acoustic sensor and the crack length determined. As such this technique gives a

measure of fracture toughneas shown in Figure 2.23b (Varel International, 2010)
a b

> Diamond indenter

POC cutter

Accustical —
sensor

Figure2.2 3a)C-scan test to detect flaws in the diamond of the PDC qigadlin et
al., 2 0 b)JQb) Acoustical emissions toughness t&&rel International, 2010).
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2 . 2 Aralytical study

Boland and Lee (2010) showed the use of analytical techniques for studying the
Thermally Stable Diamond Composites (TSDC) that are used widely in the
manufacturing of Thermostable PDC bit cutters (explained in section 4.6). The
analytica approaches include Scanning Electron Microscope (SEM), Energy Dispersive
Spectroscopy (EDS), -xay Diffraction (XRD) and Raman Spectroscopy (RS). The
latter was used by Kromlat al (2005) to distinguish between poor and good quality
TSDC samples. Thiomparative studywas based on the variation of Raman
spectrums; where low wear resistance or poor quality TSDC samples, showed a broad
peak between 1350 and 1550 trwhich is related to graphite or noimmond material
(Figure 224). On the other handyood quality TSDC inserts displayed a sharp unique
peak close to 1332 ¢mwhich is characteristic of diamond, with no evidence of the

graphite peak, as shown in Figure®.2

Raman Spectrum - Spot 1

i Y
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Raman Shift, em™

Figure2.2 Raman shift of poor wear resistance of a TSDC sample
(Boland and Leg2 0 1 0 )
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Figure2.2 Raman spectrum of high wear resistance of a TSDC specimen
(Boland and Leg2 0 1 0)
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Boland and Lee (2010) comparPDC cutters of various qualitiesingX-ray imaging.

The study revealed the flaws within a projected image produced froay ¥ourceThe

3D X-ray images displayed the intrusions of teebstrate (blue colour) into the
diamond layerforming cracks that some @fhich extend to the outer surface (Figure
2.26). The cracks were found to be generated during the manufacturing process of the
PDC inserts. PDC samples that contain such cracksvesh poor wear resistance

compared to good wear resistance quality PDC cutters that showed fewer flaws

(cracks). —

Figure2.2 @D X-ray image of a poor weagesistance PDC cutter showing the
intrusions of WQ substrate (blue colour) to the outer surfé@eland and Leg2 0 1 0 )

2 . TBeoretical background on wear quantification

Bit performance, defined as the service duration afoith and the bearings, is affected

by many factors according to the drilling operation. The effect of rotary speed on drill
rate and bit performance has been widely studied, with most of the research dedicated to
a better understanding of the parametensolved in bit performance. It has been
illustrated that tooth wear increases with rotary speed and thus, allowing increasing of
bearing revolutions that increase the possibility of bearing's failure. lecrastooth

wear negatively affects the drilin efficiency and consequently decreases the
penetration rate

2 ..13The aim of the theoretical background

The objective of the theoretical background is to explain and describe empirical multi
models developed by several researchers. The focus will be on the expressions,

formulas and the applications.
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2 . Juaatification methods of bit wear

2 . 3 Specifit energy (SE) technique
Many authors aimed at finding the best optimum method to detect the wear of the
drill bits to determine the life of the bit. Bit performance is intrinsically affected by

wear, thus theefficiency of the drill bit could be determined by using the specific
energy techniqueSg).

Several attempts have been made to study the principle of specific energy, also referred
to mechanical specific energMEE) and its effect on bit performance. Teale (1965)
defined the concept of specific energy in rotary drilling as the energy required removing
a unit volume of rock. Teale indicated tl&His inversely proportional to fragment size

of rock excavated and asich minimum value ofSE corresponds to the unconfined
compressive strength of the rock, which is a fundamental property. Teale (1965)

presented the followingguation for theMSEdetermination:

wei@EEQ W 08Y
WEé ao0taRE DQGOO 0

v ¢ P

whereW is the weight on bit (Ib) Ay is thesurfacearea of the bit (if) , N is the rotary
speed rpm) , T is the torqueat bit (Ib.ft) andPRis the penetration rate (ft/hr). The unit
of MSEin the aboveequation is inlb.in/in® or psi. The full derivation of Equation ¢(2)

Is shown in Appendix AQ.

Pessier and Feaf1992) developed an energy balanced model for drilling under
hydrostatic pressure rather than atmospheric pressure as used in previous models in
order to make improvements more applicable to the drilling field. The output results
were correlated with thaeld data and there was a close agreement. Two key indices
were used for bit performance and bit monitoring: mechanical specific energy and bit
coefficient of sliding friction.Both of these indices provide a good indication of bit
performance, thus leadjrto optimum bit selection, diagnosis of failure of the teeth and
bearing of the bitas well as theeal time monitoring of the drilling processnotherSE
equation was irroduced ( 2 depends on drilling parameters such as rate of
penetration, weightn bit and torqueat bit Penetration rate is the distance (depth
interval) being drilling in a certain period of time by the bit. It is obtained practically

from dividing the interval being penetrated over the required time for this penetration.
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When brqueat bitis not measured while drilling, Pessier and Fear (1992) derived an

empirical equation for the estimation of torque as follows:

Y FP ¢ C
whereT is the measured torque (Ib.ft) amdis the bit coefficient of sliding friction
(dimensionless numberd. valueshave been obtained from laboratory measurements
and varied from 0.21 for rolleconebits up to 0.84 for PDC bitsdepending on the
formation being drilled anthebit type.

Pesger and Fear (1992) reformuldt&quation (21) as follows:

p p& B
Qe Y

0 YO w ¢ o

A dramatic increse inSEvalues could be a warning indication of short bearing life and
low PR The same interpretation happens witewvalues (bit coefficient) increase

sharply from the normal increasing trend line.

MSEvaluesobtainedd r om Teal ebés equation could be U
specific energy corresponds to the uniaxial compressive strength of the rock. Dupriest
and Koederitz (2005) found that during drilling, the highest efficiency the drill bit
reaches is 3@0%, and consequently th@SEfrom Teale (1965) has to be correctsd
multiplying with a factor ranging from 0.3 0.4 before it can be compared with the
formation strength. The adjusted Mechanical Specific En®8¥.q; is obtained as

follows (Dupriestand Koederitz 2005):

0YO ©07Y®O0O ¢ T

whereMSE is the raw Mechanical Specific Energy (pix om Te al eEr$ e qu e
the correction Efficiency Factor (dimensionless) MS8E,q; is the corrected mechanical

specific energy (psi).

In most petroleum drilling applications, 0.35 is used as an average valuerfor
regardless of drill bit type (Dupriest and Koederitz 2005). Figu&¥ shows the

mechanical efficiencies of the two main kinds of drill bits used in oil and gas drilling. It
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illustrates that when the weight on Bit)(and the obtained depth of cut increase, the bit
finally reaches its highest efficiency i.e. -86% for rollercone (insert) bit and 385%

for PDC bit. Efficiency is typically determined by comparing the dcierergy
consumed by the bit with the theoretical energy required to excavate a specific volume
of rock. Bits in general tend to transport only8W% of their energy into the process of
rock destruction, even when running at maximum performance. Howéewdapth of

cut is insufficient, the performance of energy transport decreases even bel®#630
causing very low rate of penetratidPR).

—
=
(=]

Insert Bit
3540 %

// PDC

30-35%
Low Bit Efficiency
Below Threshold WOB

Depth of Cut (~-WOB)

Figure2.2 Drilling efficiencies of tungsteicarbide roller cone and PDC bits
(Dupriest and Koederif2 0 0 5 )

% Mechanical Efficiency
(Theoretical Energy/Energy Required)

(=]

Waughmaret al. (2002, 2003) described a methodology for measuring specific energy
(SB for every section drilled with checkirtge current formation type (lithology) with

the benefit of gamma raysR) readingdo indicate bit performancand wear. The main
disadvantage of this technique is that it requires measuring the bit torque which it is not
always measureduring drilling. Consequently, many authors atteegpto develop
methods for computin§Ewithout torque values.

Rabia (1982) an®abiaet al. (1986) simplified the specific energy equation of Teale so

that torque was no longer inclulefhet or que i n Teal ebs equat.
approximation that torque idirectly proportional to weight on bit and bit diameter.
Rabia (1982), Rabiat al. (1986) and Farrelly and Rabia (19&fplied their modified

specific energy formula ottne actual field drillincas follows:

whereW s the weight on bit (Ib) , d is the diametertio¢ bit (in) ,N is the rotary speed
(rpm), PRis the penetration rate (ft/hand SEis expressed itb.in/in® or psi
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Equation 2-5) is used specially for rollezone bits when drilling various rock
formations agostulated by Rabia (1985)he derivation of Equation {8) is shown in
AppendixA.A.

Farrelly and Rabia (1987) stated that when drilling a homogenous interval, the specific
energy shows a gradual slow risan indicaion of continuous bit wear. However,
dramatic increaseof SE valuescorrespond tesevere bit wear, lithology change, drill
string vibration or even sometimes due to bit balling which oceben shale particles
accumulate on the face of the drill bit. These tipld conditions could cause the
specific energy to risajue to a number of reasons, resultmggleading interpretation
(Dupriest and Koederitz 2005).

SE values were calculated based on field data for different bits and for various
formations. Farrelly and Rabia (1987) concluded @tatontrols the bit performance,
where the lowest values 8Erefer to optimum bits to be used in drilling operation and
consequently redwed drilling costs. SE values provide a reasonable indication of bit
performance during drillingSE depends on bit type, bit wear, cuttings removal, rock
type and rock properties (Farrelly and Rabia 1987). Specific energy gives an imdicatio
of lithology changes and how to choose the optimum bit for drilling a certain formation.
However, theSEtechnique is not totally reliable and should be used in conjunction with
other methods during bit selection to give a better understanding of fwtrpance.

The followingapproaches could be used in conjunction \Bith

1- Cost per foot assessmehBit wear assessmeBtBit records analysid- Coding of
International Association of drilling contractors (IADG) Well logs and geophysical

analysis6- Geological information.

2 . 3 Wear éhd Measurements While Drilling (MWD)

Measurement While Drilling (MWD) tools were introduced in 1981 to measure some
of the important drilling parameters, particularly related to bit wear such as weight on
bit, rotary speed, penetration rate and bit torque. The bit information can be obtained
computing parameters from the MWD. Warren (1984), Burgess (1985), Falconer and
Normore (1987) as well as Kuru and Wojtanowicz (1992) investigated a torque model

to show the effects of tooth wear on drilling. The method is based on a Mechanical
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Efficiency Log (MEL) which used data of penetration rate, rotation speed and MWD

values of torque and weight on bit.

The following dimensionless drilling equations were defined:

YO o 0Y ¢ O
whereTp is the dimensionless torquBR; is the dimensionless penetration régee
Equation 21 Q & and a are the drilling torque constants and they varied with lithology
and bit wear. Wear of the bit affsechainly a accordingly Equation (B) can be written

as follows(Burgess 1985):

——
g

Y OO ® LY ¢ X

whereEp is the bit drilling efficiency which isa function of bit wear (dimensionless)
and rangs from 1 for a new sharp bito nearzero for completed worn bitwhen Ep
equals 1, Equation {2) would be same as Equation@2 Rearranging Equation {2)
leads to Equation (8 ) :

0 YOO 0Y I ¢ Y
y Y
R ¢ w

where T is the measured torque (Ib.fl)y is the weight on bit fl) andd is the bit

diameter (in.
5y oY
0 D C pm

wherePR; is the dimensionless rate of penetratiBR is the rate of penetration (ft/hr),
N is the bit rotary speed (rpm) adds the diameter of the bit (in).

Fp is another dimensionless parameter representing flatness and can be determined from
Ep values Flatness of the bit tooth refers to the wear of the cutting parts of the bit (tooth

for roller-cone bits or inserts for PDC bits).

© w8p O ¢ pp

whereW, is the dimensionless weight on bit.
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When applying this approach, calculations of the dimensionless drilling parameters i.e.
Equations (27)-(2-12) should belone for each depth interval.

The values of drilling torque constarsisanda, could be determined by plottinig, vs.
square root oPR; where a being the intercept of th&, axis anda, being the slope of

the time through the plotted points.

By using this model, it could become possible to anticipate the wear of milled tooth bits
in real time from MWD measurements. When wear ocdbssjecreases from one to
zero, whileFp values behave in a reverse wéy; is equal to zero for a sharp new bit

and when wear occuks, values start to increase.

In this case during the course of drilling, the bit could be pulled and replaced when the
bit efficiency Ep) falls sharply. With MWD technique, a drill bit could be used to the
full extent of its useful life, and so maximize the drilling operation and decrease drilling

costs.

2 .. 2 Otl®er quantification methods of wear

Abrasive wear is the dominant type ofaveoccurring in oil well drilling due to the
drilling mechanism of the bit cutters against rock formation. This type of wear causes
serious damage to the drill bit, therefore, many tribologists and lubrication engineers
have assessed means of wear quaatifin to understand the materials resistance
against it and how it can be minimised. Various wear models have been postulated,

however most are only relevant for specific cases.

Rabinowicz (1996)eveloped ambrasive wear model to improve the quantification of
the two body abrasive wear (FiguBe28). This model describes the process of an
abrasive grain sliding over a distar(®@ while the grain is pressed upon a given surface
with a force(F). Rabinowicz( 1 B derivedthe following equation of wear through
two body abrasivéor soft rock formation:

@ A-ad

® 0

0 ™0 ¢ po
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whereVw is the volume of material removeH,is applied load (N)X is the sliding

distance (m)d is the abrasion angle , Ha i9 the hardness of the abrasive material
(N/m?) andH,, is the hardness of the abraded material @\/m

‘r
> 4
> 4
/

rd
N\ 7 Bearing
N surface

Abrasive gramn

Figure2.2 SRabinowicz model for abrasive we@abinowicz1 9 9 6 )

However,application ofEquation 2-13) is limited to soft rock formatiorRabinowicz

postulated the following equation for wear determination against intermedicke

formations in the case diiree body abrasive wearvhere the hardness of the abrasive
and the abraded material are included.

M 2 8 ™o O pg (O ¢ pT
Ve O (@)
Hutchings (199) also investigated abrasive wear involving the removal of material by
plastic deformation. This model is based on assuming that the abrasive particle is
represented as a cone of semiarfgh being dragged across the surface of the material
under indentdon pressure. Hutchings (18Psuggested this abrasive wear model is as
follows:
¢ 'O

T80 DA ¢ Py
whereV,, is the volume of wear (fjy F is the applied load (N)X is the sliding distance
(m), Hw is the hardness of the abraded material @N/amd(,i s t he hal f an

abrasive particle ( o ) .

The maindifference between Rabinowicz and Hutchings models is that Rabinowicz
assumed thahe projected area of the cone would be a whole circle, while Hutchings
assumed that that the normal load is supported over only half of the circular projected
area of thecone. In addition, the relation between the abrasive amfjlar(d the
semiangle (},) that represents the half angle of the abrasive particle is as follows:

o= 9J,and tan@d)= 1/tan(}).
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Accordingly, the expectedvear volume values obtained from Hutchings would be

double values of Rabinowicz.

Element six Ltd, one of the largest companies that manufacture PDC cutters,
investigated an empirical formula of abrasive wear of polycrystalline diamond cutters

developed by Dubrovinskaet al (2006), which is as follows:
&) 0 88 8808 C poO

where Wy is wear resistant coefficient or the reciprocal of wear coefficient
(dimensionless)Kc is the fracture toughness (MPa’.hTE is theY o u n madlus
(GPa) anH is the hardness (GPd&quation (21 6suggests that increasing the value of

hardness iofracture toughness of the material makes it more resistant to wear. However,

since thisequation is empirically derived, no mechanistic interpretation is offered to

explain the proposed relationships with mechanical properties.

Table 22 shows mechanical properties and wear coefficients of various PDC products
manufactured by different compas alongside natural diamond (PDC cutters
manufactured by Element six Ltd. are referred to ADNRs). However, it is not clear how

the mechanical properties were determined.

Table 2.2 Mechanical properties and wear coefficients of PDC and natural diamond
(Dubrovinskaiaet al.,2 0 0 6 )

Property Syndrill Syndite Sundax3 Natural ADNRs
Diamond

Fracture

toughness 9. 8 8. 8 6.9 3.500 11+ 2

(MPa.m"/)?

Knoop

hardness 50 50 50 57.04 108 2

(GPa)

Young

modulus 810 776 925 1140 10 294

(GPa)

Wear

resistant 3.97 3.89 2.99 2.-5414 1@2

coefficient

Budinski (2007) demonstratede implication ofArchard wear modd] 1 9 &s3shown
in Equation 2-17):
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0 8080
O

&)

¢ PX

whereK is a constant, or wear coefficient of the system which needs to be determined
experimentallyF is the force pressing bodies togethrs the sliding distance aridl is

the hardness ofthesafte ol i d of the two i nter aaioni ng s
suggests that wear increases with increased féfcar(d sliding distance, while the

wear decreases when the hardness of the material increases.

Budinski (2007) modified Archarequation by including the conical angle the
abrasive object

L 80&»

W 0% ¢ py

whereB = 2.cot g/p and g represents the conical angle of the abrasive obfed. a
constant. Equation2{18) is used widely for erosive wear and functionalised for wear

prediction by simulation.

Ning and Ghadiri (2006) developed a wear model for materials under shear loading. The
surface damage in consideration here is the elpktstic damage by the propagation of
lateral cracks as particles are loaded and slghinst each other by shearing.
The new developedhodel (Equation2-19) shows that the fracture toughness has a

stronger influence on the volume loss than the particle hardness.

o 31 3O o “_8'O_§3"O ¢ pow

0 8”80 P 8u
where V,, is the wear or the volume loss by surface damage assuming plastic
deformation F is the applied loadX is the sliding distancé is the hardness aril is
the fracture toughness of the parti-cl e.
brittle materials This model could be applied omngstercarbide ceramics and
polycrystallinediamondas they have brittle part which is diamond embedded in a
ductile material (cobaltand the same with W(Ndlovu, 2009, Xu, 2008 and Donald,
2 0 1 ®owever, the equation includes the fracture toughness which is difficult to
determine, especially for polycrystalline aieand (Lin et al 1 Defedn)nation of
fracture toughness of the diamond lagaiperimentallywas constrainedwhen using
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conventional approachesd therds limited work inthe literature Overall, Table 3
illustrates the main models used for wgaantification and the parameters required for

the determination of wear.

Table2.3 Bit wear quantification models

Applied Hardness Hardness Sliding Fracture Angle of Young's
Load of the of the Distance Toughness Abrasion Modulus
Abrasive Abraded
Material Material
Rabinowicz ~ ~ ~ ~ X ~ %
(1996) a a a a a
Hutchings ~ ~ ~ X ~
(19%) a X a a a X
Ning &
Ghadiri a X a a a X X
(2006)
Archard x ~ ~ X ~
(1953) a X a a a X
Element six ~ ~ ~
Ltd . (2006) X % a X a X a

2 . 3Ned& quantification using simulation methods

2. .3 2 Finite ElementAnalysis (FEA)

FEA can be defined as a process of computer simulation or modelling interactions
between contacting surfaces by setting a two or three dimensional mesh on surfaces,
taking inb account all the relevant material properties (Budinski, 2007). FEA is useful

for predicting the distribution of the stresses within contacting sdtigare2.29 shows

a simple scheme of finite element modelling; indentation of a flat surface by a sphere,
where the nodes of the mesh in the contacting area are deformed depending on
parameters such as modulus of el asé¢sscity
or deflection map is showm Figure 2.3 0 However,it should be noted that the
accuracy of this approach depends on the accuracy and resolution of the mesh, and the

material properties input into the mode.

stress
intensity
at
contact

SO

=
e

ball on flat case apply mesh apply force -
and assign computer models
properties to deflections and stress
ligaments

Figure2.2 Simple scheme of finite element modellifRudinski2 0 0 7 )
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Figure2.3 GFEA simulation results showing the stress distribution at the diastotend
substrate interfac@Bellin et al.,2 0 b)0

Furthermore, for modelling wear processes, plastic behaviour of the material should
also be taken into acant. Finite element modelling is considered a novel technique for
analysing cutter behaviour and cutter advancements (Ballad., 2 0 1bp FEA has
been usedor PDC bits and on virtual cutters to simulate the sintering conditions and to
anticipate stress distribution in the diamond table and the diamond to substrate interface,
in particular the residual tensile stress responsible for fragility in the diamoed &abl
shown inFigure2.3 0The use of FEA allows a numerical matrix solution, mapping the
physical properties such as stress and strain of the material at different locations within
the cutter which provides enough knowledge for minimising the wear of GDt€rs
under various drilling circumstances. The stress and strain can then be optimised using
certain design features built into the cutter. The use of FEA has allowed the
advancement of new cutter technologies with improved performance. Further study i
needed in this field to demonstrate how FEA can be used to quantify wear in drill bits

and particularly for determining the optimum suitable model for wear quantification.

Many FEA models have been used in the design and determination of thermal
behaviow of PDC bits. Continuous refinement of complex FEA models has led to the
development of PDC bits, taking into account many factors that might affect the
manufacturing of the PDC bits (Ziaja and Miska, 1982). However, several assumptions
are typically appéd, which limit the practical application of the simulation models to
predicting the performance of PDC bits (Ziaja, 1985).
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2 ..32 DiscreteElementMethod (DEM)

In the last decade the broad use of the discrete element method has progressed
and been deployed widely for various applicatioB&M considers a number of
particles that mee i ndependent | y, foll owing Newtol
contacts following a forcdisplacement lawCurrently its application is mainly on
various particle processing problems as a means of determining information that cannot
be found experimeatly. Favier (2007) suggested two issues that can limit the

implementation of DEM:

1- The determination of the DEM model, i.e. the determination of the model
parameters that must be included in the model and their values.

2- The limitations of the DEM model suchs the assumed element size and

numbers being used.

However,if the DEM model is chosefior the optimum solutiorf the problem, the real
challenge is to determine the best model for the material with respect to theorenditi
within the process. DEM can be used to determine the loads exerted by granular
material on various structures. The DEM model can be effectively combined with finite
element analysis (FEA) to provide load information for structural analysis. DEM has
bee used to model the fracturing of rock and cemented materials (Favier 2007). The
fracture features of the rock are controlled by the strength of the bonds between
particles, the particle properties and size distribution of the particles (Favier 2007).
Mendobza et al. (2010) employed DEM to model rock cutting as represented by
laboratory scratch tests, showing a good agreement with experiments.

Figure 2.3 lillustrates the cutter of a bit drilling through the bonded particle bed.
study shows that this approach could be applied to simulate the drilling of rock by drill
bits to evaluate the wear of the materials that form the bit. Aldtaal. (2011) used
DEM to simulate the loads affecting PDC cutters and their interactiontigthrock
formation. Boundary conditionsuch as pressure, temperature, velocity, humidity,
friction coefficient etc. were assumed in order to study the friction forces and the rate
of penetration with the optimum weight on bit to gain maximum rock gué&sshown

in Figure2.32.
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"ew ®

Figure2.3 1A simplified DEM model of a drill cutter removing a cutting by the means
of breaking the bonds between the particles (Fa2i€x 0 7 )

Vertcal force
Comter sy ik
&--—-' Lo ST
Héyrontane o rock varface
LIl

Figure2.3 Rock cutting process using DEM modAkbarietal.,2 0 1 1)

2 . Nbvel methodsfor improving roller -cone and PDCdrill bits

2 ..14&Enhanced inserts

Sneddon and Hall (1988) introduced a new technique of Comgosibsition
Layer (CTL) to ameliorate PDC bits, to rectify the problematic drilling conditions
against hard abrasive formations, such as granite andzqughis new step of
synthessing manufacturePDC bits provides better resistance to impact and wear
damage. In this approach, the transition layers of the cutter consist of PDC and sintered
WC-Co particles bonded with each other. The process is achigveniking individual
crystals of marmade diamond and cemented carbide particles. This process is called
High Pressure, High temperature (HPHT) technology for sintering PBEiGure 233
shows the crosssection of an enhanced insert CTL technology (Sneddon and Hall,
1988). The outer layer of the insert cutter is completely PDC, then the concentration of
WC-Co increases towards the inner layers until the last inner layer, which consists of
100%
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WC-Co. According to the tests of the new enhanced PDC bits, several advantages
appeared by using this technique. Firstly, each composite layer enhances the layer
below it forming a great coat against abrasi@econdly, manufacturing of Composite
PDGWC-Co layers leads to a rounded or curved shape of the cutters, thus allowing
more impact resistance as compared to the planed conventional cutters. The rounded

shapes provide improved toughness and reduced canézct

Palycrystalline Diamoned
First Cormpasite Layer

LSecond Composite Layer

Simtered Tunpsten
Carbide

Figure2.3 Xross section of enhanced ins¢Baeddon and Halll 9 8 8 )

2 ..24Co-Composition and various grain sizegraded cemented carbides

Mori et al. (2003) studied the development of materials that are highly resistant
against wear and chipping to prolong the life of the roller cone insert bits during drilling
hard abrasive rocks. Their design is-€&@onposition graded cemented carbides. First of
all the efficiency of the inserts (cutters) could be ameliorated by manufacturing them in
a conical shape. Test results showed that these manufactured insert samples achieved
more than eight times the wear resistance of traditional inserts. The semi roumd desig
of the inserts achieved over twenty times the wear resistance of traditional ones. It is
concluded that using cemented carbides with extra coarse WC grains (above 5 pm)
gives a lower hardness and greater toughness, whereas using medium coarse grains of
WC (2.12:3.4um) provides better hardness and lower toughness (Sandvik Hard Material,
2009). A mixture of fine and coarse grains of WC provides a compromise of both
hardness and toughness in the same material. Beliad (2010b) showed that using
sinteredgrains of fine diamond provide more resistance against abrasion arsdagive
lower wear rate, while coarse grains of this material have better toughness against
impact and higher wear ratéahiaouiet al. (2 0 1c®@nfirmed that the PDC cutters that
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have small diamond grains are the most abrasive resistant compared with coarse grain

ones.Yahiaouiet al.( 2 ®4dl concluded that when increasing the WC grain size led to
increase the acoustic emission energy leads to rise the fracture @ssigl@obalt
content has a great effect on the wear of the-@éCalloys. Modulating the hardness
when cobalt is used as a binder will add ductility to the WC which is brittle led to an

improvement of WECo alloys against crack propagation.

2 . 3MHoneycomb structured polycrystalline diamond and Double Cemented
tungstencarbide (DC)

Chipping breakagand wear are the primary signs of failure for the materials which
formed the rollercone bits. Chipping and fracture resistance could be mitigated, but on
sacrificing wear resistance and hardness of bit materials. This problem halts the
advancement of produwy hard materials that can withstand both wear and chipping.
Fanget al.(2001) described two methods to tackle the encountered challenges:

1- Honeycomb structured PDC: This approach appeared to address the previous
difficulties by designing composite matas used in the manufacturing of the roller
cone bits. An example for this approach is a honeycomb structured composite of
polycrystalline diamond (PDC) and WCbo for the synthesing manufacturediamond
enhanced inserts for rolkeone bits. The PDC/WCo compositeexhibits improved

with super wear resistance, because of the diamond, and simultaneously, ameliorates
chipping and fracture resistance. Hence, PDC forms the core of the unit cebas/her
WC-Co constitutes the web cell boundayiee. each single PDC cell sompletely
isolated by WECo. Figure 234 illustrates the microstructure of honeycomb PDCANC

Co composite. The role of WCo boundary is to deflect and disrupt crack and fracture
propagation processdue to the high toughness of the X0© as compared to the core

of the cell (PDC). On the other hand, this design does not compromise the wear
resistance, due to the high resistance of diamond against wear.

2- Double CementedungstenCarbide (DC): it consisbf very high amount of cobalt
resulting in a fracture toughness about S5@féaterthan traditional cemented tungsten
carbide while maintaining wear resistance by using largard phase granules of
tungsten carbide. Figure.35 denonstrates the microstructure of DC compared to

conventional WECo materials.
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The two designs of the tungsten carbide bits have been tested under both laboratory and

field conditions(Fanget al.,2 0 0 It was found that no damage occurtedhe inserts
of honeycomb structural PDC of the bit. On the other hand, 57% of the standard PDC
inserts were chipped or spalled on the outer layer of diamond and the WC substrate was

also worn.

A honexcombPDCWC i
Co-Composite

Cell boundaryconsists of
standard W€l1% Co

WG6% Co

Cobalt matrix

I

WG6% Co

Figure2.3 %Dptical micrograph image of conventional and DC carbides
(Fangetal.,2 00 1)
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Figure 236 shows the extent of chipping in honeycomb structured PDCOAC
composite inserts as compared to the standard An€XC carbide bit was also used in
drilling hard dolomite formation at depths between 4700 and 5200 ft. The compressive
strength of the dolmite formation ranges from 5080000 psi(34.47%206.85 MPa),

which led to insert breakage of the standard bits in this interval. However, the new DC
bits drilled the totalnterval with nosignificantinsert breakage. Figure3¥ compares

DC carbide inserts with the conventioVslC-Co-inserts.

-

StandardPDC '/ z HoneycothD(ZWC

Figure2.3 &hipping resistance and durability of a rock drillibgert enhanced
with the honeycomb structured PDC/\ACD. (Fangetal.,2 0 0 1)

ConventionaWGCo

Figure2.3 Tomparison of rock bit inserts with DC carbide and conventionalGgC
after field tes{Fangetal.,2 0 0 1)
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2 ..4NewSteel PDC bits (NSPDC)

Conventional matrix bodied PDC bits, made from raoiéterials, including WC,
have been used to drill hard and harsh formations , but the majority of the PDC bits
were worn and many bit runs were required to complete the drilling particularly in gas
wells (Beatonet al, 2008). Due to poor rate of penetration and bit performance a new
generation of PDC bits was needed to resolve the issue. Beat@h (2008)
demonstrated new steel PDC bits with the ability to increase the rate of penetration and
alleviate the drilling performance challenges while drilling hard abrasive steep
formations with difficult drilling circumstances, such as high bottom holsspre and
high mud weight and viscosity. The new technology, New Steel Polycrystalline
Diamond Compact bit (NSPDC) was based on its superior hydraulic configuration such
as: blade shape and height, bit fa@®@d Volume (VV),availableJunk Slot Area (JSA)
flexibility of total flow area and nozzle orientation. All of these features lead to
improving bit performance and cleaning efficiency, thus increasing penetration rate and
fulfilling the drilling operation successfully within a shorter time and withuced cost.
The new design and shape of NSPDG isitshown inFigure 238, where using seven
interchangeable nozzlese used te@nhance hole cleaning efficiency apdnetration
rate (PR)

Figure2.3 8New Steel PDC (NSPDC) bitg{1/8") with 7 interchangeable nozzles
(Beatonet al.,2 0 0 8)

Figure 2.39 demonstrates the condition of the NSPDC bit after a complete drilling
interval without serious dullness or related probleingdiness refers to the drill bihat

hasa severe grade of wedt.is clear that the hardfacing protection layer around the
cutterswhich is made from stainless stélnot affected by wear, making NSPDC bits
highly popular due to their superior performance and resistance against damage and

wear, especially in severe drilling conditions and directed wells.
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Figure2.3 Dullness condition of the NSPDC bit after drilling
the entire interval in one run (Beatetal.,2 0 0 8 )

2 ..5Diamond Enhanced Inserts or Cutters (DEI)

Cobbet al.(2011) discussed the new technology of Diamond Enhanced Inserts (DEI)
wherethe inserts are made frommposite polycrystalline diamond, but applied for
roller-cone bits. This technique has been tested in two case studies in abrasive and
directional sections and the results were encouraging to alleviatednitiuring drilling
harsh conditions. The diamond enhanced cutters have the following applications:

1- First generation obiamond Enhanced Inserts (DEI)

In this generation heel insemgereused to enhance the protection of the bit against the
remainng rock ridges that might wear the sealing area of theabitshown in Figure

2.4 OFurthermore, this new generationdsill bits improves the rate of penetration and
increases the durability of the bit using rounded bit inserts. This type of bits lead to
threeto four times more wear resistancempared to Tungsten Carbide Inserts IjTC
The first generation of DEI improved the drilling operation, howestdr it could not

tackle all the encountered problersgch as the short durability of the inserts.

Inner Row
Adjacent Heel Row

Heel Row
(projected ovoid insert)

Figure2.4 QJsing the technology of heel row inserts (Ceblal.,2 0 1 1)
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2- Second generation of titdamond Enhanced Inserts (DEI)

Combination of DEI and TCI specifications led to the second generation of Diamond
Enhanced Insefteels. This new design involves diamond inserts heels of curved shape.
The new improvement reduced the overall wear and the inserts were more aggressive

with moderate durability.

3- Third generation of the Diamond Enhanced itsséDEI).

During drilling abrasive and directional sections, the bits are prone to abrasive wear and
impact. With the use of rounded heel inserts with high quality allows less frictional heat
is produced at the contact area. However, abrasgistage wasincreasd, andimpact
durability was reduced causng the insertsto lose the diamond layer. Figuiz4 1
demonstrates the chipping problem in DEI, where the crack on the diamond's surface
layer leads to the loss of diamond coating and consequently reelffieetiveness of

inserts

Figure2.4 Progression of damages on diamond enhanced inserts
(Cobbetal., 201 1)

Several attempts have been made to remedy the difficulties of the second generation
DEI bits. Cobbet al. (2011) developed a novel DEI Wity using a tougher diamond

layer that could overcome the problems of the previous generations of DEI bits, i.e.
chippng and diamond loss. Many bit runs were done with this new technique to test
their performance and durability. FiguB42 illustrates the comparison among three

generations of DEI used in three cones within the same bit.

Overall, this approach enabldtktrollercone bits with DEI in the heel row to be more
durable against wear and impact as compared to conventional WC inserts. In addition,
the new technique improved the bit life and consequently reduced costs and time for

drilling abrasive and directi@h sections.
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Cone 1:1 *" generation Cone 2: 2™ generation
diamond heels Suﬂel’ing diamond heels suﬂeﬂﬂg Cone 3: 3"’ genera“on
Impact damage Impact damage diamond heels

.;;5.1 vl

oo

80 Y v

Figure2.4 Zomparison betweer’'l " and 3 generations of diamond heels, where
each generation has been applied in a cone within the sameliller
(Cobbetal.,201 1)

2.4.6 Thermostable PDC (TSPD) cutters

The use of traditional PDC bits at elevated temperature conditions, particulaiy 700
and higher, is not effective due to the occurrence of thermal and abrasive wear. For this
purpose, Thermally Stable Polycrystalline Diamond (TSPD) cutters have been
developed. The TSPD cutters consist of three layer composite materials. The upper
layer onsists of a diamonidsilicon carbide (SiC) structure with a strong chemical bond

in the interface between diamond and silicon carbide grains, while the middle layer is

the sintered polycrystalline diamond and the lower one consists of a MUl Strate.

The process of sintering is done under high pressure and high temperature (HPHT).
Figure 243 shows this proceg®sipovetal.,2 0 0 7 ) .

|
* g <= Diamond micropowder

- Cemented tungsten
canbide (WO Co)
substrale

Damond-S< compositz
4257 S 1455 Sintered pobrysialling
t\‘ RO _' =Z=s— damond Lyer

i W‘/ with cebalt

= Comented tungsten
\‘—-__ __-—‘/ carbide (WC'Ca)

substrate

Figure2.4 Btarting and finishing stages of HPHT sintering process
(Osipovetal.,2 0 0 7))

A comparison between conventional PDC and TSPD cutters is shown in Zapké
clearly showing better compressive strength and fracture toughness for PDC asserts
compared to TSPD ones. However, the latter is distinguished with a combination of

high wear resistance and high thermostability.
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Table2.4 Comparison of the mechanical properties between conventional PDC and
TSPD cutters@sipovetal.,2 0 0 7))

Property Standard Thermally Synthetic Cemented tungsten
PDC stable monocrystalline carbide (WC/15
inserts PDC diamond mass.%Co)
inserts
Density,g/cni 3.401 3.824 3.-8152 13 .-1840. 10
Knoop
microhardness, 5 @& 0 5&b5 76 05 165 8
(GPa)
Compressive
strength, 7 .-86. F 4.-50.5 7 .-90. 0 12-1a. 0
(GPa)
Fracture
toughness, 9 .-100 . 7 .-80. O 3.-40. 0 11-1@. 0
MPa.m'’ 2
Young?®o
modulus, 8185(C 92960 10aa@s50 700
(GPa)
Therma 2459 1200 900 1400
stabili

TSPD cutters have been tested for their stability during drilling high abrasive rocks
under high temperature conditions. Tiesults showed increasing temperatures up to

8 0 G for 3 minutes gives a total deterioration or wear of the diamond layer for
conventional PDC cutters, whereas heating up to 1100r 3 minutes leads to only a
slight change in the diamon8iC layer of theTSPD cutters. Two types of TSPD bits
were run to drill certain formationgigure 2.44 illustrates the two kinds of TSPD bits

that were used throughout the test run (which are commercially known a8PSM\4,

3C type and ISMAP-165, 1C type), however thproperties of these bits are not
disclosed.

The field test used various bits with conventional PDC and TSPD cutters to drill
different formations. The results tie field test showed that the TSPD bit (1SAMP-

214, 3C) achieved a better performance thHan ttaditional PDC cutters, especially
when drilling moderate to hard formations, wherdiigher rate of penetratiowas
achieved0.98 m/hr) and thentireinterval (406 m)was drilled using just one TSPD bit
during (413) hours compared to other standard PDC bit that drilled the same well, but
the interval being excavated was only 152 m and the penetration rate was (0.4 m/hr) at
(380) working hoursTSPD bits show to be more effective than normal PDC bits when

used for drilling moderate to hard formations.
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Figure2.4 &Two types of TSPD bits used in thentest,ISM-AP-214, 3C type on the
left and ISMAP-165, 1C type on thaght (Osipovet al.,2 0 0 7 )

2.4.7 Selection of binder with additives

Katiyar et al. (2016) indicated that abrasive and erosive wear are the most modes of
wear occurring in Tungste@arbide (TC) bits and they could overcome by lowering the
content of the binder (cobalt or nickel) as well as using very fine grains of WC. This
combination ¢d to a substrate withhigh hardnessiigh wear rate resistance. Using
nickel as a binder for the WC alloy led to better corrosion resistance with more
durablity for the TC drill bits compared to cobalt binder. Adding some additives to the
WC alloy such asantalum carbide (TaC) and niobium carbide (NbC) lead to increase
the softening temperature of the binder (cobalt or nickel) and consequently improve the

thermal properties of the binder.

Yahiaouiet al. (2015 b) mentioned the new processes for manufacturing theCgv/C
alloys (reactive coating, imbibitioand reactive imbibition). Each process led to a
special grade of W&o alloy. These new processing techniques control the migration

of cobalt. Using bode (B) during the manufacturing processes led to the diffusion of
boride into the WGCo more deeper forming WE® (ternary borides) causing the
reduction of the free cobalt left in the composite matrix. This improvement led to
increase the hardness and fifaeture toughness of the WCo inserts The existence of

the boride phase decreases the wear rate by strengthening the active surface and limiting
the effect of cobalt content.

2 . Dbscussion

Field rock samples should be eds in abrasion tests in order to give a better

representation of the encountered rocks while drilling for oil and gas, since otherwise
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the testing rock samples may not show similar features to these of oil field. Impact
laboratory tests for PDC bits are fulfilled under low vibrations, typically less than 1 Hz.

In contrast, under drilling conditions, PDC bits exhibit axial vibrations fsgfuencies
ranging from 2 to 6 HzAs impact tests provide an indication of impact resistahds.

more useful for assessing the quality of the diamond and diakwM@hgubstrate, rather

than impact resistance measurements that replicate theicoadiperienced whilst
drilling. Grinding ratio technique provides crucial information about the quality of the
PDC and it could be used for the evaluation of PDC samples against wear as well as a

quality index criterion.

The progress in PDC cutter technology which achieved by various famous manufacture
companies led to the advancement of the testing instruments and techniques. Some of
the current testing methods need significant time for completion. In addition, thetcurren
impact test which is used by many companies require a significant number of cutters to
be tested for each run to gain reliable results. However, WaterhationalCompany

has recently developed the new technique of Acoustical Emission Toughness Testing
(AETT).

Specific energy as well as all other wear quantification methods should be compared
simultaneously with conventional bit record data and penetration rate logs to avoid any
noise data or misleading interpretation quoed from one or more of the wear

quantification methods

If theoretical wear models are applied to quantify the wear of the drill bits,
comprehensive comparison between the qualitative bit wear and the theoretical

predicted wear must be made in ordeevtaluate the reliability of the wear models

Residual stress is the main cause of delamination of the PDC cutters. The big difference
of the thermal expansion coefficient between the diamond and the binder (cobalt) as
well as between the diamond layer and the substrate induces a significant sitegsal

that cause cracks in the diamond layer. The residual stress between the diamond layer
and the substrate is increased in the PDC inserts upon cooling after sintering. The
sintering process is performed at high pressure and high temperature (HPHET). Th
substrate tends to have tensile stress, while the diamond layer has compressive stress

causing shear stress to be increased significantly near the edge at the interface between
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the diamond and the substrate laydEneoccured shear stress is detrimental that leads
to fracturing (crack propagation) within the diamond table causing chipping as well as
delamination at the interface between the diamond and the substrate layer.

FEA simulation techniques should be used tdyaeathe residual stresses in rolgeme

cutters and PDC cutters as well to provide a better understanding of the behaviour of the
material during the sintering process and how to avoid the reported problems
encountered within the synthesisimanufactureFurthermore, DEM simulations could

be very useful for determining the torque, especially when torque data is missing, which
is a crucial parameter for quantifying the bit dullness. The rapid progress of PDC will
benefit from the deployment of numericamslations for bit design. However, further

work is needed to simulate the wear of PDC and rolbere bits

As described above, past research gave an understanding of the manufacturing methods

of oil drill bits and how to improve the overall featureghem.

2 . G®dnclusions

It is concluded that abrasion wear is tt@minant type of wear occurring roller-cone

bits, which is caused by the process of ploughing when the abrasive rocks are soft like
limestone,while the process of micsploughing and micr@utting are the main cause

of abrasive wear of rollerone bits when abraded against hard formations such as
granite or hard sandstone.

The mostcommon types of wear occurring in PDC bits during drilling are abrasion and
impact. Abrasive wear is mainly caused by thermal degradation when PDC bits are used
to drill in harsh environments of elevated temperature, causing the transformation of

diamondto graphite (graphitisation).

Overall, the major cause of wear for drill bits is abrasion when the drill bit is mostly
abraded against rock foations that are mainly consistirgg silica (SiQ) such as
sandstone. Howevegrother destructive form of wear occurring in oil drill bits is
fatigue or gross fracturing. Fatigue occurs due to the repeated excessive drilling loads
when impacting against rocks. The properties of the sack as the pacle size of the
grains, the content of the cemented material and the abrasiveness of thenfiuainse

the wear rate of the bit. Hence, studying the characteristics of rocks would be helpful to

select the optimum drill parametefsate of penetrationweight on bit, etc.)and to
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choose the most appropriate type of drill bit for a certain rock formation and

consequently this wilprolong the bit life and reduce the drilling costecks that have
a coarse grain size and contain larger angular partielese increased wear rates. The
wear rates of the materials forming the drill bit decrease as their hardness sicrease

Using a combination o$tate of the arinstruments for bit cutters testir{gnicro and
nanascratch)will give better knowledge of the durability of rolleone teeth and PDC
cutters under various drilling condition€hapters 4 and 5 in this thesis illustrate the
application ofstate of the artechnologies of micro and nano indentation and scratch
tesing which are available at the Institute of Particle Science and Engineering (IPSE) at
the University of Leeds. PDC samples are imported from two different manufacturers

for the above testing techniques.

Field tests on TSPDits showed that these bits are highly resisiamtear, especially in
elevated temperatures. In comparison, TSPD bits exhibit better performance than
conventional PDC bits, especially when drilling intermediate to hard formations which

represent the moslifficult sections encountered during drilling.

Characterisation of the mechanical properties of the materials forming teechitas
hardness, Young's modulus and fracture toughisegsicially important to quantify the
wear of the drill bits, as allvear models discussed here require the determination of

these properties.

Wear models oRabinowicz( 1 9,Hait¢hings(1992) andNing and Ghadiri(2006)

could be used for wear prediction of the drill bits and comparing their results with the
proposed experimental wear model to verify the resultkile Archarg' ( 1 95 3)
technique is used for the determination of the coefficient of wehite Elemen six

Ltd. model is discarded as insufficient explanation was provided about the parameters
used in this empirical model.

Developing a wear modethich uses the concept of threbody abrasion would be
useful to improve the wear prediction of the drill lassdrill bits are susceptible to three

abrasion wear rather than two abrasion wear.
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Chapter 3 Case Study

3 . Realtime monitoring of drill bit wear and specific energy as a

criteria for the appropriate time for pulling out worn bits

3.1.1 Introduction

Current techniques for deciding when to pull theworn bits are based on speculation
rather than reliable engineered methods. Two concepts have been previously reported in
the literatureas shown in sections 2.3.2.1 and 2.3.@2ncorporate the effestof

drilling parameters on forecasting the life of drill bits. Bit tooth flatness and specific
energy approaches were used for assessing the bit tooth wear and predicting the rock
formation and its properties being drill@essier and Feat 9 9ahdBurgess,1 9 B 5
However, drilling shale formationsr encounteringa surface of erosiomspecially
unconformitiesas well as not taking into account the properties of the rocks and the bit
reduces the reliability of these methods.

In the following case studygecently drilledoil wells from southern Iraq are analysed

for bit wear, where a modified technique basedspecific energy antit dullnessis
presenteés mentioned in sections 2.3.2.1 and 2.3R@ assessed as trendinglsafor
determining the status of the drill bit in cases where drill torque data is unavailable.
Estimated results of bit wear for each bit arecorrelated with the qualitative bit tooth
wearobtained from the field bit recordetecting bit wear by matoring reaktime bit

flatness Fp) would be useful for obtaining information regarding tooth wear or tooth
failure while drilling and when to decide appropriately to pull out the bit.

Literature values of unconfined compressive strength (UCS) of the drilled formations

arecompared with the computed Mechanical Specific EnevifyH).

3.1.2 Objectives

During drilling in many producing oil wells isouthern Iragthe bit torque values were
missing due to the lack of the measurement while drilling (M)a/DL) and tools The
application of the previous mentioned techniques for bit tooth wear prediction such as
Specific Energy $E and dimensionless drilling paramesteare not possible unless
torque values are knownrJsing Equation (2) to calculate the torque is also
unattainable as the coefficient of friction valueg) (were unknown. Torque
measurements can be performed only by Measurements While Drilling Logs (MWDL),

and these instruments are not always available during the drilling operation, or are not
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used due to the high costs of such devices. There is no acegragon for torque
determination, except that developadpiricalequation found by Warren (1984).
Warren (1984) suggested an equation for torque prediction based on laboratory studies.

Warren (1984) obtained the following equation for torque determmatio

. oY . p
VR epB Xy B e o P

whereT is the torque (Ibft), Wis the weight on bit (Ib) d is the diameter of the bit (in)

, N is the rotary speed (RPM)PRis the penetration rate (ft/hr) ahdis the interval
drilled by the bit (ft).

In the present work Equation-@3)s applied to obtain the dimensionless drilling torque
(Tp) which is needed for the calculation of dimensionless tooth flatfg3satd ale

for the determination dhespecific energ as shown in further calculations.

3.1.3 Data acquisition

The data used in further calculations of this case study were collected mainly from bit
records of various wells isouthern Iracand are referred toasA;, A, Bi, B, and B.

All of these wells are located at the province of Basrasoiurthern IragThe selection

of the wells being studied based upon the availability of the bit records, therefore five
wells were chosen from two different oil fields that have the necessary data needed for
the further calculationskFigure B.1lin AppendixB shows a sanip of a bit record
obtained for a well being drilled in the South of Ilraghere drilling parameters are
shown along the status of the bits used for drilling the. r@djure 31 illustrates the

main largest oil field irsouthern IragLithology of the wdk of interestis obtainedfrom

bit records, offset wells and from tistudy of Al-Ameri et al. ( 2 0,ladshownin

Figure 32, whichindicates the main rock formations being excavated.

TURKEY

w. cuman |

~
~ iy, -
= >~ — T N. Rumaita
S X et l‘l' .;':v';,. Subb: Ratara

Luhass

Figure3.1 Location of main olil fields irsouthern IradqAbeedet al.,2 0 1 2 )
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Figure3.2 Soutternlraq Stratigraphic column for main oil fields in Basrah region

(Al- Amerietal.,2 01 1)

Qualitative bit tooth wear obtained from bit record$nternational Association of
Drilling Contractors (IADC) classified the severity the bittooth wear or dullness of
the PDC cuttersis a fraction of 8For instance,1/8, 2/8p t08/8 , where 1/8 refrs to
that just one part out of eight (overall length) of the teeth or insert is dan@&i§emt. 1

means that the teeth or insert is completely worn.

3 . JAnalysis of the resultsand discussion

Drilling data variables such as bit diameter, weight onrbigry speed, and penetration
rate with respect to depth were used to calculate the Specific Eig#gyMechanical
Specific Energy NMISE), average Specific EnergySk.g, and adjusted values of
Mechanical Specific EnergyMSE.q). SE valuesare computed using Equation -&),

and since the provided bit records did not include the measured ttinguefore, the
mechanical specific energMGE) (Equation 21 )cannot be calculated. However, it
should be pointed that torque valuean be estimatedising Warren's approach
(Equation 3.1) thahas uncertainty of aboull0% of the real torquéWarren 1984).
According to the study of Pessier and Fear (1992) it was observed that bit coefficient of
friction (¢) values are within the range of 0.21 for roleme to 0.84 for PDC bits, and
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in this work itwasapproximatey 0 . Zad alldrill bits used in the five selected wells are
roller-cone bits. MSE values are calculated by using Equation-{2 based on the
calculation oftorquefrom Equation 8-1). SE,4 represents the average valuesMSE

and SE obtained from Equations {B) and (25) respectively,while MSEy; is the
adjusted value oMSE according toEquation g-4). SE, MSE, SEgandMSE,; values
areplotted versus deptim Figures 3.3, 3, 9,33.11and 3.13respectivelyto observe

their trends as compared with the qualitative tooth wear of the oil drill bit obtained from
bit records.

The second part of the calculations is computing the dimenspméeque Tp) and
dimensionless rate of penetrati(®Rp), using Equations2(9) and 2-10), respectively.

It is worth mentioning that, these calculations should be done for each depth interval
being drilled to monitor the rediime parameters with deptBy plotting Tp versusPRp

and fitting the best linear trend line across the points, the intest#émtlinea; and the
slopea, of Equation R-6) are determined. Next, the bit efficiendyp) is computed
using Equation 4-8). Finally, Equations 2-12) and 2-11) are used to compute
dimensionless weight on bifg) and the bit tooth flathesd=4), respectively. A
comparison is needed between the anticipated tooth flatness trghdarfd the
qualitative bit tooth wear to assess the reliability of this technique as an indicator for bit
tooth wear. Bit records were provided with the bit tooth wear rdoog to the
International Association of Drilling Contractors (IADC) classificatifingure B.1 in

Appendix B illustrates an example of a bit record.

Well Ay

Well A; lies in one of the largest oil fields in southern Iraq along with many other oil
producing wells nearby. A sample bit record data is illustrated in the upper part of
Table 31 which display that the well was drilled by various bits at different depth
intervals For instancethe first bit (SS5) drilled an interval &8 m (i.e. from the
surfacetill depth 38 m) and the second bit penetrates from depth 38 m to depth 660 m.
The lower part of the tableshows the calculatioof the dimensionless parameters
Torque () is determined from Equation -@B) while the mechanical coefficient of
friction (€) is calculatedrom Equation(2-4) and finally the dimensionless parameters
are calculatedhroughEquations (2) to (211). The obtained results are used later to

produce Figure8.3to 3.6 forwell A;.
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Table 3.1 Sample ofbit record data andomputations for well A(Data are provided

from bit records obtained from the section of Petroleum Engineering of South Oil

Company
Deptn () B0 Commercal  BtArea  WOB Ui Roay o ROP - ROP
Name (code) (m)

0-38 26 SS5 530.660 10 38 100 6.33 20.762

38-660 17 % R1 240.406 10 622 100 5.78 18.958
660947 12 1/4 X3A 117.799 18 287 70 4.94 16.203
947-1440 12 1/4 MSS 117.799 18 493 75 6.36 20.861
14401530 12 1/4 M44NF 117.799 18 90 75 45 14.760
15301721 12 1/4 X3A 117.799 18 191 90 2.19 7.183
17211925 12 1/4 JD4 117.799 18 204 90 2.45 8.036
19252074 8% J4 56.716 15 147 100 3.5 11.480
20742440 8% S84F 56.716 15 366 60 3.5 11.480

Depth (m) 1 Torque (Ib.ft.) Tp Tp*1073 Rp Sq(Rp)*10"3 Fp Bit tooth

wear (0-8)
0-38 0.193 2788.605 0.064 64.352 0.002 39.964 -0.805 2
38-660 0.146 1417530 0.049 48.601 0.002 46.548 3.194 4
660947 0.193 2365.806 0.064 64.376 0.004 61.475 -0.416 2
947-1440 0.179 2198.652 0.060 59.827 0.005 67.388 2.311 4

14401530 0.211 2582.809 0.070 70.281 0.003 56.684 -2.209 2

15301721 0.170 2080.115 0.057 56.602 0.001 36.098 0.169 3

17231925 0.171 2098.304 0.057 57.097 0.001 38.181 0.180 3

19252074 0.197 1393.456 0.066 65.574 0.003 51.973 -1.069 4

20742440 0.192 1357.608 0.064 63.887 0.005 67.097 0.244 2

Figure3 . sBowsthe specific eneryg plotted versus depth, while Figuge. itlstrates

the observed qualitative bit tooth wear versus depth. It is clearly shown from Bigue
that the specific energy values of all types are increased steadily with depth from the
first bit run till a depth of 947 m, whictould mearthat the diiness or the wear of the
teethis rising gradually. However, Figurg . shows a reduction in tooth wear values
from a depthof 660 m to about 947 m, while the specific energy valuaheasame

depthintervalrose steadily. This contradiction is contindedfurther depths
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Figure3.3 Specific energ vs. depth for well A
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Figure3.4 Qualitative tooth dullness vs. depth feell A; (Provided from bit records
obtained from the section of Petroleum Engineering of South Oil Company)

From depth1530 m to 1721m, the trend of specific energy matches the trend of the
actual tooth dullness. Furthermore, from depth 1721 m to 1925 m both speeifigy
and the bit tooth wear are decreased. For further depths there is no agreement.

The second attemipor predicting the bit tooth wear is by using dimensionless drilling
parametersspecifically thebit tooth flatness parametefF{) which is relevant to bit

Pagel|52



Chapter Three: Case Study UNIVERSITY OF LEEDS

wear Dimensionless torquelg) and dimensionless rate of penetrati®R{) can be
calculatecthrough Equations2(9) and 2-1 Ofpr each depth intervaDue to the linear
relation between square root BR, and Tp in Equation 2-7), a cross plot is drawn
between U 'Y andTp for well A; to obtain the intercept and slope of the best fit line

through the plotted points as shown in Figdi&e .

/ 80 N
y =0.2114 +50.244
70 2 g

60 * ’//Q——Q’_
&

50 &

40
30
20
10

0 T T T T T T T 1
30 35 40 45 50 55 60 65 70

Dimensionless torque 3003

9 Dimensionless square root of penetration ratel©03 )

Figure3.5 Cross plot of dimensionless torquie) with dimensionless square root of

penetration rateRp) for well A;

The same cross plot is performed for the rest of the wedisres B.2B.5 in Appendix
B show he same cross pldor wells B, By, A, and B respectively.Table 32
illustratesthe obtained values of the intercepts and the slopd&/éowells inthe south

of Irag

Table3.2 Intercepts and slopes obtained from the cross plot of the dimensionless torque
with the dimensionless penetration rate for five wellsaathern Iraq

Well Name Intercept (ay) Slope (a)
Ay 50. 244 0.211
B: 46.503 0.311
B> 39.161 0. 468
A, 48.28 0.407
Bs 55. 243 0.11
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The obtained values af; and a, were used to calculate tltBmensionlessit tooth
flatness Ep) by using Equations2(8 ) 2-12)(and 2-11). The predicted tooth flatness is
compared to the actual bit tooth wear to asses®datgmviourand trend. Both the

predicted tooth flathess and the actual qualitative tooth dullness versus depth are plotted

in Figure3.6 .
4 —#—Tooth wear =—=FD A
Qualitative tooth wear (-8), dimensionless
0 1 2 3 4 5
O 1 1 1 J
500 \
3 1000 o
S 1500 - —===
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2500
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Dimensionless bit tooth dullness gF
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Figure3.6 Comparison between dimensionless bit tooth flatéssand the actual
tooth wear versus depth for well A

It was surprisingly observed that the two curves are matchang the first bit run at
depth 38 mda depth 1925 m. In spite of the good agreement, divergence is revealed

from depth 1925 m onwards.

The interpretation for this difference might be attributed to shale formations where bit
balling could occur. This likelihood is confirmed with the lithologyrmwst wells lies in
Basrah oils fields which providedom the study of AlAmeri et al (2 0 Yiddicaing

that beyonda depthof 1925 m, shale formatiorere presenas either the dominant or

the secondmostdominant formatioras shown in Figure 3.Figure 36 illustrates the
existence of shale formations at depths close to D®2#hich matchthe study of Al
Ameri et al. (2011). Bit tooth flathess method is likely to be more efficigmatdicting

tool thanthe specific energy technique, thus it will be applied for another four wells to
observe its efficiency and reliability as a trending tool for predicting the bit tooth

dullness.

Well B,

Well B; lies in a huge oil field that consists of many other wells being drilled for the
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case of oil production. The same procedure of computations was performed for this well
to make a clear understanding of bit tooth dullness while drilling. Figireghd3 . 8
demonstrate this principal.

4 N
Specificenergy
Kpsi 0 100 200 300 400 500 600 700 800
MPa ¢ 500 1000 1500 2000 2500 3000 3500 4000 4500 5000 5500
0 | | | | | | | | | | |
500
g 1000 -
<
o
)
) 1500 | \
2500
=¢=SE —==—MSE SE avg == (MSE)adj
o J

Figure3.7 Specific energvs. depth for well B

Again, specific energy seems to suggest that the teeth of the bit are beginning to wear
from the first bit run, while the actual bit dullness is rather diffe(eae Figure 3.7)
where it shows a decreasing trédmoim a depth 0660 to1000 m after whichit to rises

again The dramatic increase in the specific energy trend from the normal increasing
line is clearly shown & depthof 1850 m, which could indicate a sharp wear of the bit
teeth. This agrees with the rising trendtloé qualitative bit weaas shown as the red
curve in Figure 3.8Vlaximum bit wear occurred atdepthof 2051 m, while the highest

peak of specific energy exists at depth 2296 m, which means that the appfoach
specific energyis not always a precise approach for predicting litietooth wear,
therefore it should be applied in conjunction with other techniques such as gamma ray

and sonic logs to avoid any misleading conclusions.

Figure 3.8 illustrates the matching in trends for dimensionless bit flathess and
qualitative bit tooth wear from the first bit run tél depth of 2000 m,where the
dimensionless bit tooth flatness is equal to 3.87 a depth 460 m and the corresponding

gualitative bit tooth wear is dut from depth 2000 m onwards, there is an uncertainty
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of the bit flatness techniqu&or example at depth 2051 m, the dimenkass flatness

(Fp) is -0.887, whereas the corresponding qualitative bit tooth wear at that depth is 6
This discrepancy is a lot and afterestigationof the lithology for this well at depth

2000 m onwardsevealedthat shale formationgand associatedit balling) exist and

might cause the uncertainty from that depth onwéhtisAmeriet al.,2 0 X ILis worth

noting that it is not realistically possible to get a negative value for the dimensionless bit
tooth flathesgFp), however this parameter is usedaasear indicator of the bit. In

general, the results emphasized the fact that dimensionless bit flatness approach is more
applicable in forecasting the bit teeth wear as compared to the specific energy method.

To corfirm the reliability of this technique, all above computations are done for three

other wells.
4 —=—Bit tooth wear =—¢=FD h
Qualitative bit tooth wear (0-8) , unitless
0 2 4 6 8
0
500
—~ 1000
E
£ 1500
= >
B 2000 —
2500 T T T 1
-10 -5 0 5 10
Dimensionless tooth flatness {JF
G J
Figure3.8 Bit tooth flathessKp) compared to the qualitative bit tooth wear
for well B,
Well =P

In this well, as shown in Figurg.9 the specific energ increased gradually from the

first bit run till depth 1000 m which agreed with the qualitative bit tooth wdach

shown as the red curve in Figurd Phowever, from depth 1000 m till depth 1058

the qualitative bit tooth wear decreaskdmatically from 6 to 2 and went back to 4 as
seen from Figur8.1 Owhile the specific eneygstarted to reduce sharply at depth 1058

m till depth 1756 m. The rest bit runs show simb@haviourfor the specit enery
compared to the actual tooth wear except at depth 2561 m wieespecific energ
increased rapidly and reached the peak, while the bit tooth wear increased sharply at
depth 2722 m.
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Figure3.9 Specific energvs. depth fomwell B,

As a quick glance comparison between the teoidthe specificenergyand the
qualitative bit tooth wearit seems that there is a good agreement between the two.
However, the escalation or reduction of the specific energy when compatid to
qualitative bit tooth weais not at thesamedepth. For exampldrom depth 340 m to
depth 1004 m there is an increasing trend for the qualitative bit tootrewe atartedo
decrease after 1004, while specific energ increasd from depth 340 m to depth 1058

m and after that depth the specific eredisplayed reduction in trend. The same
finding was found at the rest depths of this well. Therefore, another comparison
technique is needed to overcome this issue.

Figure3.1 Qllustrates that the predicted bit tooth flatness behaves similarly to the trend
of the qualitative bit tooth wear in all bit ruegceptfor slight insignificant discrepancy

at some depthehich means that tooth flathess approach shows the ability to forecast
the wear status of thaill bits efficiently.
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Figure3.1 @it tooth flatness andualitativebit tooth wear versus depth for wel} B

Well Ao

Figure3.1 demonstrates the gradual increase of the specific energy with depth from the

first bit run till depth 1920 m.whereasthe behaviourof the qualitative bit tooth

dullnessshowed in Figure3.1 4s ratherdifferent where it starts to decrease from the

first bit run to depth 919 m and starts to rise afterwards to depth 19E6om depth

1920 m to 2220 m of the wellbore, there is a gageemenbetween the trend of the

spedfic energy and the qualitative bit weaHowever, Figure8.1 Zhows theagreement

in behavioubetween the actuaboth wear and the predicted oig) at most depths
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Figure3.1 Zomparison between tooth flatneEg) andqualitativetooth wear versus
depth for wellA;

Well Bj

Figure 3.1 3shows for well B, the specific energy method alone does not seem to
indicate the bit wear efficiently when compared to the qualitative bit tooth steavn

in Figure 314, where there im disagreemenat many depths which reduces the
reliability of the specific energy techniquerhereas bit tooth flatness techniqu&)
agrees withthe actualvear trend nicelyt most depthas shown in Figur8.1 4nd it is

likely to be considered a reliable method to predict the tooth wear rather the traditional

specific energy method.

In general, comparison of the dimensionless bit tooth flatdggsafd. the qualitative

bit tooth wear versus depth for wells AB; and A show that at depth 2000 m onward,
there is an incompatibility between the predicted bit tooth flatbebaviourand the
actual bit wear. After analysing the offset wells and the lithology at depth 2000 m
onward, shale formation is encountesett! that might affect the results of the predicted

bit wear due to the influence of shale on the bit i.e. bit balling.

Furthermore, unconformitiemight occur at depth 2000 m for some wells between
Khasib and Mishrif formations and at depth 2850 m between-Nahrand Shuaiba
formations as clearly seen from FiguB& represented by wavy line rather than

straight lines.
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Figure3.1 4roothdullnesscompared to the qualitativet tooth wear versus depth for

well B3

Analysis of the unconfined compressive strength (UCS) of the rock formation:

According to Teale (1965) the minimum specific energy values could be correlated with

values of unconfined compressive strength (UCS).

In this study,

the adjusted

mechanical specific enerdySE,qj using Equation () would give the minimum value

for the pecific energy which could correspond to the UCS values of the rock from the

work of Zhao (2007). Tables3to 37 illustrate the calculated values MISEq;for five
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wells in southern Iraq and the corresponding values of (UCS) according to the
investigation of Zhao (2007). The lithology of the five selected wells is taken from the
previous work of AlAmeri et al.(2011) as shown in Figu&2, while other lithological
informationis taken from bit records and offset wells. It was observed that adjusted
mechanical specific energy values were within the range of the estimated values of the
unconfined compressive strength of the corresponded formations, except for a few cases
where somdormations are influenced by the occurrence of shale that cause bit balling

phenomena.

Table 3.3 Calculated values of adjusted mechanical specific energy compared to the

unconfined compressive formations for wejl A

Depth Rock Mechanical Adjusted Adjusted Unconfined
(m) formation specific energy  mechanical specific mechanical compressive rock
(Eq. 23 ) energy (Eq. 24 )  specificenergy  strength (UCS), MPa
(MSE) ,psi (MSE.q) , psi (MSE.qg) , MPa (After Zhao 2010)
Conglomer 30-230 for
0-38 9572. 1. 3350. 21 23.10
ate Conglomerate.
3 & 6 | Limestone 11799. ¢ 4129.7¢ 28 . 47 30250 for Limestone.
6 6-0 .
947 Limestone 32989. 7 11546. 14 79. 61 30250 forLimestone
9 4-7 _ .
144 Dolomite 25583. ¢ 8954. 3¢& 61. 74 20120 for Dolomite.
1440 )
153 Limestone 42274, ¢ 14796. 0 102. 02z 30250 for Limestone.
153 ( Shale 30-250 for Lime. and 5
. 83649. ¢ 29277. 2 201. 8¢
172 +Lime. 100 for Shale.
172 )
1902 Limestone 75456. ( 26409. 6 182. 0¢ 30250 for Limestone.
192! Shale+ bit
) 81149. ¢ 28402. 3 195. 8¢ 5-100 for Shale.
207 ofLime.
Marl .
207 ¢ 30-250 for Lime. and 5
+Shale 47656 . 16679. 9 115. 0C¢C
244 _ 100 for Shale
+Lime.
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Table3.4 Comparison of adjusted mechanical spe@fiergy with unconfined
compressive strength (UCS) for well B

Depth (m) Rock Adjusted Unconfined compressive rock
formation mechanical strength (UCS) , MPa

specific energy (After Zhao 2010)

(MSE,q) , MPa
. 30-250 forLimestone and-b
0-4 6 0 Anhydrite +Marl 24.81 100 for Shale
46®8 4 Limestone 44,52 30-250 for Limestone.
6 8401 Dolomite 70. 13 20-120 for Dolomite
1091066 L'mfﬂsgﬁ”e * 53. 33 30-250 for Limestone
166385 Limestone 117. 7¢ 30-250 for Limestone.
Limestone + bit 30-250 for Limestone and-5
1882®5 of Shale 144.2¢ 100 for Shale
Limestone + . 30250 for Limestone and 6
20218 Shale 194.62 100 for Shale
21329 Shale 236. 81 5-100 for Shale
Marl +Shale - 30-250 for Lime. and 8.00 for
222614 +Limestone 122. 5% Shale.

Table3.5 Computed adjusted mechanical specific energy compared to the unconfined
compressive strength (UCS) for weli B

Rock Adjusted Unconfined compressive rock
formation mechanical strength (UCS) , MPa
specific energy (After Zhao 2010)
(MSE,s) , MPa
0-340 Conglomerate. 21.99 30-230 for Conglomerate.
340.749 Anhydrite 34.02 5-100 for Shal.c and 30-250 for
+Marl Lime.
749-902 Dolomite. 49.66 20-120 for Dolomite.
002-1004 Dolomite 71.41 20-120 for Dolomite.
1004-1058  Lime.+ Dol. 145.10 30-250 for Lime and 20-120 for
Dolomite.
1058-1756 Lime.+ Dol. 41.13 50-150 for Dol. and Lime.
1756-1986 Limestone. 114.80 30-250 for Limestone
1986.2492 .Shalc 20.46 5-100 for Shal.c and 30-250 for
+Limestone. Lime.
24922561 Limestone+ 273 65 30-250 for Lime, and 5-100 for
Shale Shale
25612722 Sa_f:.dstone + 101.79 20-170 for Sar:dstonc and 30-250
Limestone for Limestone.
Lime. +Shale + 30-250 for Lime. and 5-100 for
2722-2812 Sandstone 135.97 Shale and 20-170 for Sandstone.
Sandstone + bit 20-170 for Sandstone and 5-100 for
2812-2920 of Shale 187.21 Shale
2920-3009 Shale 221.16 5-100 for Shale.
3009-3045  Shale +Lime. 238.62 5-100 for Shale and 30-250 for
Limestone
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Table3.6 Adjustedmechanical specific energy compared to the unconfined
compressive strength (UCS) for welj A

Rock
formation

Depth (m) Unconfined compressive rock
strength (UCS) , MPa

(After Zhao 2010)

Adjusted mechanical
specific energy

(MSEadj) , MPa

Limestone+ .

0-706 Anhydrite 16. 39 30-250 for Limestone.
70109 Dolomite 37.64 20-120 for Dolomite.
9140 Dolomite 60. 12 20-120 for Dolomite.
140788 Limestone 63. 13 30-250 for Limestone.
1887MP2 Limestone 109. 54 30-250 for Limestone.

Shale+ bit of .
19207 Limestone 206. 86 5-100 for Shale and 3R50 for Lime.
20 @2 Limestone 174.61 5100 for Shale and 3950 for Lime.
+bit of Shale
22p@g Limestone 112.20 30-250 for Limestone.
+Marl
2 2 @ 3 Marl+ Shale+ 93.81 5100 for Shalend 36250 for Lime.
Limestone

Table3.7 Adjusted mechanical specific energy and unconfined compressive strength
(UCS) for well B

Depth (m) Rock Adjusted mechanical Unconfined compressive rock
formation specific energy MSE.q) strength (UCS) , MPa
, MPa (After Zhao 2010)
Conglomerate+
i 30-230 for Conglomerate and
0520 Anhydrlte 35. 914 30-250 for Lime.
+Lim.
Anhydrite
52825 +Marl 48. 01 e
82537 Dolomite 47 .57 20-120 for Dolomite
1370 3 Limestone 79. 57 30-250 for Lime.
1922 1 Shale +Lime. 187. 58  >100for Shale and 3250 for
Limestone.
21 2% 2 Shale +Lime. 91 41 5-100 for S_hale and 3P50 for
Limestone.
2628 Lime. +Shale 135, 52  30250for Lé?:ieand 800 for
29827 Shale 162. 99 5-100 for Shale
31 B2 6 Sandstone + 381 54 20-170 for Sandstone and1®0
Shale for Shale.

Tables 3.33.7 show the comparison between the calculated unconfined compressive
strength (UCS) from the mechanical specific energy equation with UCS from the
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laboratory work of Zha@2010) to predict the type of rock formation being excavated

The mentioed values of UCS after Zhaos' work show a range values and cannot
represent the exact value of the corresponding rock formation, therefore, in order to
obtain more reliable values of UCS. It is necessary to run experimental UCS tests on

real rock samplesotiected from the field corresponded to the formation being studied.

3 1.5 Conclusions

Dimensionless parameters methods suggested by many researchers could be useful to
quantify bit tooth wear, when only the measured values of torque are known. However,
in most cases, the data of torcaue not available. In this study approach based on

the dimensionlessitotooth flatness was used ageattime monitoring "trending tool"

of the dullness of the bit teeth. All studied wells in this research showed good
agreement between trends of the qualitative bit wear and the predicted bit tooth wear,
excluding the regions of shale accumulations. When drilimgle formations, the drill

bit will suffer from the phenomenof bit balling, which means that the sticky shale
particles will accumulate at the face of the bit, thus causing high values of torque and
consequenthhigh value of specific eneyg so speciatare is needed when using the

specific energy technique during drilling shale formations.

Unconformities within the rock formatiorssocause misleading results, hence specific
energy and dimensionlessilling parameter techniques cannot alwaysddmble tools
for monitoring the wear of the teeth unless other methods are used simultasechsly

as well logs combined with geological information

The predicted values of thénconfinedCompressiveStrength of the rocKUCS) were
determined from the adjustedechanicakpecific energywalues based on the study of
Teale (1965) aghe minimum specific energys correspondedo the unconfined
compressive strength (UCS)he calculated adjusted mechanical specific enerfyyesa
give only an indication on what type of the formation is being drilled i.e. lithology, but
it is not a precise method for measuring (UCS) of the rock. Laboratory UCS

measurements of the penetrated rock formation samples is needed for this validation

Nevertheless, all the above findings are based on empirical approaches which require
field data to predict the wear of the drill bithen drilling variousformatiors. It is
essential to come up with a unique methodology to predict wear based on the

mechanicaproperties otthe drill bit such as hardnes¥,o0 u n maalidus and fracture

Page|6 4



Chapter Three: Case Study UNIVERSITY OF LEEDS

toughness as well as those of roakeng withthe drilling parametersuch as weight on

bit , rotation speed , bit diametand rate of penetration.

The previous methadfor determining the wear are based on empirical equations based
on two body abrase wear, whileit is worthy topresemn a new approach based on the
concep of three body abrage wear, as introduced by Rabinowicz (¥9.7The drill bit

is typically exposd to three body abrasi wear as the cuttings generated during
crushing the rock formation by the drill bit are free to roll and slide against tHEhbit.
obtained specificenery as previously mentioned isection3 . Wags shown to be
unreliabletechnique for monitoring the wear of the bit tedthan attempt to overcome

the shortcomings of this technigquemodified specific energy formula is presented and

evaluated using the concept of three body abeasear.

3.2 A New Approach for Predicting the Wear of Rolle-Cone Bitsusing
the Concept of Three Body Abrasion

3.2.1 Introduction

In drilling for oil and gas, rollecone bits with conicalshaped égh are now
widely useddue to their favourabldurability and cost compared to PDC bits, however
generally speakinthe prospective rock formation to be drilled plays an important role
for bit durability. The state of the bit is assessed according to the status of the tooth and
the bearings holding theones of the bit. Rolletone bits are classified mainly into two
categories, milled tooth bit and insert bits. Milled tooth bits are made of steel, while for
insert bits, the body of the insert is manufactured from steel and the tooth from tungsten
carbde. As drilling progresses the bits become worn and hence drilling efficiency
reduces. The traditional technique for diagnosing the status of the bit wear is by
monitoring the Specific Energy 6B simultaneously with rate of penetratioRR)
against depth.The specific energy approach agensidereda reasonable indication of
drill bit statusthroughout its drilling life.

Waughmanet al (2002, 2003) studied the re@ine specific energy SB and
recommended when to pull out the worn (PDC) bits by producing a pl&Bpférsus

depth and creating a normal baseline as a reference for monitoring the wear of the drill
bits. A significant increase iBEin nonballing conditions typically indicagebit wear
(Waughman et al.,, 2002, 2003). When drilling shale formations, additional
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interpretation techniques must be used in conjunction with $&wo avoid any
potential misinterpretation, e.g. well logs and geophysical informa8pacific energy
was used by Dupriest and Koederitz (2005) as a trending tool for monitoring the bit

status.

In this worka combination of specific energy and bit dullnesarasndicationfor reat

time monitoring of drill bit wear for selected wells ithe southern Iragwere
investigated In most of the studied wells, the specific energy gave an indication of the
bit wear, however there was no correlation between the qualitative bit tooth wear and
the calculated values dhe specific energ at many depth intervals forarious of
studiedwells. This is attributed to some factors that were not taken into consideration
within the specific energy equations of Teale and RgDizhe phenomena of ttiaree

body abrasive weanf the rock cuttinggormedduring drilling causing the free motion

of these cuttings to roll and slidi)(the type of the material forming the bit anid)(the
hardness of the rock formation to be drilléd stated bywaughmaret al. (2002) most

of the drilling optimization or drilling performance models mbt include the effect of
rock hardnesslong drill bittype drilling parameterand themechanical properties of

the minerals that form the drill bit based on the concefitreebody abrasive wear

This section of the thesisvercomes ta deficiencyof the previous trending tools for
monitoring thereaktime bit tooth wearby combining the rock formation hardness, drill
bit type, drilling parametersuch asa weight on bit, rotary speedetc. and the
mechanical properties of thwaterialsthat form the drill bit based othe concept of
three body abrasive wear

3.2.2 Objectives

The bit wear obtained from the formula developed in this work is compared to the
qualitativein-situ bit tooth wear for various drilled formation intervals of a number of
wells in the south of Iragqlhe new approach for bit wear determinatidrsuccessfl)

could be used as a trending tool to evaluate the status of the drill bits or predicting the
wear of rollercone bits. The study could potentially be extended and applied to other

types of drill bits such as Polycrystalline Diamond Compact (PDC) bits
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3.2.3 Classification of the bit tooth wear

Depending on the type of the rock formatitinbe drilled the drill bit is classified
according to the criteria of The International Association of Drilling Contractors
(IADC) that adopted a system for bit classificatiorl8v2, which was latenodified in

1987. In 1992 the system was updated to include mactprs that reflect the latest
technology indrill bit manufacturing. The system defines that rock bit comparison
charts should be used for bit selection according to thewbath isbeing drilled and

the availability of the bits. Major bit manufacturdrave contributed in producing this
chart. Furthermore, each bit type in the chart has its own IADC code classified
according to its usage for drilling soft, medium or hard rock formations, and also
according to the available features of eachHwnt. insaince, soft rock formation such as
limestone has hardness considerably low, therdfosekind of rock ismore susceptible

to be worn quickly and based on this criterion, the selection of the bit hence is milled
tooth rollercone bit that has long sharpotb made form steel as the formation to be
drilled has low hardness. On the other hand, hard rock formation has relatively high
hardness such as sandstone or maHaehigh degree of severity and not worn easily

In this case, Tungsten Carbide (TC) olezh insert bits are the preferable choice as
these bits have short tooth similar to buttons or inserts made from material harder than
steel (tungsten carbide embedded in cobalt) . In general, the selection of the bit is based
on the severity of the rockhe chart is designed separately for roller cone bits and PDC
bits. Within the chart of roller cone bits, the first section represents milled tooth or steel
tooth bits, whereas the next following section refers to inserungsterCarbide (TC)

bits. Figure3 . &hbws the IADC classification chart for roleone bits provided from
ReedTool CompanyMcGeheeet al.,1 9 &)2

The IADC classification of drill bits is used in the present study to determine the type of
drill bit i.e. milled tooth orfTungstercarbide TC) bits. Determination of the exact type
of drill bit is crucially important in order to specify the main materials that forms these

bits and, thus determines their hardness.
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Figure3.1 Klassification of rollercone bits according to IADC
(McGeheeet al.,1 9 ¥)2

3.2.4 |ADC dull bit grading

McGeheeet al. (1 9 d)eveloped théADC ideal standard chart for dull bit grading as
shown in Figure8.1 6This system of grading has used various codes to distinthesh
qualitative wearof each part of the bit. The grading system is highly important for
monitoring the bit performance. The chart contains eight different factors related to drill
bits bit cuter description, gauge, and other information related to dull characteristics

and reason for pulling the bithe firsttwo columns refer to the condition of inner and
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outer rows of tooth, respectively, where the amount of wear is indicated by a value
rangng from O (indicating intact tooth or n@ear)up to 8 (referring to a completely

dull tooth). The third column describes the dull characteristics of the bit. IADC uses
various codes to indicate the wear condition of the tooth and bearing for rolleritsHone b

and the cutter conditions for PDC it

Rashidiet al. (2008) illustrated the dulling degree of the rolb®ne tooth and for the
inserts of PDC bits according to the IADC classification. The schematic image displays
that the wear of the tooth or the insert is represented as a fraction of 8, i.e.1é8: 2/8
For a new tooth or insert, the dulling degree is zero, while a completely damaged cutter
or tooth has a classification of 8/8 oad shown in Figurd . 1 7 .

IADC DULL BIT GRADING
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PDC Bit: Roller cone Bit:

Figure3.1 TADC grading system for drill bits (Rashidtal.,2 0 0 8 )

3.2.5 Theory
The mechanism of wear for various materials due tcathtiity of the solid particles

has been discussed by Hutchings @9%ho classified the abrasive wear into two

modes: twebody abrasive wear and three body abrasive wear. Two body abrasion is
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caused by hard particles that are rigidly fixed to one seréad remove material from

the opposing surface, while thrbedy abrasive wear is attributed to hardtuberances

that are trapped between two solid surfaces but are free to roll and slide. Fig&e

demonstrates the distinction between the two modes ofiabrasar.

[

-

—

Two body abrasive wear

/
4
A

Three body abrasive wear

Abrasive wear

v

|,
y

LA
— d
\ --.r

-t

-

-

j—

Figure3.1 ®ifferences between (a) twwody abrasion and (b) thré®dy abrasion
(Kopeliovich, 2)0 15

During contact between the drill bit and the rock formation, three body abresar is

likely to occur due to the free motion of the cuttings produced after crushing the rock by
the drill bit. The present studgpplies the threebody abrasion wear model of
Rabinowicz (197), which is dependent on the hardness of the abrasive aatrémed
material. Rabinowicz (19j proposed Equation -1 B and Equation (A 4 Bs
mentioned in chapter two of the present stimiythe determination of the volume of the

abraded and the abrasive materials, respectively.

In the present study the hardness of the rock is typically less than 10 GPa ,although in
some intervals consolidated sandstone are encountered that have hardness greater than
10 GPa (Al Ameri et al.,2011). On the other hand, the hardness of the teetheof
roller-cone bit is in the range of 12:9% GPa (Mouritz and Hutchings, 1991; Osipav

al., 2010), therefore Equatio2- Bis applicable for approximating the volume of rock
removal where rollecone bits are acting as an abrasive material whehingriinto

these rock formations.

Since the abrasive material in Equati@l(Bis represented by the drill bit and the

abraded material is the rock. Equati@rl( Bis modified as follows:
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@ W hh'me O T[EﬂJ"O O (C

where,Vr is the volume of the of rock removedsor,er is the hardness of the abrasive
material or the drill bit (N/ff) andHg is the hardness of the rock (Njm

It should be stated that the tooth of an ordinary milled roltere bit consist of three
materials: uncarburised martensitic steel, fighbon martensitic steel and hardfacing
alloy containing tungstenarbidecobalt (Mouritz and Hutchings, 1991). The hardness
of the hardfacing alloy as measured by Mouritz and Hutchings (1991) is nearly 1320
HV (12.95GPa) and it is considered to be representative of the milled tooth coter
bit. The hardness of the insert TungstenCarbide (TC) bits was selected to be 15GPa
(Osipovet al.,2 0 1 These values are higher thdre thardness of the main types of
rocks for the drilled wellss presented in Table&(Mouritz andHutchings 1&n8 1
Gokhale2 010 ) .

Table 3.8 Hardness of the main rock formations being excavated in the @dalyitz
and Hutchings1991 andGokhale2 0 1 0)

Rock formation type Micro -hardness Hardness (GPa)
(HV)
Sandstone 1100* 10. 79
Limestone 110* 1.079
Shale 250* % 2. 45
Dolomite 200 * * 1.961
Anhydrite 160* * 1.569
Conglomerate (light calcite) 120** 1.17

*  Micro-hardness of rocks was measured by Mouritz and Hutchings (1991).
** Vickers hardness of some rocks was mentioned by Gokhale (2010).
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As the hardness of bit is generally more than that of rock formations, for evaluating the
wear of bif Equation 2-1 % could be used, whertthe rock is regarded as an abrasive
material, whilethe bit is the abradednaterial However, the ratio of hardness of bit over
that of rock could exceed 1.25 when drilling into moderate and soft formation.
Rabinowicz (197) did not suggest a correlation for the case wirkye>  1H,, Dt

only stated that the wear is very small. Equati@A % can be modified for wear

quantification of bit wear volume as follows:

@A+ O

© @0 O

8 T[fﬂJ 2 & v g O

o P
whereH, is the hardness of the ifi/m?) andV, is the volume of the material removed
from the bit(m?).

The sliding distanceX) in Equation 8-3) could be determined from the following

equation:
® ®zo0 o T
where X; is the linear velocity of the bgiven belowandt is the time required to drill a
specific interval.

@ “0Q g v

whereN is the rotational speed , adglis the diameter of the bit.
As the inserts are connected with the cones therefore Equatircéuld be corrected

to the cone instead of the bit as follows:

The time required for drilling a certain depth interval drilling with a constant
penetration rate can be calculatedt@mms of penetration rate from the following

equation:

C:l| c:
-<
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wherelL is the interval of depth bejndrilled andPRis the penetration rat&s obtained
from bit records.

The applied loadR) in Equations §-2) and (3-3) corresponds to the weight on Biv),
Substitution of Equations${6) and @-7) into Equation §-3) yields:

“ahd) & @HOAF+ O

: 8
w oA » (0}

vd L "BO (@] ¥

Force on insert
l Abrasive particle
) s
h Volume of rock removed VE :/f.—-ﬁ
LTI r} b.-- = 0 0 0 208 0 B B ¥

Figure3.1 $uggestednodel for abrasive wegbased on Rabinowicz 96 )

Figure 3.1 9shows the schematic sketch of the alwasvear for the conical inserts
based on Rabinowicz model. Assuming a conical shape for the insert, therefore the

crosssectional area of the worn insert is calculated bews:

0 “a g W

whereA, is the cross sectional area of the worn inseris, the radius of the insert cross

section (m).

The radius of the insert could be replaced by the worn height)(and the angle of
abrasion ) ,thereforeh, can be obtained as follows:
“Q y oWz 0 OE

0 “8—— ©° W - 0 Q e e— g PpT
OwWe — O 0 W&

whereV, is the volume of the material removed from the bit)(and /» is the height of

the worn volume of insert (m).

Theratio of height of the worn insett, to the initial tooth height of the insers then
calculated(height ofthe milled-t oot h iasdt he5 héij ght of t he
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according toEasonet al. , )2 Dhé @edicted tooth wear as a80grade is then

obtained as follows:

Q
0t 0o adm a0 ¥ o PP

01 'Q'Q QD Q-

The reaktime predictedrate ofbit toothwearis obtainedby dividing the predicted bit
tooth wear fron Equation 8-11) over the depth interval his will be compared to the

reaktime qualitative bit toothwearrate.

In Equation 8-8), the powerindex (2.5) is used when the rataf the hardnessof
abraded materiaHp) over that of rockHlg) is less thari.25. However, when this ratio

is higher than 1.25 for softer rocks, it is expected that the power is greater than 2.5 (as
less wear is expected for the inserts). Therefore, in this ghelypower indexin

Equation 8-8) is replaced byrf) as follows:

“goE) g HHAL- ©
vd 0 "BO e

0 pg¢

The weight on bit is distributed on all inserts (Nguy2®1.1). Figure 3.20 illustrates the
weight on bit is equal to the summation of the forces exerted from the teeth.

Bit Rotation
al a Canslant Rate

Axial

Displacemant Orillstring

K

Resultam Force X 7 Hao l

N
| Weight cn Bit ¥ —l
: i =) S y ZEeAr, :b)T zh

Farco on Each Bit Tooth Fr

Figure3.2 @-orce balance on the bit and the teeth (Nguyen, 2011)

The wear of the worimsert {}) has to be adjusted for single insert or tooth by dividing
the weight on bit inn Equation 8-1 P over the number of the inserts engaged on the
bit. It is assumed that the number of the teeth for the rritleth bit in contact with the
rock is50 and for Tungstefarbide (TC) bit is 65 (in generdhis number could vary ,
but in general, the teeth count for millembth bit is usually lower than the TC bit.
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The abrasion angled) in Equation (312) has to be expressed in terms of the attack
angle( UThe attack angle is definess to be the angle between the cone axis and the
intersection of the insert centre line and the outside surface of the insert (Nguyen and
Ouan Van 1995)Figure 3.21a shows the attaakglewith the corresponding cone,

while Figure 3.21b illustrates a schematic geometry of the insert in contact with rock.

- Adtack angle

Insert axis — |
a

Cone axis

Abrasion angle

Attack angle

Figure3.2 ISchematic sketch of the cone in contact with the surface of the rock (a)
insert in contact with rock (b)

The following mathematical relations are obtained from Figure 3.21b:

— ' wondpyml* wnJ— O po
wtnJ f ‘ p Y 1®Jt ‘ W Tt J| o pT
1 wnJJ— wtmd °F — | o puL
WwtmJt v J] pYm®I TULJ o po
Oi £@Bo pudgtuvl— | C— T UL o pX
The attack anglel) i s ranged between OVan, 1995 dnd 45 -

therefore, the abrasionang§( i s ranged between 45 - and
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The geometry of the bit withgtcones is showm Figure 3.22. The projected view of

thebit and its parts is shown in Figure (3.22 b), while the radii of the bit and its cone is
shown inFigure (3.223), The relationship of the rotary speed of the bit and the cone has
to be determined in order aaljust the rotary speed and the diameter of the bit to those

of the corresponding cone that the inserts are connected with.

\Z\Radius of the bit

| B Leg of the bit
| Max. radius of )
a _l———" 7 thebitcone b

2 times the radius
of bit leg

Figure3.2 Zchematic geometry of the bit (a) (Erno, 2014) and schematic sketch of the
legs of the conefb)

From the geometry of Figure 3.224, it is noted that:
0 0  Qicma TAQQQTWMCH O

W ® had o 0 QIEM L @NQQQAI WBQAQ

where, N is the rotary speed (rpm) and is the linear velocity (m/min). Using
engineering drawing scale@-ig.3.22) the following expressions are obtainéar

geometricallysimilar bits used during drilling:

— T@®OoU
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0 O zZp® x UL o pyY

The new relationship between the rotary speeds of cone and bit is substituted in
Equation (312) and the final formula of the volume of the material rerddvem the
insert is presented as follows:

“Bufe & eI QAT & BH80AT v | O

V& b 8O o) o PO

whereV, is the volume of the material removed from the insert or tooth of the-roller
conebit(MandUi s t he attack anglTeobtiaafgleaation r o m
of the teeth, the term ta@5-U kcould be integrated with respect to the attack e
therefore, Equation ¢39) could be written as follows:

“BuTe & e i Q0T & @8 OAduv | Q O

® V&0 8O o) o om

The integral in Equation ¢30) is replaced byl AT ©Ou | 8The final value of
the integral is equal to 0.3465. The final equation of the volume of tooth wear is as
follows:
TR AT & We i QA0 i & & o
7 60 ) ° 6P
3.2.6 Results and discussion

Table 3.8 shows the rock formation and the corresponding hardness in GPa. The
commercial name of the drill bit according to IADC classification leads to the
determination of the exact type of the drill bit. The material forming the drillsbit
determined based dhe type of the bit and the further data given by McGetea.
(1992). The rolleicone bit is either a milletboth or TungsteiCarbide (TC) bit. The
hardness of the milletboth bit was chosen to be 1320 Vickers hardness (HV), or 12. 95
GPa, which repients the hardness of the external layer of the mideth bit
according to Mouritz and Hutchings (1991). The hardness ofuhgsten Carbide bit

is taken asl5 GPa (Osipoet al.,2010). Table3.9 shows the manufacturer of the drill

bit, corresponohg IADC bit code,anddrill bit type along withthe hardness for each bit
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for well A; in the South of IraqThe data has been obtained for other wells studied in

thiswork using the same procedure

Table3.9 Drill bits used to excavate well:Aouth of Iraq

Depth Drill bit Drill bit Drill bit type Bit hardness
drilled (m) manufacturer commercial name (GPa)
(code)

0-38 HUGHES SS5 Milled-tooth 2.95

38660 HUGHES R1 Milled-tooth 2.95
66947 HUGHES X3A Milled-tooth 2.95
94744 TSK MSS Milled-tooth 2.95
1440 3 SECURITY M44NF Milled-tooth 2.95
1530 2 SECURITY X3A Milled-tooth 2.95
17202 HUGHES JD4 Milled-tooth 2.95
19297 HUGHES J4 Milled-tooth 2.95
2024 4 SECURITY S84F (TC-bit) 15

Table 3.1 ODrilling parameters of well Asouttern Irag and the correspoimg) rock

hardnesgData are provided from bit records obtained from the section of Petroleum

Engineering oSouthOil Company.

Depth Rock Bit Weight Rotational Penetration Interval Rock
Drilled Formation Diameter on Bit Speed Rate Drilled Hardness
(m) (in) (b) (rpm) (m/hr) (m) (&)
0-38 Conglomerate 26 20000 100 6.33 38 6.003 1.17
Limestone +bit
38-660 , 17.5 20000 100 5.78 622 107.61 1.25
of Anhydrite
660947 Limestone 12 1/4 36000 70 4.94 287 58.007 1.079
947-1440 Dolomite 12 1/4 36000 75 6.36 493 77.515 1.961
1440-1530 Limestone 12 1/4 36000 75 4.5 90 20.00 1.079
1530-1721  Shale +Lime 12 1/4 36000 90 2.19 191 87.21 1.70
1721-1925 Limestone 12 1/4 36000 90 2.45 204 83.26 1.079
Shale +bit of
1925-2074 i 8.5 30000 100 35 147 42.00 2.20
Lime
Marl +Shale
2074-2440 , 8.5 30000 60 3.5 366 104.57 1.75
+Lime
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From the available data for each well, the volume of the predicted worn iXgeig (
calculated from Equation {31). The height of the worn inseffy] is obtained from
Equation (31 O The predicted tooth wear indeis determined from Equation {(BL).

The obtained valug®r the worn inserts are used to calculaterthadtime predicted bit
tooth wearrate by dividingit over the ncrementaldepth being drilled. This predicted

bit tooth wear rate is then compared with theeakltime qualitative toothwear rate
obtained from field dataThe reattime qualitative bit dullness rate is obtained by
dividing the qualitative bit tooth weaangingfrom 0O to 8 over thencremental depth

Well A;

After analysis ofthe data for well A thereakttime predictedtooth wearrate has been
obtained at various drilling intervals. It was found that the original proposed power
index by Rabinowiczwas (2.5) in Equation -8) led to matchvalues of theeattime
predictedtooth wearrateas shown in Figur8.2 3However, ligher valuesthan 2.5(3

and 3.5)for the powerindex in Equation 8-2 1 were also examinedbut led to
underestimation for the prediction of wear rdtewer power indices lesthan 2.5 (2.1

2.4) for thepower index in Equation3¢2 1 were alsoinvestigated but the optimum
power index found to be 2.&ccording to the calculated Mean Absolute Percentage
Error. It is worth mentioning that, when the power index reached 2.3, the predicted bit
tooth wear ratevas very close to the predicted wear rate when the power index is 2.5.
Figure 3.23 illustrates the obtained results of nbatime predicted tooth wear rate

from various power indices corresponded to the bit drilled a certain interval.

Realtime qualitative bit tooth wear rate (wear index/m)
0 0.01 0.02 0.03 0.04 0.05 0.06

0

—&- Real-time qualitative bit

500 tooth wear rate

—o—Real-time predicted tooth

1000 +—+ wear rate (Power 2.5)

=¢=Real-time tooth wear rate
(Power 3.0)

Depth (m)

1500 -

Real-time predicted tooth
wear rate (Power 3.5)

2000 -

2500 - . . .
0.00 0.02 0.04 0.06
Realtime predicted bit tooth wear rate for well A( wear index/m)

Figure3.2 Reakttime predicted bit toothvearratefrom different poweindicesof the
modified Rabinowicz equatiocompared to thesattime qualitative bitwearrate for
well A; in thesouth of Iraq
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In Figure 3.23 it can be seen that the predicted results become much close to the
observed ones when power index20% is used. It is worth mentioning although the
wearrate values from power indices &f . a@d 35 areundeestimated at all depths, the
trend of theplots illustrate good agreement with treaktime measured bit tooth wear
rate. Nevertheless, the overall trends obtained from all power indices agree reasonably
well with the reattime qualitative tooth wear and exhibit improvemenbf the
predictions agompared to thapproach based on the specific energy.

The same analyses were performed for data from all wells and accordingly, the
optimum power index form Rabinowicz equation was obtained.

Mean Absolute Percentage Error (MAPRRS usedas a statistical indication for
selecting the optimum powerdexin Equation 8-2 LThe results of MAPE are shown

in Table 3.11The statistical results suggest that the optimum pawdEx applyingin
Equation 8-2 )for all wellsis 2.5 as this providd lowest value of MAPE.

Table3.1 Mean Absolute Percentage Error of the volume of wear using various power
indices values for wells AB;, By, A, and B

(MAPE) (MAPE) (MAPE)
Powerindex (2.5) Power index (3.0) Power index (3.5)

A 35.83 48. 30 58. 55
B, 26.72 42.15 58. 99
B, 48. 94 41. 54 50.00
A, 48. 82 64. 21 74. 96
Bs 32.70 44 . 25 60. 87

It can be seen that favell A, MAPE values are relatively high and this is further
investigated in the next section. Tieaktime predicted toothwearrates based on power
index of2.5 for other wells are plotted in Figur@4 to 3.27 and are compared to the

reattimerecorded qualative wear rate.

The results of the new wear model (power index 2.5) with the previous obtained
dimensionless bit tooth flatnedSy) from section 3.1.4 were compared to the recorded
bit tooth wear along depfior well A; (Figure 3.24). It is shown from the figure that, the
predicted bit tooth wear from the new wear model is relatively better when compared to

the field recorded bit tooth wear. The values and trends of the new wear model were
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close to the field wear, whiléor the dimensionlesbit tooth flatnessthe trend is

matching the trend of the recorded wear, but the values are so far.

Qualitative and predicted bit tooth wear -8)
0 2 4 6 8
O 1 1 J

i 500
-@=-Recorded bit tooth wear )

—~ 1000 +——
2
Predicted bit tooth wear <
(new model, power indexg

2.5) a)

1500 -

2000 -
== Dimensionless bit tooth

flatness (FD) 2500

3000 T T T T T 1
-3 -2 -1 1 2 3 4
Dimensionless bit tooth dullness (f

Figure3.2 £Zomparison between the predicted wear from the new model (power 2.5)
and the dimensionless bit tooth wear along with recorded field bit wear

Well B,

Figure3.25 illustrates the plot of theeattime predicted bit toothwearrate (from power
index of 2.5) as compared with theaktime recorded tooth wear rate for well Bt
various depths. It can be seen that the predietedr rate reasonably agrees with
recorded tooth wear rate at all deptliespiteslight divergence of the two curves
appeaing from depthl 8 5nGo2 1 8n5

Realtime qualitative bit tooth dullness rate (wear index/m)
0 0.02 0.04 0.06 0.08 0.1
0 1 1 1 1 )
500 -
. —s— Real-time qualitative bit
£ 1000 - tooth dullness rate
e
=1
8 1500 +— Real-time predicted tootk
dullness rate (Power 2.5
2000 -
—— o
2500 T T T T 1
0.00 0.02 0.04 0.06 0.08 0.10
Realtime predicted bit tooth dullness rate for well B(wear index/m)

Figure3.2 Reattime predicted toothwearrate obtained from powéndex2. 5
compared with theeattime recorded tooth wear rater well B,
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Well B,
Figure3.26 shows that the predicted wear rate agrees reasonably with the recorded wear

rate, however extreme high values of the predicted wear rate were noted from a depth
2561m to 3009 m. This is attributed to the presence of shale formations at this range of
depth,as indicated in Figur8.2 which causes the "bit balling" phenomena. Bit balling
causes sticky shale cuttings accumulate at the face of the bit leading to a reduction in
penetration rateRR) for given conditions (weight on bit and rotational speed) and

therefore an overestimate of wear obtained from EquaBi@n}

Reatltime qualitative bit tooth dullness rate (wear index/m)
0 0.02 0.04 0.06 0.08
0 1 1 1 J
500 -\
1000 - =
e =s=—Real-time qualitative bit
= 1500 tooth dullness rate
g 2000 —o—Real-time predicted tooth
a Shale dullness rate (Power 2.5)
2500 -
3000 - —
3500 . . . )
0 0.02 0.04 0.06 0.08
Reattime predicted bit tooth dullness rate for well Bwear index/m)

Figure3.2 GRealtime predicted tooth wear rate obtained from poweiex2.5
compared with theeattime recorded tooth wear rate for wely B
The occurrence of shale formations could cause misinterpretation and therefore, the
analysis of the obtained data should be carefully carried out with such lithology. For
wells where shale formation is encountereds preferable to use other tools for wear
prediction with the presence of well logs to avoid any misleading results.

Wells A, and By

For wells A and B, as can be seen froffigures3.27 and 3.28, the predicted tooth
wearrate is in agreement with the recorded tooth wear rate. However, for yall A

1 9 2nf there is a significant difference between the predicted wear rate and the
recorded on@s shown in Figure 372 This significant difference is affecting the high
obtained value of MAPE as shown in Table 3.This is again presumably due to the
occurrence of shalevhich started at depttbelow 2 00 m. However, the great
divergence between the predicted and the recorded bit tooth weayhisbeattributed

Page|8 2



Chapter Three: Case Study UNIVERSITY OF LEEDS

to theunconformity (surface of erosiorgtneardepth of ® 8 m as shown in Figura2 .

The presence of such geological structures causes misleading interpretation.
Unconformity is represented withcarvy line at near depth20 m as shown in Figure

3 . Zhe specific type of unconformity in this case is disconformity as it separates
parallel layers of limestonesedimentary rockshat illustrate erosion was taking part
during that period causing &areak in the sedimentary geological record. This
disconformity affects the results of the predicted wear leading to misleading
interpretation. It is recommendéd use other reliable techniques such as well logging

tools to avoid the misleading results.

Realtime qualitative bit tooth dullness rate (wear index/m)

0 0.025 0.05 0.075 0.1 0.125
0 1 1 1 1 1
500
— \.\’ —a—Real-time qualitative bit
E 1000 tooth dullness rate
<
‘g —o— Real-time predicted tooth
o 1500 Shale dullness rate (Power 2.5)
2000 - —
Unconbrmity
2500 T T T T T
0 0.025 0.05 0.075 0.1 0.125

Real-time predicted bit tooth dullness rate for well A (wear index/m)

Figure3.2 Realttime predicted tooth wear rate compared with rigs&time recorded
wearrate for well A

For well B, high value of the predicted wear was observed at the depth of 3264 m again
due to the existence of shale formatamnshown in Figure 332

It is worth mentioning that for well fthere was a sharp increase of the ratig'dy) in
Equation( 2 Yfrom depth 3172 m to 3345 due to the occurrence of sandstone mixed
with shale formation that has high hardness. The hardness of the shale rock increased
from 2.4 GPa at depth 3172 m up to 6.5 GPa at depth 3264 m corresponding to
sandstone mixed with shdi@mation. In addition, it was noted that the penetration rate

for the same well suddenly dropped from 2.64 (m/hr) at depth 3172 m to 0.99 (m/hr) at

depth 3264 m which also contributed the sharp increase of the predicted wear rate.
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Reattime qualitative bit tooth dullness rate (wear index/m)
0 0.02 0.04 0.06 0.08 0.1 0.12
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Figure3.2 &Realttime predicted toothwearrate compared with theeattime recorded
wear ratgor well B

3.2.7 Conclusions

In this chaptey the wear of the rollecone bits was analysed by usinglaveloped
equation based on the principle of three body abrasion, while incorporating, the
hardness of the rock formation and the materials forming the drill bit as well as other

drilling parameters such as penetration rate, weight on bit and rotatieeal sp

The new method was applied to five selected oil wells in the south ofrbagtwo
main big oil fields in the south of Iragvhere only rolleicone bits were used, including
both milledtooth andTungsterCarbide(TC) bit types

The results obtaime from the proposed model were compared with the recorded
qualitative bit tooth wear rate where a reasonable agreement at different drilling
intervals was obtained. Overall, the proposed model agreed well with the recorded bit
wear for all oil wells studi@ in this work, except for some minor anomalessome

depth intervals and this could be related to the existensbhadéaswhen drilling into

shale formations bit balling phenometeke part causing misleading interpretation
Well logs shouldoe usedwhile drilling to verify the influence of shale on the obtained

results.

Misleading results occurreat certain depths and this could be attributed soirface of
erosion or nordeposition (unconformity between the parallel layergausing

misleading iterpretations, therefore more reliable techniques are recommended to be
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used whenencounteringsuch geological structure® prove the effects of such

formations on the obtained results

This approach could be tested for other wells in other regions for vertical and could also
be tested for horizontal drilling to verify its reliability. The developed technique was
performed on rollecone bits only, but could in principle be extended ttyétgstalline
Diamond CompadPDC)hits.

It is worth pointing thabased on the proposed model in this chapter, the wear could be
predicted based on the material properties of the bit as well as the rock and drilling
parameters. Therefore, properties of the bit, notably the hardness could significantly
affect the wear andt should be characterised and well understood. Thereiforie

next chapterattempts have been done to measure and characterise the properties of the
material that form the cutting elements of big especially hardness and how it reflects

on the amunt of wear. More reliable results would be obtained from the
aforementioned new developed wear model when precise hardness values are used for

both the materials forming the bit as well as the rock formation.
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Chapter 4 Experimental Work (Indentation Testing)

This chapter is focused on measuring the mechanical properties of the materials form
the PDC cutters by nano andicroindentationtesting. The mechanical properties
include hardness, Young's modulus and fracture toughness. These properties are
crucially significant for wear quantification as the available wear models in the
literature depend mainlgn the mechanical properties, thereforegqise determination

of the mechanical properties will reflect on the accuracy of the quantified Baarple
preparatiomeeds to be done prior the indentation testing to avoid misleading results
due to the high degree of the surface roughness of dahgples. The samples
investigated throughout the tests are polycrystalline diamond cutters that used in oll
field PDC bits. PDC specimens are in form of disks with different dimensions. Figure
4.1 illustrates an image of the two PDC cutters that have besshio the experiments.
Table 41 demonstrates the dimensions of the PDC cutters suppliediirordifferent

manufacturers

Table4.1 Dimensions of the PDC specimens

Commercial Order Cutter Diameter Cutter Length Diamond Thickness
(mm) (mm) (mm)
M1308 13.44 (+ 0.03) 8.0 (+ 0.1) 2.2(+0.2)
M1313 13.44 (+ 0.03) 13.2 (+ 0.1) 2.2(£0.2)
K1608 16.00 (+ 0.05) 8.0 (x0.1) 2 .-20. 5
K1908 19.05 (+ 0.05) 8.0 (x0.1) 2 .-20. 5

o T e =
D NS

M1308 M1313 K160 8 K1908

Figure4.1 Oil PDC cutters manufactured byo different manufacturers

The samples consist of two main parts, the first layer is the diamond table which is
clearly shown as black colour and its composition is mainly coarse diamond patrticles
with cobaltas abinder,while the second layer represents the tungsten carbide aft cob
substrate. The first part of the experimental work is focused on the preparatien of
specimens using polishing technique to redhessurface roughness, especidity the
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diamond surfaceOnce the samples are polished well, testing could take.pkacst
testing to be launched angicro andnancindentation wherethe mechanical properties
(hardness,Young's modulus and fracture toughness$)the two layers of the PDC
inserts are measuredvithin thesetests. The indentations tests will be followey
analytical study using Scanning Electron Microscopy (SEM), Energy Dispersrag X
maps (EDX) along with the Energy Dispersive Spectroscopy (ED®xamine the
element distribution on the surfaces of the substrate and diamond layers of the PDC
samplesMicrostructural propertie§article size distribution and cobalt conteot)the
materials forming thesubstrateand coating of the PDC sampdee analysedo study

their effect on the mechanical properties which affect later the amount of wear of the

PDC samples

4.1 Samples preparation
4.1.1 Surface roughness test (before polishing)

Surface roughness analysis has been performed on the specimens to evaluate the degree

of surface roughness for both layers (diamond and substrate). Thecomostorty

ASME B46.1and the surface skewnes$]. Average roughnes$y) is defined as the
arithmetic average deviation of the surface valleys and peaks from profile mean line in
micrometres, and it is useful for detecting general variations in overall profile height,
while surface skewnesBRq) represents the symmetry of the surface deviations from the
mean reference plan@y is another surface roughness parameter whicéfesredto the

root meansquare ofthe surface peaks and valleyg, is calculated as betwednll and

1.25 times th€Ry) value.(Ry) is more sensitive to peaks and valleys, making it more

valuable parameter comparedRo

A surface withhigh value of(R,), or a positiveskewnessRKsy), will have high wearrate

(low wear resistanceY he tests were carried out by using Ultra Precision Form Talysurf
PGI1800instrument at th&iomedicalEngineering School of University of Leedsgith a
resolutionof up to 3 . r#n. The device uses motorized column that givesigh
accuracyand a tiny probe passes the surface of the specimen recording the surface
profile precisely withinfew minutes The results will be presented as surface profile
measurement. Two tests wgrerformed for each layer at various positions to measure
the maincommonsurface roughness parameters; average surface rougRessd

skewnessRsy), finally the roughness parameteR)(and Rs) were averaged. Surface
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profile measurement test wa®rformed before polishing the samples and after to
observe the difference in the surface roughness parameters before and after polishing.

Figure 42 illustrates positions 1 and 2 on the surface of the cutter spedihdh3
Figures 43 and 44 show the surface profile measurements across the surface of the
diamond layer of the PDC specimen at position 1 and 2 respectively before polishing
sampleM1313 while Figures & and 46 illustrate the surface profile measurement for
the substrate layesf the PDC insert at position 1 and 2 respectively before polishing.
The average roughness for the diamond laRgrwWas 1.423 pm and the skewneRg)

was equal t00.48545 before polishing and according to Tah® the value of the
average roughness corresponded nearly to the roughness grade number N7 as an
industrial classification for roughne@ahushan 2001). A negative value for the surface
skewness means, that the surface has deep scratches or pits indicatamgpleecould

have a goodvea resistance where just few hills are available that could wear away.
The average value oR{) for the tungsten carbide layer (substrate) was 0.8626 um and
classifiedunder grade number N6 according to Tab &urface skwness value at
position 1 is-0.7103, while at position 2 is equal to 0.0968 and this indicates that the
surface at position 1 has downward spiky basjupward spiky peaks in position 2.
This could indicate that part of the substrate specifically at position 2 will be worn away
due to the spiky upward peaks, while in other parts as in position 1 deep valleys
occurred and could be considered as good bearing surfaces. The average value for the
surface skwressfor sampleM1313was-0 . 306 7 5.

Position 1

S
Paosition 2

M1308

Figure4.2 Selected positions 1 and 2 on the surface of the PDC sample
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Figure4.3 Surface profile measurement of the diamond layer for the PDC insert at
position 1 before polishing
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Figure4.4 Surface profile measurement of the diamond surface for the PDC cutter at
position 2 before polishing
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Table 4.2 Roughness average with the correspogdyrade number of roughness as
known in industry (Bhushan, 2001)

Roughness Average parameter (8, Roughness grade number

0.05 N2
0.1 N3
0.2 N4
0. 4 N5
0.8 N6
1.6 N7
3.2 N8
6. 3 N9
12.5 N10
25.0 N11
PCD_Bottom
Pos'n 1
Modified Profile Rafid Abbas 12 - 1 - R/14x0.8mm/G/100/LS Line 23/01/2013 15:46:34
Rafd Abbas 12 - 12. 1mm/AdminFTSPGIS00 ‘ 23/01/2013 15:45.40

-2

—fo

Hei ght

r r Al .l Al i 4 4 T T T T T T T Lg v L4 v uJ
40 41 42 43 44 45 46 47 48 40 S0 &1 62 463 64 65 66 &7 68 60 60
millimetres

(513 T on R dvean; T IOEEE ] o [0

R,=0.8393 um , RI'-n ®T M A ¢

Ry=1.0443um,BI' o ®no

Figure4.5 Surface profile measurement of the substrate layer for the PDC insert at
position 1 before polishing
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PCD_Bottom
Pos'n 2
Modified Profile Rafd Abbas 13 - 1 - R/14x0 8mm/G/100/LS Line 23/01/2013 15:47.46
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Figure4.6 Surface profile measurement of the tungsatarbide layer for the PDC insert
at position 2 before polishing

The same test is carried out for all samples for both layers (substrate and diamond) in
order to measure the surface roughness of the layers forming the PDC duteers.
results are comparddter inTable 4.3 The skewness results showed that the values a

so close in different positions of the PDC lgyehile it is varied for tungsten carbide
layer, where highskewnessvaluesavailable at som@oints referring to flat surfaces

with peaks, whildow values found at other panghich it could be a surfackaving

pits. Furthermore, the results showt® needor the polishing operation to reduce the

degree of surface asperity especially on the diamond layer.

4.1.2 Polishing process

The aim of the polishing process is to prepare final polished sarpleduce the
surface roughness and makes the specimens ready for further tests and analysis. It is
important to obtain a flat surface and remove any sectioning deformation to avoid any

misleading results might be occurred.

According to the results of the sace roughness parameters for both surfaces of the
PDC samples, it is crucially important to polish the surfaces of both layers to reduce the
effect of surface asperities and consequently reducing the error with the measurements

of hardnessyY o u n gddglusand fracture toughness when using indentation .tests
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Furthermorewell-polished surfaces will produce clear imprints that make it easier to
measure the diagonals of the obtained indeegpecially within micrandentation
testing. The polishing processf the samples in this study was following the ASM
international standards (ASM, 2002).

The polishing procedure starts with polishing both sides of the sampleshsétsive
(silicon-carbide) papexvhich is widely used for ceramicsThe used abrasive paper
have various grades from 240 up to 1200. The equipment used for this polishing
operationwas "Metaserv 250 GrindePolisher; manufactured by BUEHLERTwo
different grade circular silicon carbiddrasivepapersare mounted orthe two platens
available br the device Coarse abrasive papers (240) that have grit 52 micron size are
used firstly, and then gradually switch to the firegtilableabrasive paper (1200) that

has grit size of 8 microns. The platens are rotatedthtmoderate speed betweentb0

150 rpm The sample is mounted manually to the rotated discs for 10 minutes at least.
Special care should be taken into consideration when lowering the sample towards the
platen.During each polishingrocesswith abrasive papersvateris sprayed undeeath

the abrasive pape(Bigure 4.7) Water taps must be opened while the polishing process
is in progresso cool down the friction heat produced (lubrication) as wetbasmowe

any dusimight beobtained during the polishingrocessLater, each sm@men is rubbed

with a clean cotton cloth soaked in soapy and warm watesmove theemaned dust
produced when polishingzinally, the samples are scrubbed manually with diamond
pasteprovided in a syringeising a clean cloth. The selection of theth is significant

to get optimum results as it depends mainly on the materials forming the sample. As our
samples are made of WCo (ceramic) and polycrystalline diamond, therefore, woven

cloth is useful for rough polishing of metals with alumina ondiad.

Figure 47 shows the Metaserv 250 Gringeolisher and Figure .& illustrates the
diamond paste used for finishing thelishing process.

Figure4.7 Metaserv 250 GrindePolisher on the left and the circular silicon carbide
polishing papers used with the polishing machine on the left.
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Diamond

Figure4.8 Diamondcompoundpastefor finishing

4.1.3 Surfaceroughness test (after polishing)

Surface profile measurements were carried out for all samples of the PDC cutters after
polishing to observe thdegreeof the asperities on the samples surfaces. The same
surface roughness parameters that were measureidysigvare measured again after
polishing at two positions for the substrate and at one position for the diamond layer
,because the roughness parameters are varied slightly at different positions for the
diamond layer. Figure.g illustrates the surface gfile measurement for the diamond
layer of theM1313 sample at position 1, while Figurel® demonstrates the same

measurement for the substrate layer of the same sample at position 1.

The roughness for thdiamondlayer R,) after polishing was 1.138 urfl.423
before polishingland the skewnesf{) was-0 . 1 afer2polishingand these values
indicate that the surface roughness parameters were reduced after polishing. The
roughnessRy) for the tungsten carbide layer after polishing was 0.3845wimie the
surface skweness value at position 1 was 0.0{Rp.of the substrate layer of sample
M1313 was 0.962 um before polishing, while the same pararfRR{emwas equal to

0 . 4pan7For the same sampl@r,) of thediamond laye before polishing was 1.708
pum, but after polishingR,) was reduced to 1.3668n. The obtained surface roughness
parameters showed clearly the reduction of the degfeéhe surfaceroughness
parameter$or both layers of all PDC samples and accordintfjig,measurements of the
mechanical propertieection 4.2)of the diamond layer and the substratald be
carried afteipolishing
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Figure4.9 Two DimensionalSurface profile measurement of the diamond layer for the
PDC cutter after polishing
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Figure4.1 O0rwo Dimensionallalysurf graph of the substrate layer at position lafter
polishing
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Table 43 illustrates the surface roughness parameters before and after polishing the two
layers of the PDCutters of different types.

Table4.3 Surface roughness parameters for various PDC inserts

Average Average Average Root Average Root Average Average
Surface Surface Mean Square Mean Square Surface Surface
Roughness Roughness Surface Surface Skweness Skweness

(Ry), um (Ra), pm Roughness Ry), Roughness (Rsw) (Rsw)

(before (after pum (before (Rg), um (after (before (after
polishing) polishing) polishing) polishing) polishing)  polishing)

Substrate 0. 862

M1313 Diamond 1.423 1. 13¢€ 1.708 1.366¢ -0.48% -0.16
K1908 Substrate 0. 899 0. 484 1.006 0.542 -0.46 0.066
K1908 Diamond 1.614 1.303 1.853 1.452 -0.35 -0.23

The surface roughnesdfects the estimated mechanical properties obtained from-Nano
indentation tests. Bobji and Biswas (1998) stated that "It has been found that at low
indentation depths, the hardness is varied from the bulk hardness and the scattering in
the naneindentation results is high. This difference in the obtained hardness at low
penetration depths mainly attributed to the surface roughness of the sample being tested.
Bobji and Biswas (1998) added that, the influence of surface roughness on nano
indentation hardness negligible if the penetration depths are higher than the surface
roughness.

Polishing is mainly needed to reduce the influence of surface roughness on the
estimated hardness from naimalentation.

As the indenter is loaded near the surface that hasiasg, the contact is first done

with a single asperity exists on the rough surface. When the increasing the load, this
asperity is deformed plastically and then the adjacent asperities come into contact.
During this process, the contact area establisimethe surface of the sample is varied

and accordingly, the hardness would be varied as well.

The surface roughness has crucial effect on the estimated results aehdamtation
hardness as the contact between the indenter and the surface of the sample is not only
controlled by the material mechanical properties, but the topography of the sample
significant. When the nanprobe is indenting the surface of the specimen, the
deformation (penetration) depth would be greater at low degree of surface roughness
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resulting lower hardness. On the contrary, if the indenter comes into contact with a high
degree of surface roughness, the contact area is underestimated and accordingly, the
estimated hardness would be overestimated (CSM, 208&jefore, it is significant to
determine the degree of the surface roughness of the samples of a surface before
launching with indentation testing. The surface roughness paranigjerajue should

be lower than 5% of the maximum indentation depth as stipulatde imternational
Standard ISO 14577 (CSM,2007).

4.2 Indentation testing

4.2.1 Naneindentation test

The apparatus used for this purposea iNanoTestnancindenter,provided by Micro
Materials Ltd. Wrexham UKavailable at the University of Leed¥he instrument is
highly sensitive towards meperature and sample vibration. The chambérthe
instrumenthas a thermostatically controlled heardthe chamber isisuallykept 23
degrees hotter than the room temperatkigure 411 shows an image of the NanoTest

equipment.

Figure4.1 NanoTest equipment by Micro Materials Ltd. UK

The experimental work will be focused firstly on measuring the nanoindentation
hardness and o u n madlwus of the samples as the main reason for that is, within
nanoindetation tests, there is no need for nmecbhompliance correction as well as that

the hardness and Youngbés modulus 1is <calc
penetration, while within microindentation tests, the hardness could not be determined
unlessa clear image of the imprint is @ned using scanning electron microscopy
besidethatf oungés modul us is affected by machi

for this influence.
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The NanoTest measures the movement afieanond indenteiin contact withthe
surfaceof the sampleThetype of the nanandenter used in the nafoedentationtestis
Berkovich that has three sided pyramvih a face angle of 65 In order to make a
measurement, an increasing load is applied and the probe indents the surface, as shown

schematically in Figte 412 below:
unloading

loading 1

v T ——
— coating

—1 substrate

Figure4.1 Zchematic diagram of the indentation action (Bestkad.,2 0 0 3 )

The elastic and plastic properties of the specimen determine the shape of the unloading
curve during the indentian process. Before starting the test it is crucially important to
calibrate the apparatus precisely otherwise dhtinedreadings will be imprecise.
Cleaning the samples from dustniscessaryo avoid any misleading results. Choosing

the appropriate indentation conditions like minimum and maximum loads, loading rate,
number of indentations cycles, displacement between indentations points, thermal drift
effect and many other factors should laen into account when performing any
nanoindentation test. In the present study, fixed and variable fiaadsl00 mN up to

500 mN for the substrate layer and range of loads from 50 mN up to 35@renN
applied toobtain the loadlisplacement graphs of tio layers of the PDC samples
monitor the effect of load increment on the obtaimatentation depth that affects the
hardness and Young's modultdsimbers of cycles were chosen to be three at each load
selection Load rate was chosen to be 20 mN/s&be displacement between
indentations pointa/as selected to be 20 microns.

The main output resultof the naneindentation testindor this studyare hardness and
reduced modulus. The software (Platform 3) whiasused for running the nartest
is funcionalised to determine the applied load and the resulted penetrBtierdepth

resolutionprovided for the NanoTes 0.001nmandmaximum loadup to500 mN.

The hardness ihencalculated from:

LV g

0 _
0

where Pnax IS defined as the maximum applied load (mNA ,is the projected
indentation area (nfhandH is the hardness (mN/rfinand then converted to GPehe
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projected area is determined by the depth of impregbip@ndthe known angle of the
indenter as shown in Equation14):

6 oo’ QOATpu T pod

Reduced modulugE;) is the modulughat incorporate the combinedoduli of the

specimenks) and the indentel)) to account for the deformation of the probe.

The reduced modulus islated to the stiffnes3 hestiffness(S) is defined as the ability
of the material to resist elastic or aparmanent deformation. Stiffnessdetermined
from the slope of the unloading cung# the indentation plot. Reduced modulus is

determined from théollowing equation (Oliver and Pharr 1992):

o
C

S <
1| <

whereSis the stiffness of the material (mN/nm) ahib the indented area (fn

Y o u n maaldusof the samplgEy) is finally calculated from the following equation
(Oliver and Pharr 1992):

PP p
0 0 0

whereE; is the reduced modulus (mn/Amand converted to GPaE, is theYoun g 6 s
modulus (mN/nrf) and converted to GPa,is the Poisson's rati@ifmensionless) s is
referring to the sample aridis referring to the indenter. The Poisson's ratio of the
indenter is 0.07, whereas for the sampl®.&7 (diamond layer) an@ 22 (tungsten
carbide) Chen et al,2 0 1Y0o u nrgoduus for the indenter is 1141 GPa.

Figure 413 represents a typical schematic relationship of-thaplacement curve in

nanceindentation. p

t

LOADING

UNLOADNG

LOAD, P

. '
R |

b - Pas —1

DISPLACEMENT. h

Figure4.1 Bchematic relationship of the relationship between the applied load and the
displacement (Oliver and Pharr, 1992)
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It is worth mentioning that, the determination of hardness and Young's modulus is
crucially important to quantify the wear of the samplesgestudied as most wear

models require these mechanical properties for wear quantification. In addition, fracture
toughness cannot be calculated within some models without the determination of

hardness and Young's modulus.

4.2.1.1 Nanoindentation of tungsh carbidei cobalt layer (WCCo)
The nanoindentation test was carried outMdi308andM1313 PDC specimensSeries

of nanoindentation tests were performed on-@&alloy with loads in range of 200mN

to 500 mNat different cyclesvere selected to obsertiee variation of hardness and
Young's modulus and when the mechanical properties would be stable as crack
(fracture) is initiated. As lower loads were also used, but underestimated values for the
mechanical properties were obtaingue to the possibility of the effect of the surface
roughness Other settinggnclude fixed indentation loading and unloading speed at
4mN/sec. as the aim was to investigate the effect of the indentation load on the
measured mechanical properties. Exampté the nanoindentation graphs for the
performed tests are shown in Figures 4 -.15 4nd 416 where the figures showed

regular indentation hardness at 350 mN.

During the nanandentation test, the elasfdastic behaviour of the samples and the
two main mechanical proprieties of the specimares hardness and Young's modulus
are analysedit worth mentioning that the mechanical properties obtained from-nano
indentation testing are corrected for the effect of machine compliance, where calibration
of the device for machine compliance is performed regulBdyh measured properties

will be used later in this chapter to quantify the narear.

(400 )

N

Force (mN)

o
o 3
]

T T D g T

0 200 400 600 800 1000 1200
Depth (nm)
- J

Figure4.1 Applied force against displacement for tungsten carbatelt
(typical graph otest one)
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Figure4.1 3. oad versus penetration curve for tungsten carbatelt
(typical graph otest two)
The obtained hardness avicb u nrgodwsus for three testge presentesh Table 44 .

It can be seethat the hardness antlo u n mgodldus are fluctuatg. The variation of
the results might be attributed to the surface roughness

(400 )

w
o
o

Force (mN)
S g
\\

o
\\\

0 200 400 600 800 1000 1200
Depth (nm)

- J

Figure4.1 G-orce displacement curve for tungsten carbabbalt
(typical graph otest threg

It is clearly shown from Figures (4.24%.16) that the plastic (indentation) depth of the
nanceindentation curves is not exceeding 850 nm and according tinthenational
Standard ISO 14577, the surface roughness parametey) (Rlue should be loweghan
5% of the maximum indentation deptence, R,) should be less than 42.5 nm, but the
results obtained from Table (4.3) showed thay) (is between (0.3856.482) um,
therefore, the polishing process did not achieve the International Standard stipulated by
ISO 145774. This might be the reason why the results of the fiadentation hardness
and Youngdés modulus are varied.
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Table 4.4 Measured nanoindentation hardness ahd u n gi@dslus for tungsten
carbidecobalt (substrate layer) of the PDC cutters

Test number Nanoindentation Youngo
modulus (GPa)

hardness (GPa)

1 (106350mN) 20. 25 663. 40
19. 92 599. 87
3.48 198. 49
17.94 448.66
20. 6 432.35
2 (350mN) 24.72 809. 29
17. 84 513.79
5.18 257. 44
17.13 383. 73
22.33 676.09
3 (106500mN) 20 484.80
20. 88 478.50
18. 21 553. 03
5.2 332.06
Average 16.69 * 6.59 487.96 +161.18

Figure 4.17 and 4.18 shows the results of hardness and Young's modulus as a function
of applied load for the W&o layer. WC composite represents the hard phase of the
WC-Co and the hardness of the Vit€elf is much higher than the binder phase of the
alloy (cobaly. Thereported values of hardness for the binderless WC ranged from 23 to
29 GPa and theeported values o¥ o u n guadwlus ranged from 705 to 795 GPa
(Ndlovu 2009), whereas the reported hardness values of the binder (Cobalt) were
between 2.7 and 4.8 GPaandthe por t e d v a Imodelss weré froii @17 tog 6 s
155 GPa (Ndlovu 2009). This could be a reasoy hwdrdness values are significantly
lower for some applied loadban the others as the indenter may have penetrated to the
binder phase (Co) of the composite material of -G& This hypothesis should be
further investigated by the Scanning Electron Micopg (SEM)
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Figure4.1 ©btained nanoindentation hardness versus applied loads for the tungsten
carbidecobalt layer along with the reported literature values
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Figure4.1 8 o u nrgodwus results against applied force for the tungsten carbide
cobalt substrate within the reported previous values

In the work of Ndlovu et al(2 O ) the hardness of tungsten carbwbaltreported by
values within the range (121725.5) GPa and (47623) GPa fotheY o u nrgodlsus
depending on the WC grain size and the percentage of the cobalt binderaviged

6 %15%. The obtained experimental results have shown similar results with those of
WC with 6% cobalt as a bindefhe measure®Y o u n gaodlidus values were plotted
versus the obtained nanoindentation hardness in Figli®e Zhe plot illustrates that

Y o u n gadslus values are proportional to the hardness and that agrees with the
previousstudy of Vaprek and Argon (2001) where for a large numbeliversesuper

hard nanocompositea linear increase of th& o u n mddglus with noindentation

hardnessvas reported
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Figure4.1 Measuredy o u nrgoduwdus vs. hardness for the substrate

4.1.1.2 Nanoindentation of diamond table layer

In general, the top part of the oil PDC cutters represents the diamond layer in form of
polycrystalline compact diamond (PDC) with cobalt as a bindeilevihe lowest layer
consists of tungsten carbideobalt. Scanning electron micrograph is done for the top
layer of the specimens to get a better understanding of the topography of this layer.
SEM figures are shown in the next sectids the surface structure of the PDC top
layeris dominant by diamondrystals,the main challenge is to indent ithlayer with a
diamond probe without breaking it. Although, the natural diamond which represents the
tip of the indenter is harder than the act#l diamond, many researches mentioned their
failure to measure the hardness due to the breakage of the indenter and egspecially
Berkovich type (Sumiyat al., 1997 and Sumiya and Irifune 2004). Berkovich probe
was used recently in nanoindetation adnacrystalline diamond, but with strict
limitations of very low load i.e. 3 mN with thermal drift corrections (Cowtyal.,

2 0 1 The naneindentation testing carrieaut in this study followed he International
Organisation for Standardisation 1904 5 @2@15) and ASTM E2546( 2 0 Which

can be applied on nano and micro instrumented indentation testing. The nano
indentation test is controlled by load. Ares of nanoindentation tests were performed
using fixed loading and unloading rate of 4mN/seith indentation loads varied in the
range of 50mN to 3 B mN as low loads were also performed, but failed to obtain
reliable resultsAfter the tests the indenter was checked for possible damage by carrying
out tests against a reference sample. Figur@s§44.23) represent the typical load
displacement curves for the PBLD. layer. Thenanoindentation graphs of the diamond

layer illustrate a high degree of elastic recovery or elastic relaxation which means that
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the ratio of theY o u n gadylus to the hdness is low dué¢o indenting diamond

particles(Sumiya and Irifune 2004
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Figure4.2 Q.oad versus the indentation depth for the PO&layer in test 1 at fixed
load of 50 mN
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Figure4.2 Displacement load graph of the diamond layer in test 2

at fixedload of 100 mN
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Figure4.2 Z'ypical graph of test 3 for the diamond table in PDC samples
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Figure4.2 3.oadi penetration curve for the diamond layer
at loads 106850 mN in test 4

The obtained values of hardness ahd u n modlidus for four tests were tabulated in
Table 45 .

Table4.5 Final results of the nanoindentation tests of the RIaGayer of the samples

Test number Nanoindentation hardness Y o u n maadus
(GPa) (GPa)

1 (50mN) 37.98 718. 06
57.99 889. 17
59. 66 969. 17

2 (100mN) 56. 96 810. 98
13. 35 462.7

3 (106200mN) 78. 69 974.05
56. 74 860. 4
58. 83 936. 08
97.57 1136. 5¢
25. 31 656. 85

4 (106350mN) 23. 23 604. 34
26 671. 96

Average 49.36 + 23.80 807.53 £ 181.98
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From Figures (4.20)X4.23), the penetration depth of the namdentation curves is not
more than 320 nm, while thealue of the surface roughness parameter)(Rr the
diamond layer from Table (4.3) is between 1.423 and 1.6144 um. Accordiigpto

1 4 5-% [Ry) should be less than 16 nmvhich means that the required condition of
ISO for polishing is not satisfied in the current caBeerefore, the variationf the
obtained results from nasindentationmight be attributed to the high degree of surface

roughness

Figures 424 and 425 show the nanoindentation resudts a function of applied loddr

the PDC layer of the samples.

The previous reported upper limand lower limit values of the hardness for natural
diamond are represented by the two blue lines in Figures 4.24 and 4.25, while the red
lines refer to the limiting hardness values of polycrystalline diamond compact with
binder (cobalt) and the green dm refer to the reported hardness limit values for the
binder (cobalt). It seems from Figures 4.24 and 4.25 that all of the obtained results lie
above the reported cobalt limits which might indicate that all of the indented points

were not pure bindgshase (cobalt).

4 120 h
Possible diamond region
100 T
L 80 ¥ T t
) . .
- Possible diamond plus cobalt
g 60 ® 6% region
=
& 40 + : :
+ Possible cabalt region
2 V'S 4
20 i
4
0 = =
0 50 100 150 200 250 300 350 400
Standard deviation Applled load (mN)
\ =t ndyco J

Figure4.2 4ndentation hardness for various zones in PDC layer within the reported
previous values obtained from Dubrovinskaia 2006 , Ndlovu 2009 and Osipov 2010
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Figure4.2 5 o u nrgodwus for different zones in PDC layer within the reported
previous values obtained from Osipov 2010 and Ndlovu 2009

The previous reported value of the hardne@ss d Y o u n g 6ok polyonystiallie u s
diamond compact was within the range-@D GPa and 77825 GPa respectively,
depending on the diamond grain size and the percentage of the cobalt binder which
varied from 86 to 20% (Dubrovinskaia 2006)Q6ipov2010) and Ndlovu (2009).

Y o u n madslus values we plotted versus the hardne@Sgure 42 6 and their
relationshipagrees with the previous study of Vaprek and Argon (2001).
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Figure4.2 6Vieasuredy o u nrgodwus vs. hardness for the PDC layer

After achieving the nanoindentation tests of the diamond layer, it is crucially important
to verify the status of the Berkovich probe. In order to assess the staiesindenter,
nanoindentation checking test was carried out using ceramic sample before and after the

indentation process of the diamond layer. Tabk ilustrates the results before and
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after diamond layer indentation. It was observed that the hardnd¥so u nrgodwus
of ceramic before and after is nearly the same and this indicates that the tip of the

indenter is intact and not deformed.

Table 4.6 Results of the nanmdentation of ceramic before amdter testing PD&Co

layer for the purpose of checking the status of the indenter

Test number Nanoindentation hardness Y o0 u n mao@dus
(GPa) (GPa)
Before nanagindentation 21.83 281. 43
of PDC layer
After nano-indentation 20. 99 296. 28
of PDC layer
Average 21.41+0.42 288.86 + 7.42

Coefficient of variation

1. 2.57
(%) 96 5

4.2.2 Analytical study of the samples after nanandentation test

The purpose of performing the microscopic study is to examine the imprints obtained

from thenangindentation test.

It is crucially essential to understand the detected types of signals by the samples and
how these signals could be employed to investigate the structure of various materials,
topology morphology and the compositistrumeich (2011 described various types of
spectroscopies and imagining techniques whigtonsidered nowadays indispensable
methods for sample characterisation. Krumeich (2011) classified the electron
microscopy methods depending on the various kinds of electroersugttFigure £7

shows different types of detectable signals:

Auger Incident Secondary
Electrons Electrons Electrons

Back-scattered

X-rays Electrons

Sample

Figure4.2 Modes of signals interaction in a sample (Krumeich, 2011)

Page|l108



Chapter Four: Experimental Work (Indentation Testing) UNIVERSITY OF LEEDS

1 . Scanning electron micrograph (SEM):SEM scans the specimen with a high
energy beam of electrons that interact with the surface of the sample generating
signals consistingf information about the topography of the specimen's surface
and composition. SEM has more than one kind of detectatsatk capable for
detecting various signals like secondary electrons (SE), backscattered electrons
(BSE) and energy dispersiverdy spectroscopy (EDS or also called EDX)

2 .Back Scattered Electrons (BSE)result from elastic interactions between the
incident electrons and the target specimen and the electrons interact deeper
compared to SEMnables the determination of the microstructure.

3 . Energy Dispersive Xray (EDX): In this technique the electrons interact deeper
than the SEM and BSE to the target sammieviding maps of theslement
distribution.

SEM was used to take images for both the diamond layer (top layer) and the

tungsteni carbide layer (substrate) to gieebetter understanding of the mineral

distribution of the composite material that forms the PDC cutters. Figa& 4

illustrates the diamond substrate interface for the specimesing Secondary

Electron Image (SEI).

Diamondlayer

Figure4.2 SEM mlcrograpr(a) backscattered |maqe) for the tungsten carblekeobalt
layer (substrate) of the PDC samples
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Figure 429 shows a secondary electron image for the tungstdnde layerand a
backscattered micrograph dfiet same layer. The BSE image illustrates clearly the
tungstencarbide grainsand their size ranged from few nanometres up 8aqum
embedded into the binder (cobalt). Figurdddshows the SEM and BSE images of the
diamond tableThe arrows point to theiamond grains (blackegion) and to the cobalt
binder (greyregion). The BSE image displayed the diamond grains which their size
ranged from4 to 2 4microns. Both snapped images of the diamond layer showed high
degree of roughness and further SEM techmiggi needed to display thehemical
composition othese layers.

The previous images did not display clearly the main composition of the coating layer
(diamondcobalt) and the substrate (tungstambidecobalt) of the PDC specimens due

to the high surfaceoughness. BSE was later used to get a better image using the Energy
Dispersive Xray and Spectroscopy (EDX and EDS). Figu&l4shows BSE images of

the diamond layer where three spectrum points (3, 4 and 7) were seledtezlimage

to examine the congsition toidentify the hard phase and the binder phase of the PDC

layer.

Figure4.3 (BEM image(a) and BSE imagéb) for the diamond layer of the PDC cutter

A coloured Xray map of the same BSE image was produced by EDX as shown in
Figure 431. The map shows the distribution of diamond grains or carbon (@odvadt

(Co) with small quantities obther mineralgimpurities) such as Iron (Heand other
minerals The selected spectrum points were analysethézomposition, Figures.d 2 ,

4.33 and 434 demonstrate the EDS spectra at points 3, 4 and 7 respectively along with

the percentage of eaelementat the glected spots.
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Figure4.3 Backscaterred micrographs and a colourechymap of the PDC layer
displaying three spectrum points
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Figure4.3 ZEDS spectroscopy at point 3 on the diamond layer of the PDC cutter
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Figure4.3 BSpectrum at point 4 on the diamond layer of the PDC insert
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Figure4.3 £DS spectroscopy at point 7 on the diamond layer of the PDC specimen

Spectrum 3 illustrates that the main dominant element is carbowit@)a very small
guantity of cobalt (Co). Spectrum 4 demonstrates the diverse composite elements beside
the dominant phase (diamond) and the binder phase (cobalt), while spectrum 7 shows

the dominant element is cobalt (Co).

From the aforementioned indentation curves it can be inferred that the size of
indentation impression is suhicron, however, as it can Iseen from the SEM images,
the scale of cobalt rich and diamond rich patches within the sample is larger than
indentation impression. Therefore, it is possible that an indentation is completely
embedded in the cobalt or diamond patches; hence the obtaiopdrtes could

indicate the properties of aforementioned materials.

The same scanning work has been done for the tungsten carbide layer to display the
composition of that layefFigure 435 represents the backscattered electron images of
three chosen pais in different positions and the-bdy map of the tungstercarbide

layer (substrate). As expected, the dominammpositionis (tungsten carbide) as an
alloy, while the cemeirig material in the substrate is cobalt acting as a binder phase.

Other minera also exists, but with minor amounts. Furthera} coloured maps and
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EDS spectra for the element distribution along the interface of the PDC cutters are

shown inFigures B.6:B.9 in Appendix-B.

Electron Image 3

Figure4.3 Backscattered electron images showing selected spectrum spots-raigh X
map of the tungsten carbide layer

EDX spectroscopy reveals the element distribution and pleecentage composition of
each elementhat form the sbstrate of the PDC insert at three selected points 33 , 35
and 36 as shown in Figures8846 ,37 ahd 438 respectively.
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Figure4.3 @&DS spectroscopy at point 33 on the substrate layer of the PDC specimen

The EDX spectroscopy graphs clarify that tungstearbide (WC) is the dominant
phase material in the substrate layer, shown by the orange colour area, while cobalt as
the binder phase represented by the turquoise colour showing the second highest
percentge after WC. Otheelementsare minorities such as iron (Fe), copper (Cu), etc.
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Figure4.3 Bpectroscopy graph and mineral composition at points 35 of the tungsten
carbide layer

Element| Wt%

C HN o
Co M DM J
W Ty @f
Total: M N

Figure4.3 &DS spectrum at point 36 of the substrate layer of the PDC cutter
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Nanoindentation probe could penetrate it® hard phase (W@ diamond or intothe
binder phase (@ and thismight cause misleading interpretation of the obtained
nanoindentation resslt The nanoindentation tests showed a large variance in the
results, because the probe could be indenting within a very smalvhareta could be
diamond or cobalt areadicroindentationtestingwill produce much largeindentation
impression and could hesed tocheckthe nanoindentation resuls microindentation

tests produce bulk imprints relatively larger than those in the nanoindentation and
presumably reducing the high variance in the resuitsaddition, no cracks were
observed from the nanoindation tests, therefore, higher loads maybe needed and
microindentaion could provide that.

4 . Micr® -indentation test
Microindentationwas used to address the previous constrainte@manoindentation

testsfor quantifying the mechanical properties of the materials forming the layers of the
PDC samplesThe micreindentation testing performed in this study using Vickers and
Knoop probes followed the standafdgl 5 (7 Z 0 &anB8B2546( 2 O dtipujated by ISO

and ASTMrespectively.

The tests in this study are controlled by force to obtain the mechanical propéitis

can be calculated from a standard indentation-tbeuth curve

4.2.3.1 Vickersnicro-indentation
All Vickers indentersfor hardness testgeruse a 136° square base pyramidal

diamond indenter. The test is carried out by applyingouarindentatioioads on the
sample. The load is kept for a dwell time ramggfrom 10 to 15 seconds and then the
indenter isunloaded A square shape imprint i€ f t i n the sampl ebd
diagonal of the indent is determined using scanning electron microscopy ($EM).
average value for the two diagonal indents is used in the calculation of the hardness
according to the following equation (Gudsral.,2 0 1 1) .

™ Y P

Ow 9
0 Q

where HV is the Vickers hardness numbét,is the applied force (N) and, is the

average legth of the indent diagonals (mm). Vickers number se¢ede converted to
GPa units by multiplying HV by 0.009807

An Instron 5566 mechanical testing machine is used for theroindentation

experiments as shown in Figur®Vickers hardness values determined from Instron
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are continuous over the total range of hardness for metals (HV100 up to HV1000) with
the exception of test forces below 200g. Depth resolution for Instron is less than 10 nm

and load resolution is 0.1 mN.

Vickers indenter
Figure4.3 9nstron5566 equipmenta) and Vickers indentdib)

The specimens testdaly the Instron were polishedusing the procedurdescribedin
section 4.1.2 in order to obtain clear imprints theg examined later using scanning
electron microscopyFigure 440 illustrates the PDC samples mounted on a threaded
stainless steel base, where the cutters are marked to determine thietlaeesurface to

be indented.A series of microindentationtests were carried out to determine the

mechanical properties of the materials forming the PDC samples.

Figure4.4 ®°DC samples mounted on a threaded base and marked
microindentatiortest
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4.2.3.1.1 Vickeramicroindentation of the substrate layer
Microindentationtests were performed on the substrate layer of the PDC inserts to

determine the hardss, ther o u nrgodudus and the fracture toughness of the material
forming the substrate layekLoads applied were ranged from 10 to 300 N, where lower
loads were also applied, but unclear imprints were obtained. Loads higher than 300 N
were not used awads between 100 and 200 N produced cracks at the edges of the

imprint.Figure 441 shows the imprints left after carrying ooicro-indentationtess on

the substrate layer of th€l908 PDC sample at 50 Mdentation load

Figure4.4 BSE image shows Vickers imprints on the substrate layer
of theK1908sample when applying 50 N

Figure 442 demonstrates the indent left after applying 100 N on the substrate layer of
theM1313sample. DigitaMicrograph software3.7 is used foanalysingthe SEM and
BSE images for determining thength of thediagonals of the imprints obtained after

themicro-indentationtest.

Meg= 156KX WD=11Srm  2000kV SE1 2y
it = 180.6 yre — ("‘_"1’5‘9

Figure4.4 2ndentsleft after applying 100 N on the substrate surface for the sample
M1313
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Themicro-indentationtestwasperformed for all samples at various loads. The length of

the obtained diagonals for each sample after the test is averaged. The hardness of the
specimens is obtained from applying Equatiorl)4 Table 47 and 4.8display the
micro-indentationresults fo the substrate layer of the samp#l313 and K1908
respectively. Low applied loads on sampMé&313 were carried out, but the imprints

were not clear.

Table 4.7 Mechanical properties along with the diagonal indents length for tungsten
carbide layer resulted from Vickers indentation for the samil@13

Load Length of Length of Average Vickers Vickers Young

(N) first Second diagonal hardness hardness modulus
diagonal diagonal length ((z\") (GPa) (GPa)
indent indent

100 120.:118. 119.201335. 13.0' 517.2

200 170. :166. 168.151339. 13.1: 519. 4

300 207.t206. 207.17 1323. 12.9¢ 514.1

Table 4.8 Mechanical properties for the substrate layer of the samdp@08 using
Vickers probe

Length of Length of Average Vickers Vickers Young
first Second diagonal hardness hardness modulus

diagonal diagonal length (z\") (GPa) (GPa)
indent (um) indent (um) (um)

10 39.7:. 37.¢ 38.6 1269. 12.4. 512. 8

15 49. 2 46. ¢ 47.81£1240. 12.1¢+ 515.0

20 52. 41 55 . ¢ 5 D4 1277. 12.5. 514.9
50 85. 2t 84. ¢ 84. 77 1315. 12.9¢ 513. 8
100 121.4 119. 120.50 1302. 12.77 515.0

TheY o u nma@ldus of the PDC samples is not determined directly from the plot of
the applied load with the extension of the specimen as carried out fointmdation
testing , where the effect of the machine compliance took place and therefore, this effect
shoutl be removed from the calculation of thieo u n maoadus formicroindentation
testing . This could be performed byeries ofmicroindentatiortesting for the sample

with Vickers indenter and other testing of applying load by a bar (i.e. not with an
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indenter) on the anvdnd plottingthe graphs of the applied load vs. the extension of the
two tests .The total stiffness of the sample and the machine is obtained from the first
plot, while the stiffness of the machine is obtained from the second Jraglstiffness

represents the slope of the unloading curve of the plot (Oliver and Pharr 1992).

I n order to obtain the net stiffness of
The net stiffness of the specimen is calculated from the followingteo:
oy Y 8Y

ﬁ T U
where St is the net stiffness of the samp&,, is the stiffness offte sample plus the
stiffness of the machine arg)}, is the stiffness of the machine without the sample. The

derivation of Equation () is shown imPAppendixA.B.

Figure 443 shows the plot of the loading and unloading of the applied load versus the

extension for the substrate layer of the sariil&13

» Microindentation of Tungsten carbide -« Machine compliance

120

. /4
N gy
/

20 -

Applied load(N)

0 T T T 1
0 0.005 0.01 0.015 0.02

Extension (mm)

Figure4.4 Micro-indentationof tungstercarbide and machine compliance for 100 N
applied load for samplel1313

Once the stiffness of the sample is determined, the reduced modulus of the sample is
obtained from Equation {2) and finally theY o u n gddglus is determined from
Equation (43 )Y.o u n madldus of the tungsterarbidecobalt layer for the sample
M1313is tabulated in Table.4 .

4.2.3.1.2 Vickeramicroindentation of the diamond layer
A series ofmicroindentatios with various applietbads(30-300) Nwere carried out on

the diamond layer of the PDC samples to determisemechanical properties. As
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mentioned previously, the diamond coating layer has to be finely polished to obtain
clear imprints. Few clear indents were produced assaltref the microindentation

testing due to the high degree of surface roughness of the diamond layer even after the
polishing process. Figure44 displays a Vickers imprint on the diamond layer for the
sampleM1313obtained after applyingload of 300 N

Y o u nmodldus is determined by applying the same approach of that of the substrate
layer. Figure 45 shows the plot of the relationship between the applied load and the
extension when maximum load is 300 N. The figure illustrateshtgh degree of the

elastic recovery of the diamond layer as the loading and the unloading curves are nearly

coincided. @
V
lma 20 % WO=11Sre 2000 KV : ey -1\;\;‘::‘?)
Width = 1,58 men = |
Figure4.4 4mprint of a Vickers indenter on diamond layer at 300N applied load
for the samplé/11313
—— Microindentation of the diamond layer —=— Machine compliance
350
~ 300
£
3z 250
o 200
@ 150
§ 100
50
0 B T T T 1
0 0.01 0.02 0.03 0.04 0.05
Extension (mm)

Figure4.4 SMlicroindentationof diamond layer at 300N applied load using Vickers
indenter for sampl&11313

The results of thenicroindentationusing Vickers indenter for the diamond layer are
displayed in Tables.@ and 410 for the sampleM1313 andK1908 respectively.The
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applied loads were different for the two samples as few clear indents were obtained at
certain loads.

Table 4.9 Mechanical properties and diagonal indents length of the diataalt
layer resulted from Vickensicroindentatiorfor the samplé11313

Length of Length of Second Average Vickers Vickers Young?®b
first diagonal diagonal diagonal hardness hardness modulus
indent (um) indent (um) length, (um) (HV) (GPa) (GPa)
50 45. 18 39.47 42.: 5277. 51.7 865. 5
30C 125. 4 85. 7 105. 5092. 49.9 863. 5

Table 4.1 OMechanical properties of the diamond layer for the sarhdl@08 after
Vickersmicroindentation

Load Length of Length of Second  Average Vickers Vickers Youngo
(N) first diagonal diagonal diagonal hardness  hardness modulus
indent (um) indent (um) length, (HV) (GPa) (GPa)
(Hm)
30 37.21 32. 27 34. 4700.5 46.09 850. ¢
60 52.35 44.95 48 . 4793.7 547.0:. 855. ¢
120 74.52 65. 87 70.: 4605.3 45.16 861.:

After eachmicroindentatiortesting of the diamond layer, the tip of the indenter has to
be checked using SEM to observe daynage that may haeecured

4.2.3.2 Knoopmicroindentation

Knoop microindentationtesting was carried outo determinethe hardnessnd the
Youngo6s s ahthed didamond layer as low loads are required for the Knoop
microindentationcompared to the Vickers onknoop hardness testing édso usedto
create cracks othe diamond layefor fracture toughness determinatidrihe tip of the
indenter was madedm natural diamond that has geometry of rhortiaised pyramidal
shape.The Instron5566 mechanical testing machine is used to conduct the Knoop
microindentatios on the diamond layer of the PDC sample. Before achieving the
Knoop indentations, the surfaces of the samplese polished to reduce the asperities
that might distort the obtained results.

The Knoop indenter is pressed into the cutters surface undetaadead for a period
of 15 seconds and then the loedreleasd. The selected applied loads for Knoop
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testing were chosen from-50 N. The indents are examinéy SEM to determine the
longest diagonal of the rhombus imprint. The hardness of theiatasaralculatedfrom
Equation (46) as follows (SumiyandIrifune 2004):

T ®
llol') p 'C €

0 ¢

whereHK is the knoop hardness (GPR)is the applied force (N) ard is the length of
the longest indent diagonal (um). Figurd@shows the indents left after Knoop

microindentatioron the diamond layer of the sampd 313

Meg= 200X  WO=11Smm  2000KV SE1 e 426 | @
Figure4.4 6&Knoop indents on diamorcbbalt layer at 20 N load for the samplé313

Due to the rough surface of the diamond, jafew imprints left after the Knoop
microindentationfor sampleM1313 while it was not possible to obtain amjear
undistortedimprint on sampleK1908 when using loads rather than 20 N e\dter
careful examination by SEMheY o u nrgoduus of the diamond layer related to the
Knoop microindentatiortesting is determined similarly to the Vickensicroindentation
testing. Unfortunately, no cracks were produced after Knoop microinendtal@iole
4.11 shows the mechanical properties of the diamond layer of the sami@&3
obtained from the Knoomicroindentation
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Table4l Mechani cal properties and diagonal i
resul ted niircorno iKndémpt aeMBAINPp | e

Length of the long Knoop Hardness Y 0 u n moaoddus
diagonal indent () (GPa) (GPa)
20 73. 4 52.821 860. 008
20 72. 3 54. 441 883.230

4.2.3.3 Fracture toughness measurements

Fracture toughness indicates the resistance of a material to a fracture in the presence of
a sharp crack.Fracture toughness in this study is determined from Vickers
microindentatiortesting, where various loads are applied to the sample asfigkers

probe to initiate a crack or fracture. The fracture toughnessesof the materials
investigated in thistady weredetermined from the lengths of thedial cracks. Figure

4.47 shows a schematic sketch of a palmqvist and radial cracks formed after performing
Vickers microindentationtesting. Many researchers have developed a number of
formulas for fracture taghness determination. Some equations require the mechanical

properties of the material being tested. hardness and o u nrgodusus.

RaDlal CRACK

BN
Y

! : 2
20— ] —w CROSS : =—2g—+
F % =SECTION = ‘

VIEW

(S —

PALMOVIST CRACK
MEDIAM CRACK

Figure4.4 TGeometries of cracks generated by Vickers indentation. (a) Pamlqvist crack
and (b) radial/median (half penny) (Niihara, 1983)

Shetty et al. (1985) postulated the following equation for fracture toughness

determination:

, 07 "0
MR T tX

whereKc is the fracture toughness (MPa’.nTH is the hardness of the material being

tested (MPa)F is the applied load (N) arnd is the crack length (m) measured from end
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to end distance between opposite cracks subtracting the length of the diagonal of the
indent.

Evans and Charles (1976) suggested a-senpirical equation for fracture toughness
calculation. Crack and indent lehgas well as the hardness of the indented material

were the most dependant parameters for fracture toughness determination as follows.

- 0 7

where,Kc is the fracture toughness (MPa’.jTH is the hardness (MPaj,is the half
length of the diagonal indent (m) ar@is the cack length (m).The crack length

represents the distance from the centre of the indent to the crack tip.

Lawn et al ( 1sbggestedn experimental technique for fracture toughness which
depends primarily on the previous work of Evans and Charles (1868)ever, his
technique shows that the fracture toughness depends on the @ksiic properties of
the material along with theotal cracklength. The proposed equation is found to be

more applicable to ceramics. The suggested equation is as follows:

} T8t "8[()_80_86

V] () o) % T
whereKc is the fracture toughness (MPa’.0TH is the hardness (MPakp,is the half
length of the diagonal indent (m)C is the crack length (m) anfl is theYoungo s

modulus of the material (MPa).

Other formulas for fracture toughness determination depend mainly on the mechanical
properties of the material being tested. Anstisal (1981) investigated the radial
median cracks left after Vickers indentasorhe suggested equatioderived by

testingon ceramicsis as follows:

. O O

v 8t p (p6 80—7 T pm
whereKc is the fracture toughness (MPa’.37H is the hardness (MPa E is the

Y o u nrgodwsus of the materigMPa) , C is the crack length (m) arféis the applied

load (N). The crack length represents the distance from the centre of the indent to the

crack tip.
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Laugier (1985) postulated an equation which could be applied on various materials soft
to hard and the obtained results were close to the literature.

. O~ O
) T8t p T&O 8 — T pp

5-
whereKc is the fracture toughness (MPa’.07H is the hardness (MPa)E is the
Y o u nrgodwdus of the materigMPa) , Cis the crack length (m) arfeis the applied

load (N).

The measurements of the fracture toughness presented in this study were carried out
using the software DigitalMicrograph 3.7 to analyze the SEM and BSE images for
determining the cracks length obtained fromeroindentatiortesting.

4.2.3.3.1 Fracture tou@pness measurements of W&o
Vickers microindentationtests were conducted on the substrate layer of the PDC

samples by applying various loads for a dwelling twh& seconds and then releasing
the load. It was observed that when applying 100 N twadks developedround the
edges of the imprints, whereas clear cracks initiated at loads lower than 100 N.
Figure 448 illustrates the cracks caused from Vickmisroindentatioron the substrate
layer of the sampl&1908 where 170 N was applied. The orange arrows demonstrate
the extension of theracksfrom the edge of the diagonals of the imprint.

Crackl length = 39.20mu
Crack2 length = 35.45m 3
Crack3 length = 36.40mu |5
Crack4 length =24.8%u [ ©

Mag= 100K X WO = 90 mm 2000 kY
Figure4.4 &racksoccuring when applying 170 N load on WC substrate
for the sampl&1908

Table 412 shows the results of fracture toughness obtained from Vickers
microindentatiortesting for the substrate layer for samid®08 andM1313 Various

equations are used for this purpose, where it is clear from the results thaetaln
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( 19 8nd phett et al (1 9 8dpproaches exhibited good agreement with the reported
values in the literature for the same material. Figud® 4llustrates the comparison
between the literature and the obtained values of fracture toughness for the substrate

layer of sample

Table4.1 Results of fracture toughness calculated from different methods for WC
substrate for samplé&§l908andM1313

=5 = _ -
« 3 = = DN o = =~
K f"\ S’\ - 4 O R - = -
= %8 ] = — ~ e E%ﬁ ES E%
SR §F  gs &5 & g2 8§
~ " o >
£ o £ 3 g =5 S8y SZo s9
223 s, =°© <3 s <22 <2
0 ® © = o S 2N a1 D Y
vg? D 2% — =
= s - O
- < =
100 12=+1
(K1908) 112 13. 3 10. 8! 15. 47 9. 72 11.119 5> 0 ¢
170 12.454
(K1908) 112 13.8 11. 1. 16. 06 10. O 11. 187 + 2921
100 11.338
(M1313) 112 12.3 10.0 14. 26 9.15 10'38411.804
200 | , 12.733
(M1313) 1112 13.7 11.1 15. 86 10. 1! N/A + 293
19
=
gl?
2 15 A ‘
A . * Anstis et al
Q *
513 mLawn et al
(@]
511 8 = A Laugier
[} X X
5 9 x Evans and Charles
3]
,_ﬁ,_s 7 ® Shetty et al
5 T T 1
0 100 200 300
Applied load (N)

Figure4.4 %racture toughness for the substrate layer from different models for the
substrate layer of sampkel908

K1908 Figure 450 shows the fracture toughnefes sampleM1313 obtained from

various equations along with th@ngeliterature valueepresented with the red lines.
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Figure4.5 @rracture toughness versus applied loads for the substrate layer

for sampleM1313

4.2.3.3.2 Fracture toughness measuremerasdiamond layer

As mentioned previously that, no fractures were created from Knoop microindentation,

therefore Vickers microindentation was the clkoior creating fractures, especially on

the diamond surfaceMany attempts were performed to obtain fractures around the

diamond layer of the PDC samples using various loads from 10 N up to,i$lny

Vickers indenter but clear crackswvere obtainedvith just a few imprints,due to the

high surface roughness of the diamond layer even after fine polishing. However, indents

with cracks were obtained usirayVickers indenter at 30N and 50N on very well
polished diamond surfaces of the PDC san(iQlE908).

Crackl length =17.57 pn
Craclk length =m d dquonm

O S« 3308y

Figure4.5 Lrack lengths when applying 30 N load on the diamond layer for the
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Figure 451 demonstrates a BSE image of a very fine polished diamond surface of the
PDC samplek1908 Theorange arrows show opposite cracks occurred when applying
30 N. Figure 462 shows a Vickers imprint with four cracks ocongr oneat each

diagonal edge when applyirgoad of50 Nfor sampleM1313

Crackl length = 30.67 p
Crack lenath =H v dumn

Crack 2(edge to edge

Crack 1 (edge to edge

Mag= 800X WO=90mm  2000KkV SE1 < - o
Width = 3305 jom — @

Figure4.5 Zrack lengths when applying 50 N load on the diamond layer
for sampleM1313

Table4.1 JFracture toughness calculated by various methods for the diamond layers of
samplesv1313andK1908

o & .
o - L o =
ez o PR - o =
- N = £Q £SO g
%0 g . g G .- 3 o O s
s O3 c® <= .5 Q23 L5
o N o = o = =0 4 c =
S = = 532 Too <
1 LI T S S T
e i “3 5
—I N—
30N
K1908 910 9.21 8.57 9.361 11.41 HNF
sample ’
50 N
M1313 910 8.66 8.00 8.658 11.19 913+1219
sample
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Table 413 exhibits the obtained values foicture toughness of the diamond layer of

the PDC samples. Figure58 illustrates the fracture toughness of the diamond layer for
two PDC samples at loads 30 N and 50 N. The obtained results were close for both
samples. Fracture toughness calculated ft@ugier( 1 9 @ril JAnstiset al (1981)
show good agreement with the literature value of the diamond layer of the PDC cutters.
The method of Shettgt al ( LiKndtmpplicable due to lack of clear cracks at each

end of the diagonals of the indent for the samples.

19
‘:I; 17
a Sample Sample
29154 K108 M1313—
7
4] ==~ ¢ Anstis et al
£ I T
21 Py o Lo mLawn et al
2 I I 1 I .
o T3 : T | X Laugier
S5 9 t -
g 1 ¥ - x Evans and Charles
@ \ ! [ !
I 7 ——— \___j

5 T T 1

0 20 40 60
Applied load (N)

Figure4.5 JFracture toughness for the diamond coatinthefPDC inserts obtained
from various approaches

The overall average results of the mechanical properties of the PDC samples obtained

from themicroindentatiortesting can be summarised in Tablgé#as follows:

Table 4.1 40verall results of themicroindentationtesting for the substrate and the
diamond layers of the PDC samples

PDC sample  Vickers hardness Yong's modulus Fracture Layer
(GPa) (GPa) toughness
(MPa.m*’)?

M1313 13.072 = 516.943 = 11.908 + Substrate
0.066 2.169 2.152

K1908 12.564 + 514.344 + 12.277 = Substrate
0.257 0.877 2.146

M1313 50.85 + 864.534 + 9.13 % Diamond
0.912 0.986 1.219

K1908 46. 0892 855.63 = 9.641+1.064 Diamond
0.754 4. 474
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4 3 Micro -structural properties and cobalt content of PDC cutters

This part of the worlis carried out tstudy the effect of the micsstructural properties

of the PDC inserts and cobalt content on the mechanical properties of the materials
forming the PDC cutters. The study aimediagemine the particles size of the coating
(diamond) and the substrate (tungstanbide) and the weight percentage of the binder
(cobalt) in the PDC samples.

Combined BSD and coloured EDX images are used to analyse the-stigrtural
properties of the PDCutters. BSD images are used for displaying the best resolution of
the particle distribution compared to normal SEM images. EDX maps are used for
determinng the cobaltcontentin the diamond and the substrate layefsthe PDC

cutters

The particlesize diameter of the diamond and substrate is determined by using image J
software after analysing the BSD images and obtaining the area of the parittiéen
converting the area int@ircular Equivalent Diameter (CED) which is defined as the
diameterof a circle with the same area as the parti@isg¢n, 2011)CED is determined

from the following equation:

T0

where,A,; is the area of the particle determined from Image J softwaré) (@&D is

measured in pm.
Figure 4.54 shows the processing steps of the software (Image J) for an imported SEM
image used in the study.

Figure 4.55 shows the diamond particles embedded in the binder (cobalt) for the
diamond layer of samplég1313(a) andK1908(b). The particle size distribution of the
diamond grains of sampl®4$1313andK1908is shown in Figure 4.56.
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Figure4.5 £rocessing cycle of Image J software used for analysing SEM images in the
study for particles size determination
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Figure4.5 BSD images (a) sampM1313(b) sampleK1908of the diamond layer
displaying the diamond grains (black) and the cobalt (white)

30 - Mean particle size = 35 ~ Mean particle size =
o5 | M H @ cud 30 - M H @0 6P dne
25 -
0 g 20
g 15 - 3
g =) 15 -
g 107 £ 10-
L 5 - 1
0 - _
0-5 5101015152 ®N52k% 05 5101015152 ®252Fk&
a Diamond particle size (um) b Diamond particle size (um)

Figure4.5 @iamond particle size distribution of samd.313(a)
and sampl&1908(b)

The major constrainasthe shape of tungsterarbide particles thatere not spherical
and therefore, the determination tbk diameter of the particle directly frothe area
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obtainedfrom J imagesoftware would bevrong. Thereforethe area of the irregular
shapesobtained from the software were used to determineGineular Equivalent
Diameter (CED).

Figure 45 7illustrates the irregular shape of tungstambide (substrate) particles
embedded in cobalt for (a) sampL313 and (b) samplék1908 while Figure 468
demonstrates the tungstearbide grain size distributionf specimenM1313 and
sampleK1908

Copnary

Figure4.5 BSD images (a) sampM1313(b) sampleK1908of the substrate layer
displaying the tungsteoarbide particles (grey) and the cobalt (blue)

70 - Mean particle size = 100 - Meanparticle size =
60 - H ® P Mm 80 H ® & wd pno
> 50 - ?
T 40 - g 60 -
> >
8 30 - 8 40 -
LL 20 - LL
10 - 20 - I
0 n 1 0 n - T 1
2-4 4-6 6-8 8< b 0-2 2-4 4-6 8<
WGCo particle size diameter (um) Wec-Co particle size (um)

Figure4.5 &ubstrate grain size distribution (a) speciv&B813(b) specimerK1908

The cobalt content represented as weight percentage is determined frommd&gi3>at
selected various spectrum areas of the material surface (diamond and substrate layers)
and then averaging the results. Figus94hows the EDX maps with the corresponding
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element content for five different selected parte)af the diamond layer of sample
M1313
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Figure4.5 EDX maps (ee) and the corresponding mineral content for the diamond
layer of samplé11313
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Similarly, Figure 460 shows the binder content (cobalt) in the diamond layer of sample
K1908for various areas {a).
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Figure4.6 EDX maps (ae) and the corresponding element content for the diamond
layer of specimeK1908

Pagelmoc



Chapter Four: Experimerté/ork (Indentation Testing)

UNIVERSITY OF LEEDS

Cobalt weight percentage is also measured for five different spectrums of the substrate

layer for sample#11313andK1908as shown in Figures@ll and 462 respectively.

Figure4.6 Electron images and the corresponding element weight percentage for the
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Figure4.6 ZEDX images and the corresponding element content for the tungsten
carbidecobalt layer of sampl&1908
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Table 4.5 shows the micretructural properties of two PDC inserts from different

manufacturers.

Table4.1 Structural properties of PDC inserts from different manufacturers

PDC
samples

Diamond particle size (um) 1203+4 . 9 127 ¥ 39 6

mi n4.5’'2 mi n6.9

max > 23.3 max > 3.9

WC particle size (um) 252211 23 1¥16 9
mi n0.3'8 mi n0 . 3

max >8. 2 max> 7.73

Co wt.% (in diamond) 3.26 0.5 4.4 +0.51
Co wt.% (in WC-Co) 73 &£0.39 88 20.32

Increasingcobalt content for a given substrate particle size causes the fracture toughness
to increasdutreduces the hardne@ellin et al.,2 0 X)OIt is found that, fine substrate
(WC) grain size and low level of cobalt content leads to higher hardness and good wear
resistance , whereas coarse WC particles and high mass content of cobalt produce low
hardness and high weartegMori et al, 2003 andNdlovu ,2 0 Q Blgng et al. (1988)

stated that @balt infiltrates throughthe voids between diamongarticles bycapillarity

during the sintering proceskarger spacesare directly associated with largearticle

size whichprefersdislodgmentof cobalt so when the cobalt content is high, therefore it

is corresponding to large particle grain si¥@hiaouiet al, ( 2nterti@nedthatthe
grainsize andhe contentof cobalt arghe most significanparameterselevant withthe
material lossof PDC cutters as igh wear rate is associated with large particle size.
High wear rateis also associated with high cobalt content of the diamond IBgdim

et al. (2 0 1B explained the role of cobalt content towards fracture toesgn
Increasing the cobalt content in the diamond layer and the substrate will increase the

fracture toughness, whereas the wear resistance increases with lower cobalt content.

The particle size of the substrate layer of sampé813 and K1908 is close amund

2 .-23. |Bn, whereas the cobalt content in the substrate of samMp&l3is 7.37%
compared to 8.82% in samid 908 Accordingly, it is expected from these results that
the abrasion (wear) resistance of sam@lE813is slightly greater than sampk&l908
while sampleK1908is more durable againshpact wear offractuting (chipping)than
sampleM1313
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Longitudinal measurement of the binder (cobalt) across the interface between the
diamond and the substrate layers is achieved by performing -@axtine)
measurement of the cobalt as weight percentage for the two PDC samples to monitor
the binder behaviour of the two sampéghe interface of two layerBiguresC.1-C.4

in AppendixC illustrate the EDX maps along with spectra of the element disitvibu

on the diamond and the substrate layers of the PDC cutter as well as at the interface
between these two layemsigures 4.63 show the cobalt content measurement across the
interface of the diamond and the substrate layers of samples M1313 and Rit@08s

4.63 demonstrate that the binder content of both PDC cutters in the substrate layer is
lower than the standard traditional PDC cutters ofl (& % Yahidoui et al, 201 3

suggesting the two PDC samples are having low fracture toughness.

In general, from Figure4.6 3it,is shownthat sampléK1908 has greater cobalt content

in both layers (substrate and diamond) confirming the previous results obtained from
EDX maps of Figurest.5 9and 4.60 for the diamond layer and Figure$4 and

4.62 for the substrate layer of the PDC samples

Cobalt (Sample M1313) == Cobalt (sample K1908)
50

45

40

35

Interface
30
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Cobalt (wt%)

15

Diamond layer Substrate laver

5
0 -
0

200 400 600 800 1000 1200 1400
Distance (um

Figure4.6 3.ongitudinalcobaltcontent across the interfacesaimple M1313and
K1908

Figure 4.6 3shows thatcobalt weight percentage exceeds¥® at the interfacdor
sampleM1313 whereas sampl€1908 shows fluctuahg spectra near the interface and

a maximum cobalt conterdf about29%. These results show that the sintering process
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in sampleM1313 could bemore efficientcompared tassampleK1908 therefore the
degradation of sampke1908is expecting to be quicker than sampl#313

4 4 Conclusions

Nancindentation testing was carried out to measure the hardness antiothen g 6 s
modulus of the materials forming the PDC samples ugiBgrkovich indenterEDX
imagesrevealed that PDC cutters hatlgeeproposedzonesattributed to the different
componentyWC, diamond and cobalt as a bindeg§nce theimprints from nane
indentationwere of similar size to the grain/areas of a given mataialide scatter in
the hardness and Young's modulus data was unavoidalalédition, the second reason
for the variation of the obtained results from namdentation might be attrilied to the
high degree of surface roughness as the polishing process failed to #agisfy
International Standard stipulated by ISO 1447#@r polishing the specimens, therefore,
in order to preventhe large fluctuation in the measurement of materiapprties,
micro-indentationexperiments were carried cas micreindentationtesting would give

abulk imprint of the tested surface of the material.

The hardness of the diamond layer of sangE313 found to be greater than the
hardness of the sampel9 0 & shown in Table 4.14. This is mainly due(ig lower
level of binder content (3.26%) in sampE.313 compared to sampl€1908 that has
higher cobalt content (4.4%) 2smaller grainsize of samplevi1313 (12.03 um)
compared t@ampleK1908(1 2 . umpB

For the substrate layer, the hardness of the tungstdride layer of sampl#11313is

found to be higher than sam#d.908 as shown in Table 4.1dndthis is attributed to
the difference in the cobalt content of the substi@t¢he two PDC cuttersThe cobalt
mass weight percentage in samlli£313is near 7%, whereas samp&908has cobalt

contentof about9%. The mean grain size of samp$313andK1908is very similar.

Fracture toughnessvas calculated from various modelsasedon the mechanical
properties of the materials forming the PDC specimens as well as the dexefoped

at the end of the indenbbtained from Vickersnicroindentation It was found that
Lawnetal ( laAdS8S@ertetal ( InetBdelPprovidethe clsest agreement to the
literature values of the fracture toughness for the substrate layer of the PDC cultter,
whereas the approaches of Angisal ( 1add Uaggier( 1 9 &6ny to be the
closest to the literature for the diamond layer of the PDC sample
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The determined mechanical properties of the materials forming the PDC specimens are
strongly affected by the microstructure properties, especially the particle size
distribution and cobalt content. From the obtained results, samples with high particle
size distribution and high cobalt content are having low hardness and/diiges of
fracture toughnesand consequently having low abrasion wear resistance and better
iImpact wear resistance, whereas samples having high hardness and low fracture
toughness ar expected to have good abrasion wear resistance and less impact wear
resistance therefore,|it is expected thathe amount of wear is consequently influenced

by themicrostructure properties the material.

It is worth mentioning that, the balancing thie cobalt content with the particle size
distribution should be achieved to gain high hardness and high fracture toughness. It is
recommended for manufacturing the PDC cutters that, the grains of the tucaydtieie

alloy in the substrate layer as wa#l the particles of diamond in the coating layer of the
PDC samples should ke mixture of coarse and fine grain size. This mixture will
maintain high hardness and high fracture toughness without compromising of each one
and consequently increasing the weate resistancdor impact and abrasionin
addition, cobalt content within the substrate and the coatings should be also balanced.
Leaching process (depleting the binder) of the diamond layer is needed to minimise the
cobalt content after sintering tv@d the thermal expansion of cobalt when the PDC
cutters are subjected to elevated temperatures causing the chipping of these cutters.
Therefore, the balancing of cobalt content and the particle size distribution will enhance

the PDC inserts againshpad and abrasive wear.

The next chapter will discuss the quantification of the agasear for the substrate
and the coating layers of the PDC cutters thainly depend on the properties of the
materials forming these layers.
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Chapter 5 Experimental Scratch Testing

Any macroscopic or microscopic removal or fracture of matezggdecially at the cutter
surface or any degradation that reduces bit,life consideredo bewear (Mouritz and
Hutchings 1991)Richardson (1968) as well as Mouritz and Hutchings (1991) showed
that the abrasive wear of the material depends ortetine of abrasive hardnessver
material hardnessH{/Hyy). It is found that whenH./Hy) less than 1, a very low
abrasive wear rateill occur. However, whenH./Hy) is greater than 1.2, the abrasive
could scratch the material causimbigh abrasive wear rate. The wear of the redi@ne

bits, as well as PDC bitss a major issue during diiitg that leads to severe time losses
which affect the overall drilling operation cost. Therefore, it is essential to evaluate the
wear tendency of the material forming the drill bits.

In the literature, different testsave beenperformed especially onPDC bis, and
particularly for the cuttersto evaluatetheir effectiveness and reliability in harsh
environmentsThe majority of the previous tests are destructive (Bedltnal, 2010) .
The @rasion test is thenost commonly usedne, where the abras wear of the
materialis evaluated againte rocls with different hardnesses these tests, theass

loss measurements represent the volume of bit wear. Although, previous tests for
evaluating the wear of the PDC inserts are beneficial, precise maasuref the

material loss remagan issue.

The current chapter is focused on studying the wear mechanisms of PDC cutters and the
effect of their mechanical properties on the extent of wear. The volume of wear for the
PDC cutters was determined experinadigt using micro and nanscratch tests on
different layers of PDC cutters, i.e. the diamond layer and tungsiiide (substrate

layer) by implementing an approach based on the geometry of the removed material
after such tests. In addition, this chaptéiustrates how the experimental wear is
compared to the predicted wear based on current approaches in the lit¥iationes

wear models are evaluated for micro and Rawoatch tests on both layers of the PDC

samplesWC-Co and diamond.

5.1 Micro-scratch testing

The scratch caused by a sharp indenter produces abrasianTivearvear mechanism
caused by scratch testing is mainly dominant by ploughing and cuiirsgries of
micro-scratch tests are carried out by applying various lé@ads probe actingn the

surface of the PDC specimens (substrate and coatimmying the probe a sufficient
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sliding distance to produce a scratthe resulting sratch length and witl arefocused

to evaluatehe wear of the material. Budinski (20@#pposed an approath determine
the hardness of the material from scratcrsteased on the width of the obtained groove
and the applied load to cause that scratch. Figirel&monsttes the scratching using
a hard particle or indenter and the grooves generated. In this study;seriatch test
arealso applied for determining the hardness of the material being scrafchedhich
Equation (51 )s applied

YO

“v'Ou :
V)

whereSHNis the scratch hardness number (GIFay the applied force (mN) anak is
the scratch width (um).

Figure5.1 Scratch test using a sharp indenter (Budinski, 2007)

Experimentally, the micrscratch test is performed usigstron5 5 6ntechanical
testerwith a diamond probe. Vickers and conispherical diamond indentetsave

beenused during the micrscratch tests on both layers of the PDC samples.

It is quite challengeable to standardise the scratch testing (micro and nano) as there are
many variableparameters affect this testing. Howevi&(0O-14577 andASTM E2546
standards could be appliédr micro and nanscrtch testing as mainly these tests are
controlled by load or depth selection (CSM 2 OIrDtRis) study, the micro and nano

scratch testingre controlled by load selection.
The obtained micracrdches were examined by SEM, EDX and surface profilemeter

5.1.1 Micro-scratch test of the substrate layer of the PDC samples using Vickers
indenter

A series of micrescratch tests usingVickers indenter were conducted on both layers
of the PDC specimens under various loddee samplesveremountedon an anvil that

has a manual controller @lter the sliding distanceThe substrate of the PDC sample
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was scratched using loadsf 1 0 9300 N as at this load range¢he corresponding
mechanical properties are available from section 2 .. 3leasuredl weairom micro
scratch testwas compared to theredictedwear based on approaches in the literature
by Rabinowicz (1996), Hutchings (1992) and Ning and Ghadiri (2006). Fig@re 5
shows a SEM image of a groove obtained from a rscratch test when applyirey
load of 200 N on the tungstearbide layer usin@ Vickers indenter for the sample
M1313 SEM images for the same scratch testing using Vickers indemethe
substrate of sample M13E8 applying loads 100 and 300 N are shown in Figures D.1
and D.2 respectively iAppendix D. Table 51 illustrates theesults obtained from the
scratch testusinga Vickers probe on the substrate layer of the sarvi813 Once
the grooves werebtained from micrescratch test, the scratchasexamined by SEM

to determine their width and finally, the scratch hardnessher is calculated from

Equation (51 ) .
:'w" R4 I

Figure5.2 Tungstercarbide layeafter ascratch teswith a Vickers indenteander 200
N load

Table5.1 Results of the scratch test of the tungstarbide layer of the sampi¢1313

Load Vickers Sliding Scratch Scratch  Scratch hardness
(N) hardness distance width, (b), height (h), number
(GPa) (Hm) (Hm) (Hm) (GPa)
100 13.089 200 177.8 35. 9 8. 055
200 13.13 200 225.2 45. 5( 10. 03¢
300 12.98 200 251. 0 50.7: 12.12¢

The scratch height of the obtained groove from the rrscratch test isneasured by
2D Talysurf profilemeterGroove depthsneasurements were carried out using Ultra
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Precision Talysurf PGI800 with a resolution up 3o. @n. Figure 8 shows a
profilemeter image of a scratch obtained after applari@ON load on the substrate

layer of samplé/1313using Vickers indenter.

The volume of wear is calculated experimentally from the geometry of the removed

materialusingthe following equation:

whereb is the width of the scratcfmeasuredhere byscanning electron microscopy
is the height of the scratqbtainedusing the2D profilemeter andX is the sliding
distance

20 7 / 20
20 - ; £20
10 :« : :
51

10

Depth
(micrometre)

b
3
20+

30~

40

€0 Z : 50

i) Ll ) T L) T L) U L4 U T r i T . T U . T .
5.4 955 056 957 958 959 960 951 962 933 6.4 985 986 U957 9638 %69 97.0 97.1 972 973 974
milmetres

Figure5.3 Two dimensionallalysurf profilemeter shomgthe depth of scratch occurred
on the substrate layer after applying 10@®bNsample M1313

In the literature, abrasion wear models are used to quantify the wear between the
abrasive and the abraded bodies for different kinds of materials. The experimental wear
obtained from the micrscratch tests is compared withree different wear models
Rabinowicz (1996); Hutchings (1992) and Ning and Ghadiri (2006) using Equations (2

1 4 Y2;15) and (219) respectively as these wear models depends mainly on the
mechanical properties of the material being teatatithey aresed to quantify the wear

of ceramics and alloy metals using various loads and sliding distartoe®fore, the
experimental results of wear obtained from micro and +s&natch testing are validated

with the three wear models mentioned above. Archard westel is used for the
determination of the coefficient of abrasive wear, while other models such as the model

of Element six Ltd. igurned oudue to inadequatexplanatiorfor this empirical model.
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When applying Vickersndenter during the micrecratch test, the volume of wear of
the material is determined based on the geometry of the removed material as shown in
Figure 54 .

b/ &/ 2

- * - >
Figure5.4 Schematic sketch of the tip of Vickers indenter showing
the angle of abrasioml) (based on Rabinowicz ,1976)

Figure 54 shows a schematic sketch of the abrasive probe and the angle of abrasion.
The angle of abrasiordY i s 22 o Ug ordhe half angleof thé abragive
indenteris (1 3 6 ) ok 6 8 When usinga Vickers indenter. The hardness and the
fracture toughness of the material used in Equations4)2 (215) and (219) are

obtained from previousiicroindentatiorresults showimn chapter four.

Figure 55 demonstrates the results of experimental wear along with the calculated

abrasive wear obtained from three models for the substrate layer of the bk

@ Experimental-Vickers m Rabinowicz a Hutchings e Ning & Ghadiri
L 30
—
X °
E 25
~a>3: 20
C—S 15 °

*
= 10 g
£ °
= [ |
5 ° o
- (]
E O T T T T T T T 1
g 0 50 100 150 200 250 300 350 400
Applied load (N)

Figure5.5Wear calculated from different techniques for the substrate of sdij3&3

The wear increases with loads predicted bwll models.The model ofRabinowicz
( 1 9 gave lower wear values thahe experimental wear, while Ning and Ghadsliri
( 2 0 ;hdxl¢l displays higher trend than the experimental one. HutcHings( Wwea® 2 )

model displays the closeatjreemento the experimentadata As mentioned in section
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2.3.2.3 that thexpectedbtainedwear values fronHutchings( 1 9 @aulyl bedouble
of those obtained from Rabinowicz and this is due to the different assumption made

upon deriving their models. Rabinowicz developed his model basing on the projected
area of the cone indenter whiassumed to be a whole circle, while Hutchings assumed
that the projected is half circle. Ning and Ghadir model is following a polynomial
fitting, where at low loads, the wear predicted by this model shows a close agreement to
the experimental wear. Howery when the load is increased, the wear predicted by this
model has higher trend. Ning and Ghadiris' model depends mainly on the fracture
toughness and not affected by the angle of abrasion or the half angle of the abrasive
particle as in Rabinowiczs' amtlitchings' models.

5.1.2 Micro-scratch test of the diamond layer of the PDC samples using Vickers
indenter

A series of micrescratch tests usingVickers probe were carried out on the diamond
layer of the PDC specimen. Special care should be taken in scratching the surface of the
diamond layer,and low loads varied from 10 N to 20 N were applied to avoid
damaginghe tip of the indenter due to the high resistance of the material surface and a
high degree of asperities. Figur® flustrates the groove as a result of applymg0 N

load on the diamond layeof the PDC insert of the sampM1313 using a Vickers
indenter. More images show the micrescratches resutg from using Vickers
indenter argresentedn FiguresD.3 and D4 in Appendixi D, where the applied loads

used were 10 and 15 N respectivelyable 52 illustrates the results obtained from
scratching the diamond layer of the sampie313 The Vickers hardness is taken to be

the average valuieom the previousmicroindentatiortests for the sampld1313

Scratch width = 31.6 um (PR .'
Sliding distance = 300 pum

By Groove on the [
diamond laver g

Mag= 150X WD = 80 mem 20008V

Figure5.6 Scratch obtained with Vickers probe at 20 N for the diamond layer of the
sampleM1313
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Table5.2 Micro- scratch test results of the diamond layer ofsiw@pleM1313

Loa Vicke Slidi Scrat Scrat Scrat
(N) hardn dista width depth har dn

(GPa) (Om) O m( (Om) number
10 50. 8¢ 300 23. 7 4. 787 45, 33
15 50. 8¢ 300 28. 4 5. 737 47 .35
20 50. 8¢ 300 31.6 6. 383 51.00

The experimental wear of the diamond layer as a result of e@edch test using
Vickers indenter is calculated from Equation2(band then compared to tpeedicted
wear based on approaches in the literature.

Average values for hardness and fractutgkmesdrom previous chaptexere used for
the calculation of wear from the modeit Rabinowicz (1996); Hutchings (1992) and
Ning and Ghadiri (2006). Figure®illustrates the wear obtained from the experiment

and predictedrom themodels.

From Figure5.7, the trend of wear versus load for the diamond layer of the sample
M1313is similar to that of the substrate, where Hatchingsar model seems to be the
nearest to the experimental wear, whereas Ning and Ghadiri ( @h@lél ghgws the
greatest disgreemento the experimental ond@his might be due to the great influence

of fracture toughness on the Equation of Ning and Ghadiri as shown in section 2.3.2.3.

Despite the special care whigias takeninto accountduring the teststhe tip of the
indenter wasfound to get damagedfter applying 20N Figure 58 shows an SEM
image for the tip othe Vickers probe after gceding micrescratch testat load 20 N
on the diamond coating of the PDC samd&313 The image shows that the tip of the
probewas damaged by the above tests and couldeatsed fofurtherscratch tests.

As such, further scratch tests were completed using a spheroconical indenter

Page|lmn @



ChapterFive: Experimental Scratch Testing UNIVERSITY OF LEEDS

¢ Experimental-Vickers m Rabinowicz a Hutchings @ Ning & Ghadiri
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Figure5.7 Experimental and predictedear calculated for the diamowobalt layeifor
the sampleM1313

Wreckage of the
tip of the indenter

Figure5.8 Damaged tip of the Vickers indenter after scratching the diamond layer of
sampleM1313at 20 N applied load

5.1.3 Micro-scratch test of the substrate layer of the PDC samples usiag
spheroconical indenter

Due to the high risk oflamagingthe diamondndenter, especially when conducting

the micre scratch testing on the diamond layer of the PDC samples as sitmwe,

further scratch tests were performed using spheroconical indenter. The use of a
spherical tip of the probe is an effective option that reducegiskeof breakage
compared to the use of sharp indenters, particulaign scratching hard coatings
(Beakeet al 2 Uhk dpheroconical indenterhasl 00 mi cr on r adi us
angl e odndiSsAowrbiry Bgure® .

Figure5.9 Spheroconical probe used in the misratch testingaj, SEM image of the
tip of the spheroconical indentds) (
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The spheroconical indentés used to carry oud series of micrescratch tests for the

substrate layer of different PDC samples at varioads.

Figure 510 shows a SEM image of a groove obtained from misaratch testing of

the substrate layesf M1313 sampleusing a spheroconical indenter at 75 N, while
Figure 511 shows the groove produced after applying 50 N orstifsstratdayer of
sampleK1908 using diamond spheroconical tip indentéigures D.5D.8 in Appendix

D show the grooves obtained from miecratching with a spheroconical inderdéter
applying loads 100, 200, 25 and 75rékpectively on the substrate layer ahple
K1908, while Figures D.9 and D.10 in Appendixillustrate the scratches obtained
when applyindoads50 and 65 N respectively on the substrate layer of sample M1313.
The SEM images in Figures1® and 511 show that the debris resolj from the
ploughing action due to the micszratching ofthe samplegv1313 and K1908 is
dispersed outside the groove as well as accumulating on both sides of the scratch.
Tables 53 and %4 illustrate the micrecratch testing resul{scratch width and height)
performed on the substrate layers of the samylE313 andK1908 respectively with a
spheroconical probeScratch hardness number was calculated for comparison with

Vickers hardness.

Scratch width = 135.9 um
Sliding distance = 200 pm

Mag= 198 X WO = 10.6 mm 2000 kv SE1 oy

ool pjg— ——
Width = 1,624 mm ' _i Q."."_r_‘,ﬁ

Figure5.1 (Bcratch obtained at load 75 N on the substrate layer of the shihple3
due to micrescratching with spheroconical probe
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Scratch width = 112.1mu
Sliding distance = 200w

Mag= 258 X WD=85mm  2000KV se1 — B
Width = 1.150 mm — Q:'fm

Figure5.1 XGroove obtained using spheroconical indenter at 50 N load for th€®/C
layer of the samplK1908

Table 5.3 Results of micrescratch testing of the substrate layer using spheroconical
indenter for the sampl1313

Load Vickers Sliding Scratch Scratch depth Scratch
(N) hardness distance width, (b) (h), hardness
(GPa) (um) pm)( (Vigg)) number (GPa)
50 13.07 200 108. 21 10. 87
65 13.07 200 126. 7 25. 75 10. 30
75 13.07 200 135. ¢ 27 .3 10. 34

Table5.4 Results of micrescratch testing of the substrate layer using spheroconical

probe for the sampl€1908

Vickers Sliding Scratch Scratch depth Scratch

hardness distance width, (b) (h), hardness

(e13)) (1um) pm)( (um) number (GPa)
25 12.53 200 72.6¢ 15 12.06
50 12.90 200 112. 1 22.02 10. 13
75 12.75 200 125. ¢ 30.11 12.06
100 12.77 200 145. ¢ 37 12.07
200 12. 77 200 203. ¢ 44. 03 12.25
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The height of the groove is determined from the 2D profilemeter. FigliPeshows the
topographyof a scratch using spheroconical indenter for the substrate layer of the

sampleK1908when applying load of 50N.

Modified Profile Rafid_Scratch 2A 16 - 1 - P/1.805mnvLS Line 1509/2014 12.14.:27
Rafid_Scratch 24 16 - 2. immiAdmin/ftss2 s5 1510972014 12:13:55
1w 7 2o b
. wd Z i b
)
. 5
o
S - ~ta
S
e 5 L5
=
T -0 £-10
[a)
-164 -15
-204 L-20
25 ' : , dr o RSRNY 2 v fasaud e 2
685 635 £37 £8.8 65.9 £9.0 60.1 50.2 693 €9.4 €95 E9.6 637 €3.3 €99 70.0 701 70.2 703 704 705

Figure5.1 Z'wo-dimensionalTalysurf profilemeter of a scratch occurred on the
substrate layer after applying 50 N for the saniil®08 using spheroconical probe

The schematic geometry of the migcratch process with a spheroconical indenter is
illustrated in Figure 33, where th depthor heightof the material remove¢h) is
shown along the scratch distang. (

Sliding
distance &)

Depth of the groove

or height ) Spheroconical probe

Figure5.1 Bchematic geometry of the worn material using spheroconical indenter
during micraescratch testing

The esulting wear frommicro-scratch test is determined from the following equation
which is found to quantify the weaolumealong the scratch paths follows (CSM
Instruments., 2002):

w O z ) U O
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where AsegmentdS the area of the circular segment as seen from FiglieghdL is the
sliding distance .The final equation of the circular segment is determined from Equation
(5-4): (The full derivation is shown iAppendixi A.C.

Pevy 2 it v T

G

whered is the angle opposing the segment of the ci(Eigure 5.14)and it can be
obtainedirom Equation (55 ) :

L Q
— Cwéi p & v U

whereRc is the radius of the circle aridis the residual depth of the mierscratch as
shown in Figure 34:

Figure5.1 4&ketch of the circular segment of the spheroconical indenter tip that indents
the layer of the sample

The experimental wear at various load points obtained from the #stcatching with a
spheraonical indenter of the substrate layer of the sarMil813 is compared to the
literature wear models (Figure.155 Jigure 516 displays the experimental wear
compared to the predicted one obtained from various wear mfmdetee substrate
layer of the sampl&1908 The mechanical properties of the substrate layer and the

diamond needed for the wear modais taken fronthapter four.

Figures 515 and 516 display thaHu t ¢ h( h @ ®eédnmodel is the nearest to the
experimental wear for the substrate layer wheplaeroconicaindenter is used, while
other models show lower values than the experimental Tme. is attributed to the
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