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Abstract

Polycrystalline diamond (PCD) cylindrical tool-bits used in oil well drilling

are susceptible to fracture due to the hostile environment of randomly occur-

ring high impact loads. These tool-bits generally comprise of a PCD layer

sintered onto a tungsten carbide substrate. The metallic phase primarily aids

the formation of the diamond to diamond bonds, however during application

the same cobalt expands much quicker than the diamond, breaking the very

same bonds it helped to form in the first place, leading to premature failure

of the tool bits. Because the PCD is virtually a two phase material compris-

ing of cobalt and diamond, substantial volumes of the metallic phase can be

removed through a leaching process without compromising the cohesiveness

of the diamond matrix with reported improved wear resistance and thermal

stability. The fact that the tool-bits fail after repeated use gives rise to the

possibility of fatigue-type processes in diamond.

X-ray diffraction and Raman spectroscopy techniques were used to investig-

ate residual stresses in leached and unleached polycrystalline diamond disc

samples. The 514.5 nm line of an Ar+ ion laser was used as an excitation

source with an 1800 grooves/mm grating in the single spectrograph mode of

a Jobin-Yvon T64000 Raman spectrometer. Raman stress measurements at

room temperature were carried out using a 36 point mapping array in area

close to the size of the PCD samples. The mapping points provided histo-

grams of the magnitude and nature of these small individually stressed regions
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showing a general compressive stress for the lower numbers of fatigue cycles

which deteriorates to a high proportion of tensile regions. The data are also

illustrated by 2-D surface maps as an alternative mode of presentation again

confirming the change form surface stresses being dominantly compressive to

dominantly tensile with exposure to the higher numbers of fatigue cycles.

A systematic investigation and evaluation of the average in-plane residual

stress fields on a fatigue loaded leached and unleached PCD disc sample was

also conducted using the the Bruker D8 Discover machine equipped with a

graphite monochromator and a Cu X-ray tube of wavelength 1.544 Å operated

at a voltage of 40 kV and a current of 40 mA. To determine the full stress

tensor, samples were measured at 6 different azimuth angles = 0o; 180o; 90o;

270o;45o, and 225o. Whilst the Raman technique showed a progress shift

of the residual stresses state on the surface of the samples, from a compress

stress state to an average tensile stress state with increasing number of loading

cycles, the X-ray diffraction method recorded compressive stresses for all the

measurements even at the highest number of loading cycles.

Whilst the results are seemingly in disagreement the non destructive nature

of the the two techniques employ in the study has been shown. Whilst the

two methods are considered to be surface techniques there exists fundamental

differences in way they determine the residual stress, which can be used to

explain the divergent set of results for the two methods. Scanning electron

microscope (SEM) images showing evidence of possible localized damage at

large numbers of cycles for some of the unleached samples, were obtained using

a JEOL JSM7500F field emission scanning electron microscope operating at

15 keV in a vacuum of 5.1× 10−4 Pa. Using the same equipment elementary

analysis was done for the unleached samples and the observations indicated

that the samples had similar chemical compositions.
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Chapter 1

Introduction

Diamond is a remarkable material and its unique properties have made it use-

ful for many applications [1]. It is composed of a single element, carbon, which

is one of the most abundant elements on earth and is found in three allotropic

forms, amorphous carbon, graphite and diamond. Carbon atoms form very

strong bonds with each other yielding solid crystalline materials like graphite

and diamond [2]. The symmetrical tetrahedral bonding in diamond causes it

to be the strongest known material while the unsymmetrical resonance and π

bonding in graphite causes it to have high material strength within a plane

due to the covalent bonding but it has weak inter-planar strength due to weak

van der Waals bonding [3].

Following the discovery that diamond was pure carbon in 1797, there were

several efforts and claims of diamond synthesis. Most of these claims were

documented between 1879 and 1928 but after careful analysis most of these

were not confirmed [4]. Earliest apparent successes were reported by J. Bal-

lantyne in 1879 and Ferdinand F. Henri Moissan in 1893 [5]. Their method

involved heating charcoal up to 3500 oC with iron inside a carbon crucible

in a furnace. The molten iron was then rapidly cooled by immersion in wa-

ter. The contraction generated by the cooling supposedly produced the high

1
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pressure required to transform graphite to diamond. Sir Charles Algernon

Parsons, a prominent scientist and engineer spent 40 years trying to repro-

duce the experiments of Moisson and Hannay and in 1928 he stated his belief

that no synthetic diamonds (including those of Moisson and others) had been

produced up to that date [4]. The first commercially successful synthesis of

diamond was achieved by Hall in 1954. His breakthrough was using a “belt”

press, which was capable of producing pressures above 10 GPa and temperat-

ures above 2000 oC [6]. The belt press used a pyrophyllite container in which

graphite was dissolved within molten nickel, cobalt or iron. These metals

acted as a solvent-catalyst which both dissolved carbon and accelerated its

conversion into diamond.

The successful synthesis of diamond paved the way for the manufacture of

polycrystalline diamond (PCD) cylindrical tool-bits used in the oil and gas

drilling industries [4]. These cutting tools are also widely used for machining

non-ferrous metals and alloys as well as highly abrasive composite materi-

als. During the drilling exercise the drill bits are subjected to repeated loads,

fluctuating or cyclic and rapidly applied loads [7]. Such hostile cutting condi-

tions with fluctuating loads induce cyclic stresses that often result in failure

by fatigue. This failure in some instances inevitably leads to premature de-

gradation of the cutter’s ability to drill and results in catastrophic failure [8].

Developing an understanding of the mechanism of fatigue crack growth beha-

viour in PCD materials in the quest for improved lifetime of the PCD tools is

important both for the manufacturers and the customer.

1.1 Previous Work

Several authors have conducted work investigating and demonstrating evid-

ence of fatigue in polycrystalline diamond. Lin et al.[8] studied the effects of
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residual stress on PCD as well as calculating their magnitudes, these being as

high as 1.4 GPa. They also highlighted factors that influence these residual

stresses in PCD tool-bits consisting of a PCD layer sintered onto a tungsten

carbide substrate and these include:

(a) The thickness ratio of the diamond layer to the tungsten carbide substrate;

(b) The effect of the cutter diameter.

They showed that the diameter of the cutter determines only the size of the

uniform stress regions and has little influence on the magnitude of the residual

stress. The larger the cutter diameter the larger the region of uniform stress

distribution [9].

In the Hertz ring-crack test, Bell et al. [10] observed that a single indentation

on a diamond surface had no perceptible effect, but on the order of 100 to 1000

indentations produced cracks. They concluded that the cracks were a result

of fatigue damage. Paggett et al. [11] also did studies on residual stresses and

stress gradients in PCD compacts using neutron diffraction. They recorded

average in-plane stress in the diamond layer in the range of −250 MPa to −582

MPa, where the negative sign indicates that the stresses were compressive in

nature. In other studies Dunn and Lee [12] conducted fatigue tests on sintered

polycrystalline diamond where they showed that the maximum strength of the

sintered diamond compacts is reduced under cyclic loading. In most of these

works PCD tool-bits were used. Fatigue testing is discussed in more detail in

sections 5.2and 5.3.

Residual stresses play a critical role in the fatigue life of any engineering com-

ponent or structure and as such their evaluation is equally critical. Since the

early 1950s X-ray diffraction has been the standard technique for the meas-

urement and evaluation of residual stresses. Whilst the majority of the ap-

plications of the techniques have been focussed mainly on steel materials, the
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techniques has been applied in the diamond materials industry and research.

In one such paper Haker et al. [13] recorded residual stress magnitudes of

0.5 - 0.8 GPa in free standing 0.5 - 2 mm thick samples of polycrystalline

diamond. In 1995, Rats et al. [14] investigating the the crystalline quality as

well as residual stresses in diamond films chemically vapour deposited on sil-

icon substrates, made use of the Raman and x-ray diffraction techniques and

measured stress in the range of −0.59 to 0.01 GPa. More recently Jia et al.

[15] conducted tests to study the effects of initial crystal size of the diamond

powder on the residual stress and morphology of the resulting PCD layers.

For evaluating the stresses they employed X-ray diffraction and reported stress

values slightly below +0.22 GPa.

In the current work only the PCD layers detached from their tungsten carbide

cobalt (WC-Co) substrates were used used as this configuration was required

for the ball on three balls fatigue test employed.

1.2 Aims of the Work

The aims of this work were:

• Firstly to carry out a literature review on the theory of wear behaviour

of polycrystalline diamond (PCD).

• Secondly to investigate fatigue type behaviour in non- leached PCD by

the careful analysis of samples fatigued at room temperature.

• Conduct fatigue measurements on leached PCD samples for comparison

with non leached PCD results.

• Conduct the literature review on the two techniques for residual stress

analysis to be employed in this work, namely Raman Spectroscopy and

X-ray diffraction stress measurement techniques.
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• Conduct analysis of residual stress as determined by the X-ray diffrac-

tion and Raman spectroscopy methods on the surfaces of the PCD

samples.

• Finally it was hoped that the characterization of the fatigue behaviour of

leached and non-leached PCD will contribute towards understanding of

the science behind the fatigue type processes which leads to premature

failure of PCD tool bits, thus contributing to their improved lifetime.



Chapter 2

Literature Review

2.1 Diamond Structure and Bonding

All carbon-based molecules are covalently bonded since there are no electro-

positive atoms present and the extra electrons needed to fill the valence shell

of the electronegative atoms must be obtained by sharing electrons [16]. A

perfect diamond is made up purely of carbon atoms. Each atom has four sp3

orbitals and shares one with four other neighbouring carbon atoms [17]. This

produces a tetrahedral structure containing five carbon atoms with extremely

strong molecular bonds of length 0.154 nm and bond angle of 109.50 as shown

in Figure 2.1.1a [2]. Each carbon atom in the structure lies at the centre of a

tetrahedron, with an equidistant tetrahedral neighbour creating the structure

of diamond (a build up of collective tetrahedrons), as shown in Figure 2.1.1b

[2].

6
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(a) Tetrahedral structure of diamond. (b) Diamond structure.

Figure 2.1.1: Arrangement of atoms in the diamond structure [2].

A disadvantage with single crystal diamond for many applications is the an-

isotropy of most of its properties [18]. It is well established that directionally

dependent elastic and plastic anisotropy exists in single crystal diamond [19].

Brookes et al. [20] showed that the Knoop micro-hardness of single crystal

diamond depended on the {111}< 110 > slip system. The hardness value

measured is thus a property of the crystallographic plane pairs tested. The

anisotropy of the Young’s modulus and Poisson’s ratio for diamond was also

investigated by Klein et al. [21] and they observed that these properties were

directional and functions of the symmetry of the crystal structure. Table

2.1 highlights this directionality as well as the mechanical properties of single

crystal diamond when compared with PCD. In order to reduce the undesirable

effects caused by the hardness anisotropy of single crystal diamond in abrasive

applications, polycrystalline diamonds which are formed by sintering diamond

powder in the presence of a suitable solvent catalyst, are used. Consisting

of an extended diamond structure, made up of randomly oriented diamond-

diamond bonded crystallites, the composite nature of these materials provide

more homogeneous properties [4]. The random orientation prevents uneven

wear due to varying hardness as a function of direction and catastrophic fail-

ure along the {111} plane is retarded [22]. Polycrystalline diamond also have
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greater toughness compared to single crystal diamond, due to the Hall-Petch

effect and the composite nature of the material, and offers more homogeneous

properties, [23], while still maintaining a reasonably high thermal conductiv-

ity [24]. The Hall-Petch effect describes the dependence of material strength

on grain size, which influences slip resistance.

2.2 Diamond and Graphite

The relationship between diamond and graphite is both thermodynamic and

kinetic in nature, as illustrated in the phase diagram shown in Figure 2.2.1.

At normal temperatures and pressures, graphite is more stable than diamond

by only a few eV and the fact that diamond exists at all is due to the very

large activation barrier for conversion between the two [25]. There is no easy

mechanism of converting between the two as interconversion requires almost as

much energy as destroying the entire lattice and rebuilding it [26]. Therefore

once diamond is formed, it cannot convert back to graphite under standard

room temperature and pressure because the energy barrier is too high. Thus

diamond is said to be metastable since it is kinetically stable but not ther-

modynamically stable [27]. For direct conversion of graphite to diamond high

temperatures and pressures are required to overcome the large difference in

the Gibbs energy between these two structures of carbon so that there is a

rapid transition from one to the other. As highlighted earlier the barrier to be

overcome here is the breaking of the bonds in the graphite so that the atoms

are free to re-bond in the form of diamond [27].
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Figure 2.2.1: Phase diagram for carbon [25].

2.3 Commercial Synthesis of Diamond

The first synthetic diamond successfully made and the results published was in

1955 by General Electric. Berman and Simon produced a successful prediction

of an equilibrium line for the transition from graphite to diamond [28], see

Figure 2.3.1. This was done using the high pressure high temperature (HPHT)

process, which is an attempt to imitate the conditions under which natural

diamond forms deep in the earth. Graphite in the presence of a metallic

solvent-catalyst is put into a huge press at high temperatures and pressure

and converts to diamond over a period of hours. Generally the diamond

crystals produced are typically a few millimetres in size which are sometimes

too flawed to use as gemstones, but are extremely useful as hard wearing

edges on cutting tools and drill bits [29]. However with improved methods it

is possible to synthesise crystals of gemstone quality [30]. The synthesis of

the PCD which is used in this current study is discussed in section 2.5.
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Figure 2.3.1: The equilibrium line as predicted by Berman and Simon [28].

2.4 Thermodynamics of Diamond Synthesis

Berman discusses the stability of the two allotropes of carbon in terms of

Gibbs free energy G [2]. The difference between the free energies of graphite

and diamond changes with pressure. This can be expressed as

(δ4G�δP )T = ∆V, (2.4.1)

∆G = Gd − Gg, where Gd is the free energy of diamond and Gg is the free

energy of graphite. ∆V = Vd− Vg , where, Vd is the volume of diamond, Vg is

the volume of graphite.

The subscripts d and g refer to the diamond and graphite respectively [31]. ∆V

is negative since diamond is much denser than graphite (3.52 × 106 kg.m−3

compared with 2.2 × 106 kg.m−3) [32]. ∆V decreases as pressure increases

therefore according to equation 2.4.1, ∆G must also decrease with increas-

ing pressure. At ∆G = 0, diamond and graphite are in equilibrium. This

alone however is not sufficient to have a conversion from graphite to dia-

mond because of the large and positive activation energy [25]. This is due to

the existence of a transition state with an increased volume, requiring higher
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temperatures to overcome the activation energy, which in turn requires higher

pressures. The metallic solvent/catalyst then provides an alternative lower

energy reaction path for the conversion [27].

2.5 PCD Synthesis and Properties

As in single crystal diamond synthesis, sintered polycrystalline diamonds are

synthesised by the application of high temperatures and high pressures with

the difference being that instead of graphite as the starting material, dia-

mond powder is used. Micro-sized diamond powder is thoroughly mixed with

a metallic catalyst or binder phase, typically cobalt, and enclosed in a pro-

tective metal can [33]. In the case of the PCD tool-bits used in the present

work, the powder is placed in contact with a previously sintered WC-Co com-

pact from which the required catalyst is obtained by melting and diffusion of

the Co binder phase [27]. A cylindrical holder is used to hold the substrate

and the diamond powder and an electrically conducting sleeve surrounds the

assembly to act as the heating element at high pressure. The holder is then

placed in the HPHT press with an appropriate gasket in place to act as a

pressure seal. This is then first pressurized to a typical pressure of 5 GPa and

then heated to the carbon/catalyst eutectic temperature, which is typically

1500 0C [33]. Infiltration of the cobalt takes place and sintering of the mixture

occurs by the dissolution of the diamond crystals at their edges and points

of contact, followed by the epitaxial growth of diamond on faces and sites

of low-angle contact between crystals [34]. Thus the binder phase is effect-

ively excluded from the crystal contact points and true diamond to diamond

bonds are formed [33]. This is then followed by cooling down in the press and

de-pressurising. Due to the different thermal expansion coefficients between

diamond and the tungsten carbide substrate, differential cooling takes place
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with the substrate contracting more than the PCD layer and thus introducing

compressive residual stress in the layer. Assuming that the stresses are trans-

mitted uniformly through diamond layer regardless of thickness, the thermal

stress due to the differential cooling can be calculated using the equation 2.5.1,

σthermal =
E

1− ν

T̂

293K

(αf − αs) dT. (2.5.1)

where E is the Young’s Modulus of diamond, ν the Poisson’s ratio of diamond,

αf and αs are the thermal expansion coefficients of the diamond film and the

substrate respectively, and T being the growth temperature.

Assuming E = 900 GPa, ν = 0.2, αf = 4.2 × 10−6 − 4.6 × 10−6 K−1, αs =

5.4×10−6 K−1 and T = 1700 0C and applying equation 2.5.1, then the resulting

induced compressive stresses will be between 1.51 GPa and 2.27 GPa. These

theoretically derived values are extremely high compared to values reported

by the authors cited in section 1.1.

One aspect that can play a role in tool service behaviour is the residual macro-

stress state that is created as a result of this difference in coefficients of the

thermal expansion between the diamond layer and WC-Co substrate [35].

At the completion of the process small pockets of the binder phase remain

in the interstices of the continuous diamond network. Typically diamond

concentration in PCD is 90 -97%. The synthesised PCD has some important

characteristics such as those listed below and shown in Table 2.1

• PCD approaches the hardness of single crystal diamond but exhibits

isotropic mechanical properties as a result of the random orientation of

the diamond crystals [36].

• Residual stresses in the PCD layer are high as a result of reasons given

earlier. The nature of these residual stresses is important to the manu-
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facturers and the end users. Compressive residual stresses are known to

inhibit the initiation and the propagation of cracks and so are desirable

to obtain a long lifetime for the PCD tool. On the other hand tensile re-

sidual stresses promote the development of cracks and their propagation

which result in a shorter tool lifetime [37].

Table 2.1: A comparison of the mechanical properties of the single crystal
diamond and PCD [37].
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Fatigue

3.1 Introduction

The majority of mechanical engineering failures are caused by fatigue and this

is because the materials used in these fields usually operate under alternat-

ing loads which are sufficiently severe to result in failure [7]. By definition,

fatigue failure can be considered to be the tendency of a material or struc-

ture to fracture by means of progressive brittle cracking under repeated stress

of any intensity considerably below the normal strength of the material or

structure [38]. Polycrystalline diamond tools used in the oil drilling industry

sometimes fail during use and the fact that they fail after being subjected

to alternating varying loads gives rise to the possibility of the failure being

a result of fatigue type processes during operation [8]. Diamond is a brittle

material and the suggestion that diamond fatigues under a repeated stress

at room temperature would seem at first sight surprising [39], since disloca-

tions in diamond are immobile at room temperature [10]. However results

suggesting that sintered diamond compacts can exhibit fatigue in drilling ex-

periments have been given by Dunn et al. [12]. Fatigue in most materials

(excluding polymers) is usually associated with either dislocation motion or a

14
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combination of stress and chemical effects; with diamond however the process

is thought to be a slow development of submicroscopic cracks to observable

dimensions [24]. Grain boundaries in polycrystalline materials can constitute

sites where cracks can form preferentially by a variety of mechanisms [36]. The

fracture of ductile materials is in general attributed to cyclic plasticity due

to relatively unimpeded dislocation motion. In total contrast polycrystalline

materials invariably lack dislocation mobility due to the randomly oriented

crystals leading to dislocation pile ups, static extrusions in the form of ledges

and stress concentration along the boundaries where neighbouring grains meet

[40]. Micro-cracks soon ensue and grow to some critical length resulting in

failure. As such fatigue then plays a crucial role in determining the life of the

material or structural component [41].

3.2 Fundamentals of Fatigue Life

Fatigue life of a material or component comprises of both the crack initiation

stage and the crack propagation stages [36]. The life is determined by the

number of elapsed cycles required to initiate a crack and to propagate the crack

from submicroscopic dimensions to some critical size [42]. Crack initiation and

the micro-crack growth phases generally account for most of the fatigue life,

especially in low stress-long life regimes [11]. Figure 3.2.1 shows the different

stages of fatigue.

Figure 3.2.1: Stages of fatigue life [42].

With many engineering materials two fracture modes are possible and these

are ductile and brittle fracture [38]. Classification is based on the ability of the
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material to experience plastic deformation and the mode of fracture is highly

dependent on the mechanism of crack propagation [42]. For brittle fracture,

the cracks may spread very rapidly, with minimal plastic deformation [9].

Such cracks are said to be unstable and crack propagation once started will

continue spontaneously without an increase in the magnitude of the applied

stress. The crack initiation and propagation in the fatigue life of a material

can be represented mathematically as shown in equation 3.2.1, namely

Nf = Ni +NP (3.2.1)

where Nf is the total fatigue life, which is a sum of the initiation and propaga-

tion lives;

Ni is the number of cycles required to initiate a crack, and

Np is the number of cycles required to propagate the crack to a critical size

[42].

Figure 3.2.2 details the the sequential stages of of cyclic deformation until

fatigue failure. Stage I is dominated by crack initiation and in metals this

would included a bit of work-hardening. Once the crack(s) have been formed

then crack growth and propagation ensues and this is in stage II of the fatigue

life. The area represented by stage III is the region of fatigue failure depending

on the alternating stresses related to the number of loading cycles.
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Figure 3.2.2: Schematic illustration of the four stages of fatigue [42].

3.3 The Griffith Energy Theory

In 1924 Griffith derived a criterion for crack growth using an energy approach.

The approach is based on the theory that energy has to be conserved in all

processes [42]. He proposed that when a crack grows the change (decrease)

in the potential energy stored in the system, U is balanced by the change

(increase) in surface energy, S due to the creation of new crack faces [43].

The analysis is based on the assumption that incipient fracture in ideally

brittle materials occurs when the magnitude of the elastic energy supplied at

a crack tip is greater or equal to the magnitude of the elastic energy required to

advance the crack by an incremental increase [44]. If one considers an infinite

plate of unit thickness that contains a through-thickness crack of length 2a

and that is subjected to uniform tensile stress σ, applied at infinity, the total

potential energy of the system, U may be written as shown in equation 3.3.1,

namely

U = U0 − Ua + Uγ (3.3.1)
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where U0 is the elastic energy of the uncracked plate, Ua is the decrease in

the elastic energy caused by introducing the crack in the plate, and Uγ is

the increase in the elastic-surface energy due to the formation of the crack

surfaces.

Figure 3.3.1: Griffith crack model [44].

Griffith used the stress analysis that was developed by Inglis [45], to show

that [44],

Ua =
πσ2a2

E
, (3.3.2)

where E is the Young’s Modulus of the material. The elastic surface energy,

Uγ is equal to the product of the elastic-surface energy of the material γe and

the new surface area of the crack; thus

Uγ = 2 (2aγe) . (3.3.3)

Consequently the total energy of the system, U , is

U = U0 −
πσ2a2

E
+ 4aγe. (3.3.4)



CHAPTER 3. FATIGUE 19

The equilibrium condition for crack extension is obtained by setting the first

derivative of U with respect to the crack length a, equal to zero. The resulting

equation can be written as

σ2a =
2Eγe
π

. (3.3.5)

Equation 3.3.5 can be re-written as

σ
√
a =

√
2Eγe
π

. (3.3.6)

This indicates that crack extension in ideally brittle materials is governed by

the product of the applied nominal stress and the square root of the crack

length and by the material properties E and γe [42]. The right hand side of

equation 3.3.5 is equal to a constant value that is characteristic of a given

ideally brittle material. Hence equation 3.3.6 indicates that crack extension

in such materials occurs when the product σ
√
a attains a constant critical

value. Equation 3.3.5 can be rearranged as equation 3.3.7

πσ2a

E
= 2γe. (3.3.7)

The left hand side has been designated as the energy release rate, G, and

represents the elastic energy per unit crack surface area that is available for

infinitesimal crack extension. The right hand side represents the material’s

resistance to crack extension, R [12].

In 1948 Irwin suggested that the Griffith Fracture criterion for brittle material

could be modified to also include metals that exhibit plastic deformation [45].

The modification recognized that a material’s resistance to crack extension is

equal to the sum of the elastic surface energy and the plastic-strain work γp

accompanying crack extension [44]. Equation 3.3.7 then becomes
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πσ2a

E
= 2 (γe + γp) , (3.3.8)

with the quantities as defined previously.

3.4 Fracture Toughness

Toughness can be defined as the amount of energy per unit volume, that

a material can absorb before it fractures. It is also considered to be the

resistance of a material to brittle fracture in the presence of a flaw or a crack.

The toughness of a material can be evaluated by calculating the total area

under a stress/strain curve up to the point of fracture [44]. The fracture

toughness or critical stress intensity factor Kc of a material is a measure of

the resistance to crack propagation and is related to the Young’s Modulus, E,

and the energy absorbed in making the crack γ by equation 3.4.1, namely

Kc =
√

2Eγ. (3.4.1)

If the thickness of the sample is close to the dimensions of the crack then

the condition of plane stress exists i.e. the normal component will be σz = 0

and Kc decreases with increasing specimen thickness [27]. When Kc becomes

independent of thickness the condition of plane strain is said to exist and

use is made of the constant value KIc which is a measure of the plane strain

fracture toughness defined by equation 3.4.2, namely

KIc = Y σc
√
πa, (3.4.2)

where Y is a dimensionless parameter dependent on the material and crack

geometry, σc is the critical applied tensile stress for fracture, a is the crack
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length and the subscript I indicates mode I (see fig 3.4.1) cracking. Morrell

et al. [46] determined the fracture toughness for polycrystalline diamond to

be approximately 10 MPa ·m 1
2 , however Miess and Rai [47], concluded that

the toughness is a function of the starting diamond powder grain size, after

they used the Brazilian disc test to determine the fracture toughness of pre-

notched polycrystalline discs. McNamara [48] whilst agreeing with the work

done by Miess and Rai [47], suggests that to improve the measured value

of the fracture toughness of PCD, it is necessary to accurately analyse the

underlying failure mechanics and define the structure-property relationship

linking fracture initiation and microstructure.

3.4.1 Modes of Crack Propagation

In stress analysis for plane cracks the three basic modes of crack-surface dis-

placement are as shown in Figure 3.4.1. Mode I (opening mode) corresponds

to normal separation of the crack walls under the action of tensile stresses;

Mode II (sliding mode) corresponds to longitudinal shearing of the crack walls

in a direction normal to the crack front; Mode III (tearing mode) corresponds

to lateral shearing parallel to the crack front. Of the three modes, the first is

by far the most pertinent to crack propagation in highly brittle solids [45].
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Figure 3.4.1: Showing the three basic modes of crack tip deformation [41].

3.5 Paris’ Law - The Fatigue Crack Growth Rate

Curve

For constant amplitude loading one can make use of the correlation between

fatigue crack growth rate da�dN and the stress intensity factor range ∆K.

The proposal that the rate of crack propagation per cycle should be controlled

by the range of the stress intensity factor for the cycle was first made by P.C.

Paris as part of his research work [49]. The general relationship now known

universally as the Paris Law is as follows:

da

dN
= C (∆K)m , (3.5.1)

where da�dN is the rate of crack growth per cycle, ∆K is the range of stress

intensity factor at the crack tip, and C and m are constants that depend on

the material environment, frequency, temperature and stress ratio.
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Figure 3.5.1: Typical fracture mechanics fatigue crack propagation behaviour
[41].

The characteristic sigmoidal shape of a log(da�dN) vs log∆K fatigue crack

growth rate curve is shown in Figure 3.5.1. The curve is divided into three

regions according to curve shape and the mechanisms of crack extension.

Region I

There is a threshold value ∆Kth below which cracks do not propagate. Above

this value the crack growth rate increases relatively rapidly with increasing

∆K.

Region II

There is often a linear log-log relationship between da�dN and ∆K.

Region III

The crack growth rate curve rises to an asymptote where the maximum stress

intensity factor Kmax, in the fatigue stress cycle becomes equal to the critical

stress intensity factor Kc [49].
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3.6 Classification of Tool Fracture

Tool fracture is mainly influenced by the strength of the material and the

stress it is being exposed to [50]. In terms of the amount of plastic deformation

taking place before or at the event, tool fracture can usually be classified into

two categories, namely, plastic fracture and brittle fracture [51]. Since ceramic

tool materials are of brittle nature, plastic fracture is very rare due to a tool’s

high hardness and high compressive strength [51]. Premature or early fracture

and late fracture are the two forms of brittle fracture of ceramic tools. The

latter often is a result of fatigue, which as highlighted in earlier text, is the

progressive build up of localized damage. The most prevalent modes of brittle

fracture are: chipping, spalling and cracking [52].

Chipping : This is a type of premature/early fracture which usually occurs

on the cutting edge or in the area near the tool nose during operation [53].

It may be a result of either continuous or interrupted cutting operations. It

usually results in the formation of one or several small notches on the cutting

edge. The tool can however still be used as long as the size of the chip area is

within the wear criteria [51].

Cracking : This is often a result of fatigue effect after a long period of cutting.

Two kinds of cracks are formed in these cutting tools. The first are mechanical

fatigue cracks which result from mechanical impacts and often run parallel to

the cutting edge or form a network. The second are thermal cracks caused by

thermal shock [53].

Spalling : This is when a layer of tool material is stripped off the tool rake

face or flank face. Depending on the contact point of the impact cutting force

on the tool faces, the fractured fragment, which is often a shell-like shape,

may be at the cutting edge or a small distance away from it. This is the kind

of fracture most often encountered when using ceramic tools in operations
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such as milling. Czichos [54] put forward a “spalling theory of wear” based on

the studies he did on the plastic-elastic stress fields in the sub-surface regions

of sliding asperity contacts and the possible dislocation interactions [53]. He

states that the generation of sheet-like wear particles is explained on the basis

of a chain of events which are;

• transmittance of stresses at contact points,

• incremental plastic deformation per cycle,

• sub-surface void and crack nucleation,

• crack formation and propagation,

• formation of sheet like wear particles.



Chapter 4

Residual Stress Measurement

Techniques

4.1 Residual Stress

Residual or internal stresses can be defined as the stresses that remain in

the bulk of a material in the absence of any external load [55]. Accordingly

the state of the residual stresses is self-equilibrating meaning they have to be

globally balanced with the resultant force and moment being equal to zero i.e.

ˆ
σdA = 0 (4.1.1)

ˆ
σzdA = 0 (4.1.2)

Where σ is the residual stress at a point, dA is an infinitesimal area in the

material or body and z is the distance measured from a reference point.

These stresses can be either macro or micro in nature and both can be present

in a component at any one time [56]. It is possible to classify the stresses as:

26
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• Type I: Macro residual stress that develop in the body of a component

on a scale larger than the grain size of the material;

• Type II: Micro residual stresses that vary on the scale of an individual

grain;

• Type III: Micro residual stresses that exist within a grain, essentially

as a result of the presence of dislocations and other crystalline defects.

Residual stresses generally develop in a structure due to non-uniform plastic

deformation and are stored within the structure as a tangled network of dis-

locations [57]. Due to the numerous sources of origination, it is also possible

to classify the residual stresses using their origin as follows;

• differential plastic flow

• differential cooling rates

• phase transformations with volume change.

These categories can easily be listed as mechanical, thermal and metallurgical

groupings of the origin of residual stresses, respectively. Due to the important

role they play in the fatigue life of the material it is important to be able to

measure them precisely and incorporate them into the material and structure

designs.

4.2 Residual Stress Measurement Methods

Residual stress measurement is of critical significance to the integrity as well as

the reliability of engineering components. It is therefore critical that reliable

methods of measurement be employed when measuring them coupled with a

good understanding of the information the subsequent measurement conveys,
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[58]. In the past few decades several methods for measuring residual stresses

in different components have been developed. These methods can be broadly

classified as destructive and non-destructive methods. In this chapter a few

of these methods will be highlighted but more emphasis is accorded to the

Raman spectroscopy and the X-ray diffraction techniques, which are the two

techniques employed in this current work for the stress analysis.

4.3 Mechanical (Destructive) Methods

Also known as destructive or semi-destructive, these techniques are usually

applied in the measurement of type I residual stresses. These methods rely

on the strict monitoring of changes in component distortion either during

the generation of the residual stresses or their effect if already present, by

deliberately removing materials to allow stresses to relax [59]. Whilst these

techniques are widely applied for stress evaluation in steel and metal materials,

they are generally not applicable to PCD due to the hardness and toughness

of PCD. Only a few of these destructive methods are discussed here.

4.3.1 Curvature Method

Curvature measurements are mainly used to establish the stresses within coat-

ings and layers. The layer deposition process can induce stresses which causes

the substrate to curve and this resulting change makes it possible to calcu-

late the corresponding variations in stress as a function of layer thickness

[60]. The curvature can be measured using contact methods (e.g profilometry,

strain gauge) allowing curvatures down to 0.1 m−1 to be routinely character-

ized. Measurements are normally made on narrow strips (width/length < 0.2)

to avoid multi-axial curvature and mechanical instability. The Stoney equa-

tion is often applied to relate the deflection g of a thin beam of length l and



CHAPTER 4. RESIDUAL STRESS MEASUREMENT TECHNIQUES 29

stiffness E to the stress σ along the beam [61],

σ = −4

3
E
h2

l2
dg

dh
(4.3.1)

where h is the layer thickness.

Curvature measurements can also be used to determine the stresses by incre-

mental layer removal [62]. This is method is also known as the back-grinding

method.

4.3.2 Hole drilling

This is the most mature and widely employed destructive method for meas-

uring residual stresses. The hole-drilling method involves drilling a shallow

hole around which the local surface deformations are measured by a specially

designed strain-gauge rosette [59].

Figure 4.3.1: Residual stress measurement methods: hole-drilling [62].

The small drilled hole is usually 1 to 5 mm in diameter and depth, right in

the centre of the specialized strain gauge rosette. In most cases the residual

stresses are assumed to be uniform through the depth of the structure or
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material, thereby simplifying the calculation procedure [63]. The stress can

then be calculated using the relationship between the relieved strain and the

originally existing residual stress, i.e.

εr = A (σmax + σmin) +B (σmax − σmin) cos2β (4.3.2)

where εr relieved strain measured by a radially aligned strain gage centered at

P , σmax and σmin are the maximum and minimum principal residual stresses

respectively, β is the angular coordinate measured anticlockwise from the

maximum principal stress direction. A and B are the calibration coefficients

that have to be determined and D and D0 are the diameter of the gauge circle

and the diameter of the drilled hole respectively.

4.3.3 Ring Core

The ring-core method is a linear elastic theory based mechanical technique

used to quantify the principal residual stresses within a specified depth of

material or structure [59]. This method was developed almost simultaneously

with the development of the hole-drilling method, thus the operational prin-

ciples of the method are based on the hole-drilling method with the main

deviation being that, instead of drilling a hole through the middle of a strain

gauge rosette, a groove is milled around the rosette [64]. A small annular

groove in the surface of the specimen is milled concentrically around a strain

gauge rosette, leaving the upper part of the core separated from the surround-

ing material. This separation causes the relaxation of the residual stresses

presented in core, which is represented by deformation of the core [65]. These

deformations can be measured by strain gauges designed for measuring re-

lieved strains by the Ring-Core method. The annular groove can be machined

with a suitable cutter, like a ring saw. This method is less sensitive to errors
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involved in the positioning of the cutting tool relative to the strain gauge and

stress can be measured more accurate up to the yield stress of material [59].

4.4 Non-Destructive stress measurement tech-

niques

Traditionally the main non-destructive techniques in stress measurement have

been X-ray diffraction, neutron diffraction and ultrasonic techniques and more

recently the Raman spectroscopy technique. These methods do not require

the specimen to be damaged in order for the stress to be evaluated. Due to

this non-destructive component in the evaluation of residual stresses, they are

more desirable for use [66]. However due to their no-destructive nature, these

techniques generally surface values.

The ultrasonic method utilizes the relationship between sound wave speed

and any residual stresses in a material. In general the change in the wave

speed is proportional to the average residual stress present [59]. The neutron

diffraction technique is based on an analogous principle to the X-ray diffraction

method as such a detailed discussion of only the X-ray diffraction and the

Raman spectroscopy techniques will be given in the next sections.

4.4.1 X-ray diffraction stress measurement technique

The method of residual stress measurements using the X-Ray diffraction (XRD)

technique is well established [67]. Application of XRD stress measurement to

practical engineering problems began in the early 1950s. The advent of X-

Ray diffractometers and the development of the plane-stress residual stress

model allowed the successful application of the technique to hardened steels

[67]. Today measurements are routinely performed in ceramic, inter-metallic,
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composite and fine grained crystalline material. Though the term stress meas-

urement is widely used, stress is actually an extrinsic property and must be

calculated from a directly measurable property such as strain or force and

area [68].

The underlying principle of this method is the determination of the change

in inter-atomic spacing d of a particular set of crystallographic planes when

the crystal or polycrystalline aggregate is strained homogeneously [69]. The

deformations cause changes in the spacing of the lattice planes from their stress

free value to a new value that corresponds to the magnitude of the applied

stress. This new spacing will be the same in any similarly oriented planes, with

respect to the applied stress and the crystal lattice therefore effectively acts

as a very small strain gauge [57]. For the determination of elastic strains only,

the method is fundamentally a measurement of a set of inter-atomic spacings

altered by elastic stresses . The governing elasticity assumes a material whose

stress state is being measured to be elastic, homogeneous, and isotropic [70].

The diffraction of X-rays from an atomic plane in a crystalline material can

be described by Bragg’s law.

4.4.2 Bragg’s law

A crystal can be defined as a solid composed of atoms arranged in a pattern

periodic in three dimensions [71]. When monochromatic X-Rays are incident

on the crystal, these periodic planes of atoms can cause constructive and/or

destructive interference patterns by diffraction. The nature of the interference

depends on the inter-planar spacing d, and the wavelength of the incident ra-

diation λ. Figure 4.4.1 shows one such crystal in which atoms are arranged in

a periodic manner with interatomic spacing d. A narrow beam of monochro-

matic x-Ray of wavelength λ is allowed to fall on a crystal with the crystal
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acting as a diffraction grating. In other words the atoms would act as the

opaque part whilst the interatomic spacing could act as the transparent slits

to the passage of x-rays.

Figure 4.4.1: Diffraction of X-rays by a crystal lattice [56].

Consider a single plane of atoms, (row A in Figure 4.4.1). Ray 1 and 1a

strike atoms K and P in the first plane of atoms and are scattered in all

directions. Only in directions 1′ and 1a′ are the scattered beams in phase

with each other, and hence interfere constructively. Constructive interference

is observed because the difference in their path length between the wave fronts

XX′ and YY′ is equal to zero. That is

QK − PR = PK cos θ − PK cos θ = 0 (4.4.1)

Any rays that are scattered by other atoms in the plane that are parallel to 1’

will also be in phase and thus add their contributions to the diffracted beam,

thereby increasing the intensity. Now consider the condition necessary for

constructive interference of rays scattered by atoms in different planes. Rays1

and 2 are scattered by atoms K and L. The path difference for rays 1K1′
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and 2L2′ can be expressed as

ML+ LN = d′ sin θ + d′ sin θ (4.4.2)

This term also defines the path difference for reinforcing rays scattered from

atoms S and P in the direction shown in Figure 4.4.1, since in this direction

there is zero path difference between rays scattered by atoms S and L or P

and K. Scattered rays 1′ and 2′ will be in phase only if the path difference is

equal to a whole number n of wavelengths, that is if

2d′sinθ = nλ (4.4.3)

where λ is the wavelength of the incident radiation, d′ the inter-planar spa-

cing and θ the Bragg angle, which is the angle the incident beam makes with

the diffracting plane [58]. This is commonly known as Bragg’s Law and it

forms the fundamental basis of X-ray diffraction theory. When the relation is

satisfied, the diffracted rays that are in phase will result in constructive inter-

ference and those out phase in destructive interference. The three-dimensional

symmetry of the unit cell was not taken into consideration in the derivation

of Bragg’s law [56]. Due to the particular positions of the atoms in the unit

cell Bragg’s law is necessary but not sufficient condition for diffraction [59].

The total diffraction intensity from a unit cell can be determined by summing

up the waves from each atom.

4.4.3 Uniaxial stress Measurements

The simplest way to approach the X-ray diffraction method is through the

case of pure tension, where the stress acts only in a single direction. Consider

a cylindrical rod with cross-sectional area A that is stressed elastically in
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tension by a force F as shown in figure 4.4.2.

Figure 4.4.2: Rod in tension, with X-rays reflected from planes parallel to
axis.

There is some stress in the y-direction given by,

σy =
F

A
(4.4.4)

In the x and z directions no stresses are being experienced. It is important

to note that in the y - direction only the normal stress is being considered as

any shear stresses present are not directly measurable by the x-ray diffraction

method. This stress σy produces a strain εy in the y-direction given by

εy =
∆L

L
=
Lf − L0

L0

(4.4.5)

Where L0 and Lf are the original and final lengths of to the rod. This strain

is related to the stress by,
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σy = Eεy (4.4.6)

Where E is the Young’s Modulus. Elongation of the rod consequently results

in a decrease in the diameter D of the rod. Strains in the x and z directions

are thus given by

εx = εz =
Df −D0

D0

. (4.4.7)

Where D0 and Df are the original and final diameters of the rod. If the

material of the rod is isotropic, these strains are related by the equation,

εx = εz = −νεy. (4.4.8)

Where ν is the Poisson’s ratio for the material of the rod. To determine εy

would require diffraction from planes perpendicular to the axis of the bar

[71]. This is physically impossible hence there is a need to make use of the

reflecting planes parallel to the axis of the bar by making the back reflection

x-ray measurement as indicated in figure 4.4.2. Using this configuration a

measurement of the strain in the z direction can be obtained since this is

given by

εz =
dn − d0
d0

(4.4.9)

Where dn is the spacing of the planes parallel to the rod axis under stress and

d0 is the spacing of the same planes in the absence of stress.

Combining equations 4.4.7, 4.4.8 and 4.4.9 yields

σy = −E
ν

(
dn − d0
d0

)
(4.4.10)
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and this gives the required uniaxial stress.

4.4.4 Biaxial Stress Measurements

In a rod subject to pure tension the normal stress acts only in a single direc-

tion, however in a more general case there will be stress components in two

or three directions at right angles to one another forming a biaxial or triaxial

stress system[58]. Generally the stress at right angles to a free surface is al-

ways zero at that surface, thus we only deal with two stress components and

these lie in the plane of the surface. Only in the interior of a body can the

stresses be triaxial [71]. Within a stressed body, whatever the stress system,

three mutually perpendicular directions (1, 2 and 3) can be found which are

normal to planes on which no shear stress acts. These are called the principal

directions, and the stresses acting in these directions (σ1, σ2 and σ3) are called

the principal stresses [71].

Consider a portion of the surface of a stressed body as shown in figure 4.4.3.

Figure 4.4.3: Stresses at the surface of a stressed body [71].

Principal stresses σ1 and σ2 are parallel to the surface, and σ3 is zero, however
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ε3, the strain normal to the surface, is not zero as it has a finite value given

by the Poisson’s contractions due to σ1 and σ2, thus,

ε3 = −ν (ε1 + ε2) = − ν
E

(σ1 + σ2) (4.4.11)

The value of ε3 can be found by measuring the spacing d of planes parallel

to the surface and is given by equation 4.4.9, and substituting this value into

equation 4.4.11 yields,

dn − d0
d0

= − ν
E

(σ1 + σ2) (4.4.12)

Thus in the general case, only the sum of the principal stresses can be obtained

from such a measurement, and the value of d0 is required. Normally, however

we want to measure the stress σφ acting in some specified direction, such asOB

as shown in figure 4.4.3, where OB makes an angle φ with principal direction 1

and an angle β with the x-axis. This is done by taking two exposures, one with

the incident beam normal to the surface and one with it inclined along OA

at some angle ψ to the surface normal are needed. OA lies in a vertical plane

through the direction OB in which it is desired to measure the stress, and

ψ is usually made equal to 45o. The normal-incidence pattern measures the

strain approximately normal to the surface, and the inclined-incidence pattern

measures the strain approximately parallel to OA [71]. These measured strains

are therefore approximately equal to ε3 and εψ, respectively, where εψ is the

strain in a direction at an angle ψ to the surface normal. Elasticity theory for

an isotropic solid shows that the strain along the inclined line OA is, [71],

εψ =
1

E

[
σφ (1 + ν) sin2ψ − ν (σ1 + σ2)

]
(4.4.13)

Subtracting equation 4.4.11 from equation 4.4.13 yields,
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εψ − ε3 =
σφ
E

(1 + ν) sin2ψ (4.4.14)

But,

εψ =
di − d0
d0

(4.4.15)

where di is the spacing of the inclined reflecting planes, approximately normal

to OA, under stress, and d0 is their stress-free spacing.

Expressing the strain in terms of plane spacings yields,

di − d0
d0

− dn − d0
d0

=
di − dn
d0

=
σφ
E

(1 + ν) sin2ψ (4.4.16)

Since di, dn and d0 are very nearly equal to one another, (di − dn) is small

compared to dn and so d0 can be replaced with dn with very little error, hence

equation 4.4.16 becomes

σφ =
E

(1 + ν) sin2ψ

(
di − dn
dn

)
(4.4.17)

This is known as the Sin2ψ method. This equation allows us to calculate the

stress in any chosen direction from plane spacings and is valid whether the

stress system is uniaxial or is biaxial. From the equation it is not necessary

to know the unstressed plane spacing d; the measurement is therefore non-

destructive, because there is no necessity for cutting out part of the specimen

to obtain a stress free sample [65].

4.4.5 Grazing Angle method

The following discussion is based on the work by Huang and colleagues,[72].

The traditional Sin2ψ stress measurement method is based on the measure-



CHAPTER 4. RESIDUAL STRESS MEASUREMENT TECHNIQUES 40

ment of the shift of a diffraction peak position recorded for different ψ angles.

A specific diffraction plane is carefully selected and the inter-planar spacing is

measured from a coupled θ − 2θ scan [standard Bragg–Brentano (B-B ) geo-

metry] of the specimen at different specimen tilt angles ψ−the angle between

the diffracting plane normal and the specimen surface normal [73]. To ensure

higher sensitivity to strain higher 2θ angles are usually used. Unfortunately for

highly textured materials or single crystalline-like materials under the sym-

metric B-B diffraction geometry only a few (hkl) peaks appear with other

Bragg peaks hardly visible. This can be solved by making use of the grazing

angle technique [72].

The underlining principle of the grazing angle X-ray residual stress measure-

ment method is exactly the same as the traditional Sin2ψ method. It is based

on the measurements of the lattice parameters determined from a fixed (hkl)

Bragg reflection but at different tilt angle ψ [72]. Unlike the traditional Sin2ψ

method, this method employs an asymmetric B-B XRD geometry, with the

incident X-ray beam making a grazing angle γ with respect to the specimen

surface-tilting axis S1 (Fig 4.4.4 - Fig 4.4.6) where the angle γ is the ω angle

in traditional four circle diffractometer geometry [66].

Figure 4.4.4: Definition of the laboratory coordinate system Li and sample
coordinate system Si [72].
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Figure 4.4.5: Definition of the laboratory coordinate system Li, sample co-
ordinate system Si and the angles α and ψ[72].

The orthogonal coordinate systems used in the following discussion are shown

in figure 4.4.4. The axes Si define the co-ordinate system of the thin-film

specimen, with S1 , S2 contained in the sample surface plane, and S3 being

the specimen surface normal. The laboratory system Li is defined such that

L3 is the normal of diffraction planes (hkl) for which spacing is measured by

X-rays. L1 and L2 are the two orthogonal axes lying on the (hkl) plane. The

S1, S
′
2 , and S

′
3 are the new specimen axes when the specimen is rotated about

the S1 axis for an angle ψ. As observed in figure 4.4.5, the L2 axis makes an

angle ψ with respect to S ′
2 after the tilting. (In a four-circle geometry, rotation

along the S1 axis is known as the x rotation.) At the same time, L1 is kept at

a constant angle α with S1. Here the angle α calculated as α = θ0 − γ where

θ0 is the reference Bragg angle of the observed plane (hkl) at ψ = 00, θ0 and

γ is the grazing angle as shown in figure 4.4.6. The strain from the residual

stress on the plane (hkl) along L3 can be obtained when the lattice spacing

dαψ is derived from the position of the diffraction peak for a given reflection

(hkl); it is shown as the following formula [58]:
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Figure 4.4.6: The laboratory coordinate system L3, incident X-ray and dif-
fraction directions, and the angle α [72].

(
ε
′

33

)
=
dαψ − d0

d0
(4.4.18)

where d0 is the initial lattice spacing when ψ = 0. The strain
(
ε
′
33

)
αψ

may be

expressed in terms of the strain εij in the co-ordinate system of the film by a

tensor transformation:

(
ε
′

33

)
αψ

= α3kα3lεkl (4.4.19)

where α3k, α3l are the direction cosines between L3 and Sk, Sl, respectively.

The direction cosine matrix for this case is:

αik =

∣∣∣∣∣∣∣∣∣∣
cosα 0 −sinα

sinαsinψ cosψ cosαsinψ

sinαcosψ −sinψ cosαcosψ

∣∣∣∣∣∣∣∣∣∣
(4.4.20)

Substituting for α3k, α3l in equation 4.4.19 gives:
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(
ε
′

33

)
αψ

=
dαψ − d0

d0
=sin2αcos2ψε11 − sinαsin2ψε12

+ sin2αcos2ψε13 + sin2ψε22

− sin2ψcosαε23 + cos2αcos2ψε33

(4.4.21)

if the material is isotropic ( i.e the Poisson’s ratio, νhkl = ν, and Young’s

modulus Ehkl = E), the strain becomes,

εij =
1 + ν

E
σij − δij

ν

E
σkk (4.4.22)

which, upon substitution into equation 4.4.21, yields:

dαψ − d0
d0

=
1 + ν

E

(
σ22 − σ11sin2α− σ33cos2α

)
sin2ψ

+
1 + ν

E

(
α11sin

2α + σ33cos
2α
)
− ν

E
(σ11 + σ22 + σ33)

− 1 + ν

E
(σ12sinα + σ23cosα) sin2ψ

(4.4.23)

It is evident from equation 4.4.23 that, if the stress existing in the films is

biaxial, the stress tensor assumes the following form:


σ11 σ12 0

σ21 σ22 0

0 0 0

 (4.4.24)

Thus equation 4.4.23 becomes,

dαψ − d0
d0

=
1 + ν

E

(
σ22 − σ11sin2α

)
sin2ψ

+
1 + ν

E
α11sin

2α− ν

E
(σ11 + σ22)

− 1 + ν

E
σ12sinαsin2ψ

(4.4.25)
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For σ11 = σ22 and σ12 = 0 the stress tensor is as follows [72]:


σ 0 0

0 σ 0

0 0 0

 (4.4.26)

as a result equation 4.4.26 becomes

dαψ − d0
d0

=
1 + ν

E
σcos2αsin2ψ +

1 + ν

E
σsin2α− 2ν

E
σ (4.4.27)

The (dαψ − d0)/d0 vs. cos2αsin2ψ plot will be linear according to equation

4.4.27. The residual stress can be obtained by determining the slope of the

linear fitting between the fractional change in lattice spacing and the term

cos2αsin2ψ. Therefore, the slope is equal to1+ν
E
σ, and the intercept, when

cos2αsin2ψ = 0, is 1+ν
E
σsin2α− 2ν

E
σ.

4.4.6 Raman Spectroscopy.

Raman scattering is a fundamental form of vibrational spectroscopy which can

be used to obtain information about the structure and properties of molecules

and crystals from the vibrational transitions [74]. The property involved is

the change in the polarizability of the molecule with respect to its vibrational

motion. The interaction of the molecule with the incoming radiation creates

an induced dipole moment in the molecule and the radiation emitted by this

induced dipole contains the observed Raman scattering [75].

Historically, Raman scattering has been described in two ways, the classical

theory and the quantum theory. The older classical theory is based on the

wave theory of light and is deficient in that it does not take into account the

quantized nature of vibrations. It is also not able to explain as much about

the relationship between the molecular properties and Raman scattering as a
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quantum theory [76].

4.4.7 Classical Theory Approach

Although the classical theory is generally considered to not deal with all the

aspects of Raman scattering adequately, it does provide a useful insight into

the frequency dependence and selection rules [77]. The classical approach

assumes that the Raman effect arises as a result of the interaction of an

incident photon and the electric dipole of a molecule [78]. The relation between

the induced electric dipole moment of a molecule and the dynamic electric field

which produces it, is characterized by E. This is the time dependent vector

of the incident radiation, which is a monochromatic plane wave of frequency

ν [77]. The total time-dependent induced electric dipole moment vector of

a molecule can be written as the sum of a series of time-dependent induced

electric dipole moment vectors µ(1),µ(2),µ(3) . . . as

µ = µ(1) + µ(2) + µ(3) + . . . . (4.4.28)

This is a rapidly converging series with µ(1) � µ(2) � µ(3). The relationship

between µ(1),µ(2),µ(3) and E has the forms

µ(1) = αE

µ(2) = 1
2
βEE

µ(3) = 1
6
γEEE

where EE and EEE are the second and third terms of the power series.
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This means µ(1) is linear in E, while µ(2) and µ(3) are non-linear in E, with

µ(2)quadratic and µ(3) cubic in E. The equation 4.4.28 can be expressed as

µ = αE +
1

2
βEE +

1

6
γEEE + . . . , (4.4.29)

where α is the polarizability, β the hyperpolarizability and γ the second hy-

perpolarizability. The non-linear terms in the above equation are usually very

small compared to the first term; as a result their contribution in linear Raman

scattering is negligible [77].

The expression for the induced dipole moment vector can therefore be simpli-

fied to

µ = αE. (4.4.30)

This can be expressed in matrix form as


µx

µy

µz

 =


αxx αxy αxz

αyx αyy αyz

αzx αzy αzz



Ex

Ey

Ez


where the nine coefficients αij are the components of the polarizability tensor

α. Variation of the molecular polarizability as a function of the normal co-

ordinates is expressed in terms of the Taylor series

αij = (αij)0 +
∑(

∂αij
∂Qk

)
0

Qk +
1

2

∑(
∂2αij
∂Qk∂Ql

)
QkQl + · · · (4.4.31)

where (αij)0 is the value of the polarizability tensor in the equilibrium position

and Qk is the kth normal coordinate amplitude associated with vibrations

of frequency νk. For small vibrations near the equilibrium position equation
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4.4.31 can be written as

αk = α0 +

(
∂α

∂Qk

)
0

Qk. (4.4.32)

Taking the normal vibrations of the molecule as being harmonic, the time

dependence of Qk is given by

Qk = Qko cos 2πνkt, (4.4.33)

where Qko is the normal coordinate amplitude. The change in the electric

field of the incident radiation of frequency ν0 with time is given by

E = E0 cos 2πν0t. (4.4.34)

An electric dipole oscillating at a frequency ν is itself a source of electro-

magnetic radiation of frequency ν. Combining equations 4.4.30, 4.4.32, 4.4.33

and 4.4.34 the linear induced dipole moment vector is given by

µ = α0E +

(
∂α

∂Qk

)
QkoE0 cos 2πν0t cos 2πνkt

= α0E +
1

2

(
∂α

∂Qk

)
0

Qk0E0 [cos 2π (ν0 − νk) t+ cos 2π (ν0 + νk)] . (4.4.35)

From equation 4.4.35 above the induced dipole has three distinct frequency

components. The first term α0E0 cos 2πν0t describes the Rayleigh scattered

light at ν0. The second term (ν0 − νk) represents the Stokes Raman process

and the third term (ν0 + νk) represents the anti-Stokes Raman process. The

intensity of the Raman scattering depends on the derived polarizability tensor
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αk also called the Raman tensor [75].

αk =

(
∂αij
∂Qk

)
0

. (4.4.36)

It represents the sensitivity of the molecular polarizability to changes of nuc-

lear configuration along the normal coordinates of vibration. To be Raman

active, at least one component of the polarizability tensor must change during

the vibration, i.e. (
∂αij
∂Qk

)
0

6= 0. (4.4.37)

Whilst the above discussion is for the case of molecules, it is still applicable

in the same way to inter-atomic vibrations in unit cells in crystals as well as

vibrations between unit cells.

4.4.8 Quantum Theory Approach

The quantum approach considers Raman scattering as a two photon process.

A photon of incident radiation is absorbed raising the system to a virtual

state. This virtual state has a very short lifetime (10−14 s) hence the system

makes a downward transition, creating or absorbing a phonon of given energy

and scattering a photon in the process [77]. Rayleigh scattering is when the

energy of the scattered photon is the same as that of the incident photon,

see Figure 4.4.7a. Conventionally the scattering of light with a decrease in

frequency is referred to as Stokes Raman scattering, see Figure 4.4.7b. If the

system was initially in an excited state, it can make a transition from the

virtual state to a lower energy state than the initial one, see Figure 4.4.7c. Its

energy will therefore be higher than that of the incident photon, corresponding

to anti-Stokes Raman scattering [77]. At thermal equilibrium, the populations

of the different levels follows the Boltzmann distribution. So the population



CHAPTER 4. RESIDUAL STRESS MEASUREMENT TECHNIQUES 49

of the ground level is higher that the excited level. In experimental conditions

in this work the Stokes transition is much more probable that the anti-stokes

transition [79].

Figure 4.4.7: Energy level diagrams showing (a) Rayleigh scattering, (b)
Stokes Raman scattering, and (c) anti-Stokes Raman scattering [77].

Energy and momentum are conserved in the Raman scattering process. If any

incoming photon of angular frequency ωi causes a phonon of angular frequency

ωph to be created or absorbed in the scattering of a photon of angular frequency

ωs then by conservation we have

~ωi = ~ωs ± ~ωph

~qi = ~qs ± ~qph (4.4.38)

where ± represents a Stokes or anti-Stokes process, see Figure 4.4.8 and ~qi,

~qs and ~qph are the wave vectors of the incident photon, scattered photon and

emitted or absorbed phonon respectively [75].
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Figure 4.4.8: Stokes and anti-Stokes Raman lines [78].

4.5 Raman Spectroscopy as an Optical Charac-

terisation Technique

As discussed in subsections 4.4.7 and 4.4.8, if the frequency of an incident

photon is νi and that of the emitted is νs then the frequency shift is,

νs − νi = ∆ν (4.5.1)

Its magnitude is referred to as a Raman frequency and the set of frequencies

of the scattering species constitutes its Raman spectrum [74]. Figure 4.4.8

shows the Stokes and Anti-Stokes Raman lines expressed mathematically in

equation 4.4.35.

4.6 Stress and the Raman Line

Since the Raman effect is a result of the interaction between photons and

vibrational mode(s) in a crystal, it is then expected that stress applied to a
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crystal which has Raman active vibrational modes would cause changes in

the observed Raman bands [76]. As the crystal is subjected to stress, be it

externally imposed or due to internal imperfection, the frequency of the lattice

phonons is affected and thus also the position of the Raman peak. A slight

compression of the unit cell results in a change in the force constant of the

vibration and consequently the vibrational frequency will be altered as well. If

the unit cell experiences a tensile stress and dilates due to the applied stress,

a similar argument as in the compression state holds. However if the applied

stress is isotropic then no changes will be observed with respect to the shape

of the Raman band since the symmetry of the unit cell would not have been

compromised in any way, but a change in the Raman peak position will be

observed [79]. Careful measurements of the shift of the Raman peak relative

to its unstressed position can yield information about the stresses present in

a sample[80]. Compressive residual stresses in the material result in a shift of

the peak to higher frequencies and tensile residual stress to lower frequencies.

By making use of the coefficient of stress induced shift (so called piezo-Raman

shift) it is therefore possible to determine the stress state within the sample

material using equation 4.6.1

νr − νs = σα (4.6.1)

where νs is the measured position of the Raman line, νr is the position of the

stress free Raman line, α is the piezo-Raman coefficient and σ is the calculated

stress present. In general, equation 4.6.1 is applicable where an isotropic stress

state is assumed.

The intensity of a characteristic Raman line is to a fair approximation propor-

tional to the volume concentration of the species in question, and the Raman

intensity measurements provide a basis for quantitative analysis [79]. The
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sharpness of the Raman bands gives an indication of the state of crystallinity,

hence a distinct sharp peak at the correct wavenumber for a specific material

indicates that there is little deformation or significant stress in the crystal [27].

The width of the Raman peak normally measured as the full width at half

maximum (FWHM) provides a qualitative measure of the degree of disorder

in a crystal and is useful as a ranking indicator [27]. The Raman line-width of

natural diamond is related to the average lifetime of the phonons created in

the Raman process. In imperfect crystals the phonons created in the Raman

process can decay (scatter) at grain boundaries and at defect sites, thereby

reducing the average lifetime and broadening the Raman line [81]. The the-

ory of homogeneous spectral lines predicts that the line-width is inversely

proportional to the phonon lifetime and that the line shape is expected to be

Lorentzian [82].

4.6.1 Stress classification

The fatigue experiments in the present work are such that the Raman meas-

urements determine the in-plane stresses in the diamond layer samples. A

bi-axial stress model is applied and is discussed further in section 4.6.2. A

certain classification system for the stress in the diamond is commonly used in

the industry. The stresses can be classified under one of three possible types

which are :

1. Type I - macro-stresses. These are considered over distances of approx-

imately component size. Causes range from changes to the sample as a

whole to differential thermal expansion during the synthesis processes

2. Type II - affects distances of approximately grain size and can be spread

over grain boundaries. They are generally as a result of processing e.g

sintering. They can also result as a result of the anisotropy of individual
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crystallites with the sample.

3. Type III -these stresses are at atomic level and are generally as a result

of point defects as well as line defects in the material under study. They

are within individual grains.

The measured residual surface stresses at each point are thus a combination of

type II and type III stresses. The macroscopic type I stresses are not expected

to significantly change over the dimensions of the sample, thus are common to

each point on the sample. The type II stresses show more variation from point

to point and contribute to the variations observed in the data. The averaging

of the mapping points (discussed in section 5.8) to yield a single stress value

for a sample is thus used to calculate a representative macroscopic value.

4.6.2 The Hydrostatic Piezo-Raman Coefficient

In section 4.6 it has been shown that lattice deformations caused by mech-

anical stresses affect the phonon frequencies. According to Mohrbacher et al.

[83] any stress tensor can be decomposed into a hydrostatic component and

a deviator. The hydrostatic component would have an effect of change in the

volume of the unit cell whilst the deviator induces a distortion of the bond

angles. Changes in the volume due to the hydrostatic stress result in a linear

shift of the triply degenerate Raman line in diamond. The Raman shift ∆νH

relative to the stress-free state is related to the magnitude of the hydrostatic

stress σ by [84],

∆νH =
ν0γ

B
σ. (4.6.2)

where ν0 is the frequency of the particular photon in question, B is the bulk

modulus and γ is the mode Grüneisen parameter. The linear relationship
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between the peak position of the Raman line and the applied stress for dia-

mond was confirmed by Grimsditch et al. [85]. It was proven that when a

compressive stress is applied to diamond, the peak position of the Raman

line shifts linearly with stress to a higher frequency. This dependence of the

Raman shift ∆v on the applied stress σ is

∆ν = νr − νs = ασ (4.6.3)

where α is the piezo-Raman coefficient while νr and νs are the Raman peak of

the unstressed and stressed diamond. Conversely, a shift of the Raman peak

position to lower wavenumbers is indicative of the presence of tensile stress in

the diamond.

In choosing the value of the piezo-Raman coefficient careful consideration was

given to previous work of other authors. Catledge et al.[86] measured peak

shifts in the range of 3 cm−1 and calculated stresses up to 1.3 GPa. Erasmus et

al. [80] also measured similar peak shifts and subsequently calculated stresses

in the same range. Both authors made use of the value employed by Bergman

and Nemanich [31] which is α = 1.9 cm−1/GPa . In these above mentioned

investigations the authors made use of PCD tool-bits that consisted of a dia-

mond layer sintered onto a WC-Co substrate.

Table 4.1 below shows values of the coefficient reported to have been obtained

under truly hydrostatic conditions using high pressure diamond anvil cells.

Table 4.1: Experimental values for the hydrostatic pressure coefficient

Author α(cm−1).GPa−1

Mitra et al. [84] 2.8 ± 0.3
Boppart et al. [87] 2.87 ± 0.1
Whalley et al. [88] 2.96 ± 0.11

Mohrbacher et al. [83] derived the hydrostatic coefficient from theory. They



CHAPTER 4. RESIDUAL STRESS MEASUREMENT TECHNIQUES 55

argue that any tensor can be decomposed into a hydrostatic component and

a deviator. The hydrostatic component as mentioned before is responsible for

the change in the volume of the unit cell and the deviator will distort the

bond angles. They suggest that if a balanced bi-axial stress state is assumed

the tensor can be represented in the
[

1 0 0

]
plane of the cubic lattice by

the sum of the hydrostatic and deviator components as shown below,


σ 0 0

0 σ 0

0 0 0

 =
2

3
σ


1 0 0

0 1 0

0 0 1

+
1

3
σ


1 0 0

0 1 0

0 0 −2

 (4.6.4)

The piezo-Raman coefficient of the centroid can then be evaluated by mul-

tiplying the value of the coefficient from the hydrostatic model with the factor

2
3
. Since the hydrostatic component is invariant to rotation this coefficient re-

mains the same for any other crystallographic orientation.

In the present work a bi-axial stress model is assumed and in light of the theory

behind the piezo-Raman coefficient, an average of the experimentally determ-

ined values for the hydrostatic stress state given in Table 4.1 and multiplied

by the factor 2
3
was calculated. The calculated coefficient value was found to

be 1.92 ± 0.11 cm−1 GPa−1, in good agreement with that used previously by

Bergman and Nemanich [31] and Erasmus et al. [80].

In the present work, only the PCD layer detached from the substrate was used

(see section 5.2). It is common to observe the splitting of the Raman peak

when significant non-hydrostatic stresses are present in the PCD; however in

the present work no peak splitting was observed. This can be due to the

splitting being too small to resolve or that the stresses are approximately

hydrostatic. Another possible explanation for this is that the non-hydrostatic

stresses are randomly distributed.
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4.7 Advantages and Limitations of Raman Spec-

troscopy

The advantages of Raman spectroscopy are four-fold:

(a) The optical method is superior to other techniques in terms of spatial

resolution (approximately 1 µm).

(b) It is a non-destructive technique and this makes it a very useful technique

for industry.

(c) The Raman spectrum includes contributions from overtone processes.

Phonon energies may thus be determined directly from the Raman spectrum.

(d) With Raman spectroscopy there is minimum sample preparation required

[37].

Some of the main limitations of the Raman spectroscopy technique are that:

(a) Not all materials are Raman active. This is because for a material to show

Raman bands, a change in polarization is required, which is not possible in

some materials such as metals.

(b) In a highly deformed material, broadening of the peak and a lower signal

to noise ratio introduces inaccuracies in the peak position measurement [37].

(c) Fluorescence can swamp the Raman signal. This problem can be minim-

ized by the correct choice of laser excitation wavelength.

(d) The Raman effect is inherently weak. This can however be overcome by

intense sources (lasers) and efficient detectors (PMT/CCD).

(e) One can only probe the sub-surface properties of materials which are trans-

parent to the incident laser wavelength since the penetration depth is depend-

ent on wavelength and the absorption coefficient of the material. Typical in

PCD materials this is confined to the first 20 µm from the measuring surface.
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4.8 Typical Raman Spectra for Diamond

In Raman spectroscopy, a small portion of the photons in the laser beam

interacts with the material under investigation and are then scattered in-

elastically. The inelastically scattered photons have a frequency shifted from

the incident photons by the frequency of the mode which is characteristic

of the sample material [80]. An unstressed large good quality single crystal

diamond has a single, triply degenerate Raman peak at 1332.5 cm−1 (see

Figure 4.8.1). This provides an appropriate standard reference peak since it

is the respective stresses within the polycrystalline diamond components of

the PCD that are being measured by the Raman technique. The additional

phases within the PCD do not affect or influence this fixed reference position

[78].

Figure 4.8.1: Typical Raman spectra for a single crystal diamond and for
polycrystalline diamond.
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Since micro-Raman spectroscopy is essentially a back scattering technique the

volume that scatters is very important. This explains why in Figure 4.8.1 the

Raman peak for the single crystal has a higher intensity as compared to that

of PCD. The Raman peak for PCD has some broadening which is possibly a

result of some plastic deformation taking place especially in the small diamond

grains during the sintering process.



Chapter 5

Methods and Results: Unleached

PCD

Diamond tools have been used for a long time and in most of their applica-

tions, the general problem of brittleness, reflected as the inability to sustain

tensile stresses in a reliable and predictable manner, has persisted [51]. Two

types of PCD tool bits are generally used for these applications, namely the

leached PCD and the unleached PCD. The two types are synthesised in vir-

tually the same way except that with the leached PCD some of the metallic

phase (cobalt) is leached out through the use of powerful acids. More on the

synthesis process of leached PCD is covered in detail in chapter 6. The leached

PCD, whilst exhibiting slightly less fracture toughness [89] as compared to the

unleached PCD, exhibits better thermal stability. This chapter focuses on the

results from conducting the fatigue experiments and stress measurements on

a batch of unleached PCD cylindrical tool bits. Results of investigations of

leached PCD samples are discussed in chapter 6. The sample dimensions and

the respective settings for the different measurements are explained in detail.

All measurements were conducted under room temperature conditions.

59
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5.1 Sample Dimensions and Preparation

The PCD cylindrical tool-bits used in the present work were manufactured

by Element Six (Pty) Ltd (E6). They consist of a PCD layer sintered onto a

tungsten carbide substrate as shown in Figure 5.1.1. The synthesis procedure

was described in sections 2.3 to 2.5. They are typical of cylindrical tool-bits

with a PCD layer of 19 mm in diameter and 2 mm in thickness. In the synthesis

of the PCD blends of different diamond powder grain sizes are used ranging

from 2 µm−20 µm in size. In this work only the PCD layer was used and these

were delivered already removed from the tungsten carbide substrate using

Electrical Discharge Machining (EDM) cutting. The surface of the cutting

side was slightly polished. They had the dimensions shown in Figure 5.1.1.

For the fatigue experiments, the mapped sample surface was in direct contact

with the three balls of the ball on three balls arrangement shown in Figure

5.1.2. Sections 5.2 and 5.3 discusses the fatigue measurements method in

detail . Before each fatiguing run, the samples were loaded randomly into the

fatigue jig, i.e. the contact points were different between different runs. It is

thus not possible to visualize any localised damage in the 2D maps that may

be related to the contact points.

As mentioned in section 2.5, due to the different thermal expansion coefficients

between the diamond layer and the tungsten carbide substrate, differential

cooling results in compressive residual stresses in the PCD layer. One would

expect these stresses to be released during the removal of the PCD from the

substrate, however the detached PCD layers still exhibited average compress-

ive residual stress on the cutting surface. Catledge et al. [52] in their work

on PCD suggested that these residual stresses are primarily due to the large

mismatch in the thermal expansion coefficient between the diamond and the

WC-Co substrate.
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Figure 5.1.1: Showing the schematic of a typical cylindrical cutter with di-
mensions of the PCD layer.

(a) (b)

Figure 5.1.2: (a) showing the ball on three ball setup and the configuration
of the sample and the balls for the fatigue experiments. For the actual cyclic
loading the chock is removed and this allows the guide to slide down and the
result is the sample being held only by the spherical balls and a small vertical
cavity is ensured so that the sample can flex vertically. The flexing distance in
the experiment was 0.1 mm. (b) shows the isometric view of the positioning
of the balls relative to the sample. Marked on the sample are the contact
points of the support balls [90].

5.2 Quasi-Static Loading Test Procedure

In order to do fatigue experiments the maximum strength of the sample ma-

terial had to be determined. For this, the Transverse Rupture Strength (TRS)
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measurements were made using the ball on three balls setup in a 5500R Instron

machine, (see Figure 5.2.1). The sample is placed and supported as shown in

Figure 5.1.2 then loaded centrally until fracture occurs. The Instron machine

is interfaced with a computer which displays the maximum load at which the

sample fails using the embedded software. Three samples were used in the

test and the average load calculated to be 3470 ± 276 N. This was applied

as the fracture load for the sample material. The results are shown in Figure

5.2.2 and Table 5.1.

Figure 5.2.1: The 5500R Instron machine in the Element Six laboratory, used
for the quasi-static loading test.
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Figure 5.2.2: Results of quasi - static loading test. (Curves for specimen 1
and 3 are almost superimposed one on top of the other).

Whilst the specimen used for the transverse rupture strength tests were taken

from the same manufacturing batch, the results exhibited by the third sample

were interestingly different. From figure 5.2.2 it is evident that specimen 3

exhibited a huge fluctuation and greater flexure extension. It is important to

note that the flexure strength of a ceramic samples vary from one specimen

to the another. Inherently statistical scatter in the results will exist. At the

present the reasons behind this fluctuation are not clear.

5.3 Fatigue Test

Cyclic loading which results in fatigue can be classified roughly into two cat-

egories, namely constant amplitude loading and random cyclic loading. In

the present work constant amplitude fatigue testing was carried out under

load control at a frequency of 10 Hz. The load used for these experiments

was 3100 N, which is approximately 89% of the fracture load obtained and

noted in section 5.2. This value was arrived at after several samples had been

subjected to loads at different percentages of the fracture load. The aim was

to identify the percentage of the fracture load at which the samples could be
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Table 5.1: Quasi - static loading test results.

cyclically loaded for a substantial number of loading cycles without fractur-

ing in order to be able to do Raman measurements. An Instron SYN 179

servo-hydraulic test machine (see Figure 5.3.1) was used for all the fatigue

experiments. The disc specimens were loaded and held as shown previously

in Figure 5.1.2 and the repeatedly subjected to a predetermined number of

cycles. The instrument makes use of the Instron MAX software to control the

servo-hydraulic machine and to collect the test data. The fatigue experiments

were done under standard room temperature and pressure conditions. Due to

the fatigue loading it is possible that there would be temperature changes on

the surface of the sample during the fatigue experiments. However due to the

arrangement of the three support balls which were in contact with the cut-

ting surface of the disc sample it was not possible to track these temperature

shifts. It is also our firm belief that no significant temperature shifts would

occur because diamond is a good heat conductor and as such it is possible that

the fatigue jig acted as a heat sink thus helping to maintain the temperature
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relativel unchanged.

Figure 5.3.1: Schematic of the Instron SYN 179 servo-hydraulic test machine.

For successful fatigue tests three important quantities had to be determined.

These are namely mean stress, stress range, and stress amplitude. These are

shown in Figure 5.3.2 and explained below:

Mean stress σm is the algebraic mean of the maximum stress σmax and the

minimum stress σmin, see Figure 5.3.2.

σm =
σmax + σmin

2
.

Stress Range σr is the algebraic difference between the maximum stress σmax

and minimum stress σmin, see Figure 5.3.2.

σr = σmax − σmin.

The alternating stress or stress amplitude σa is half the stress range in a cycle

see Figure 5.3.2.
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σa =
σr
2

=
σmax − σmin

2
.

Figure 5.3.2: Constant amplitude cyclic loading characteristics as described
as in the text [44].

Table 5.2 shows the settings used for the fatigue measurements.

Table 5.2: Fatigue loading settings used for the unleached samples

Maximum Load (89% UTS) 3100 N
Minimum (10% UTS) 310 N

Amplitude 1390 N
Set-point 1700 N
Frequency 10 Hz

5.4 Raman Experimental Arrangement

The potential of Raman scattering as a major research tool was noted in the

early stages of its inception but the challenge was the weak signal and the

subsequent need for sensitive measuring equipment. With the availability of

lasers and the much improved high sensitivity detectors, Raman spectroscopy

has become one of the most important tools in material science research.
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5.5 Laser

A laser is a source of intense, coherent monochromatic radiation. Radiant

emission and absorption take place within the atomic or molecular structure

of materials. If atoms (or molecules) are in their ground state, they will stay

there until they are excited by external forces. If light energy is given to

these atoms (or molecules) of the lasing material, then some of the atoms will

attain an excited state. Figure 5.5.1 is a schematic energy diagram show-

ing the atomic energy levels and the pumping action of sufficient intensity

which results in most of the atoms occupying the higher energy level. This

phenomenon is known as a population inversion. This is an unstable condi-

tion for these atoms and as such they will reside in this excited state for a

short time and then decay back to their ground energy state. The decay can

occur in one of two ways:(i) spontaneous decay or (ii) stimulated decay. In

spontaneous decay the atoms will revert to their original energy state while

emitting randomly directed photons; with stimulated decay the photons from

the decaying atoms strike other excited atoms causing them to revert to their

ground state. These stimulated transitions emit photons that travel in phase

at the same wavelength and in the same direction as the incident photon. In a

typical gas laser, the excited medium is within an optical cavity fitted with a

totally reflecting mirror and a partially transmitting mirror at each end. The

stimulated photons that are reflected back and forth within the cavity are thus

amplified, such that the laser light emerging from the partially transmitting

mirror has considerable intensity.



CHAPTER 5. METHODS AND RESULTS: UNLEACHED PCD 68

Figure 5.5.1: Schematic representation of a four-level laser transition scheme
[91].

The argon-ion laser’s properties are particularly well understood amongst ion-

ized gas laser media. It principally works in the following way; Ar+ atoms

are ionized by electron collisions in a high current electrical discharge. This

is followed up by further multiple collisions with electrons which excites the

argon ion, Ar+, to a group of 4p energy levels. A population inversion forms

between the 4p levels and the 4s level which is about 33.5 eV above the Ar

atom ground level. Consequently the stimulated radiation from the 4p level

down to the 4s level contains a series of wavelengths ranging from 351.1 nm

to 528.7 nm but most of the power is concentrated in the 488 nm to 514.5 nm

emission lines. The Ar+ ion at the lower level (4s) returns to its neutral atomic

ground state by radiative decay followed by recombination with an electron

to form a neutral atom and after this the atom is ready for pumping again.

Laser action thus takes place between these levels. Figure 5.5.2 illustrates the

energy level diagram of the argon ion laser.
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Figure 5.5.2: The Ar-ion laser energy diagram [91].

5.6 The Raman Spectrograph

The emerging light from the laser passes through a laser filter monochromator

before being directed onto the sample and from there into the spectrograph.

The light goes through shutters which protects the microscope camera and

the CCD detector. Figure 5.6.1 shows a schematic diagram of the Jobin-Yvon

T64000 Raman spectrograph used in the measurement presented in this work.

Laser light is directed into the spectrograph by optical mirrors.
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Figure 5.6.1: Schematic diagram of the Raman spectrograph showing the
beam path [92].

5.6.1 Single Spectrograph Mode

The spectrograph is capable of being used in various modes. It can be oper-

ated as a single monochromator or a triple monochromator in either additive

or subtractive mode. In single spectrograph mode, the light is directed to

a holographic notch filter which strongly suppresses the elastically scattered

light but allows the Raman scattered light to pass through. After passing

through the notch filter the light passes through the entrance slit and into
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the monochromator. The light entering the monochromator is then incident

on a grating before finally reaching the detector. Two types of grating are

available with the spectrometer and can be used interchangeably using the

software. The choice of grating is influenced by the spectral range and res-

olution required. The 600 grooves/mm grating offers a wide special range

but resolution is reduced, whereas the 1800 grooves/mm grating has a narrow

spectral range but improved resolution. For all the present work the 1800

grooves/mm grating was used. This mode was employed because it gave good

resolution with a faster cycle time, since the optical throughput is signific-

antly greater than that for the triple spectrograph modes discussed below.

An entrance slit width of 50 µm was used.

5.6.2 Triple Spectrograph Modes

In the triple subtractive mode, the pre-monochromators work as a filtering

device, by dispersing the scattered light and recombining part of it, before it

is re-dispersed by the spectrograph. It is very efficient in removing stray light

resulting from the laser excitation line making analysis at low wavenumbers

possible. The throughput is evidently weaker than that obtained using the

single mode. The triple additive mode is useful when extremely high resolution

is needed. All three monochromators act as dispersers, and this results in a

narrow range of wavelengths being spread across the detector.

5.6.3 Charge Coupled Device (CCD) Detector

The light dispersed by the grating falls on the charge coupled device (CCD)

detector cooled to −130 0C by liquid nitrogen, which detects the scattered

light. The CCD detector is a rectangular chip consisting of 1024 × 256 pixels

and the detector works in such a way that it measures the amount of light
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on each pixel. The CCD converts the scattered light to a digital signal which

is manipulated by the computer software to produce observable spectra. The

spectra obtained are a plot of intensity (measured in arbitrary units) (y- axis)

against wavenumbers relative to the exciting laser line (x-axis).

5.6.4 Raman Microscope

A modified Olympus BX40 microscope was used in this work. This has a

beam splitter which enables it to be used with the laser beam or conventional

light sources. Objective lenses with magnification factors of 20 ×, 50 × and

100 × were available but only the 20 × lens was used throughout the present

work. It had the largest spot size on the sample of ∼ 2 µm. The confocal

pinhole varies from 0.1 mm to 2 mm and in this work the pinhole was set at 2

mm as this gave the best signal. The opaque nature of the samples meant it

was not necessary to use the improved axial resolution offered by the smaller

pinhole sizes. The beam is focused using the beam splitter and the microscope

camera/monitor set-up. Scattered light from the sample returns through the

microscope into the spectrometer where it is processed in any one of the three

configurations of the spectrograph.

5.7 Raman 2D Mapping Details

The Raman experimental spectrometer system is interfaced to a computer and

is software controlled. The spectrometer can be operated in a macro-Raman

mode, where measurements are done in the macro-sample chamber, normally

for a large or irregular sample specimen, or in the micro-Raman mode, where

the measurements are done on the microscope stage. In the present work the

spectrometer was operated in the 2-D micro-Raman mapping mode where the
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computer controlled measurements are done using a motorized X-Y micro-

scope stage. Before each set of daily measurements, spectral calibration of

the spectrograph was done using the 546.074 nm emission line of a mercury

discharge lamp as a reference value.

All Raman measurements were done at room temperature and standard pres-

sure conditions. The 514.5 nm line of an Ar+ion laser was used as excitation

source at a beam power of 300 mW at the laser and ∼2 mW at the sample.

The 2-D mapping was done over a square plot of 6 × 6 points by sequential

translation of the X-Y stage under the objective lens of the microscope. As

mentioned in the previous section the 20× objective was used with a spot size

of 2 µm. For the reasons described below three maps of small, medium and

large size with the associated mapping points were made for each sample, see

Figure 5.7.1. The spot separation for the different map sizes was ∼ 1000 µm

for the small map, ∼ 1500 µm for the medium map and ∼ 2500 µm for the

large map. The map areas were ∼ 36 mm2 for the smaller map, ∼ 100 mm2

for the medium map and ∼ 225 mm2 for the large map. The diamond grains

size ranged from 2 µm to 20 µm whilst the largest spot size achieved was 2

µm. As a result on average the spot size was smaller that the average grain

size.

Figure 5.7.1: The three different map sizes used in this work; the distributions
of the mapping points are illustrated.

Three map sizes were used in the initial Raman measurements with the set-up

employed for the fatigue experiments in mind. The set-up is such that the
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ball underneath the disc sample (see Figure 5.1.2) applies the maximum load

at its centre.

Figure 5.7.2: The expected stress field for the ball on three balls test [90]
,where the percentage of the maximum tensile stress component is plotted.
The view is of the tensile stress surface of the disc showing the positive (tensile)
first principal stresses.

Börger et al. [90], have performed finite element modelling for the three balls

on ball arrangement and the expected stress field according to their calcula-

tions is given in figure 5.7.2. The percentage of the maximum tensile stress

component in the disc (0–100%) is plotted, illustrating that the maximum

tensile stress can be expected at the centre of the disc. The maximum stress

calculated using this model, the dimensions of our test rig and the material

properties of PCD is found to be 7.68 GPa. According to the model if meas-

urements are done moving further away from the centre area of the sample,

the effect of the applied load would gradually decrease. Thus the three map

sizes used were aimed at investigating this possible range of damage or de-

formation. This would also give an indication of the degree of homogeneity of

residual stresses within the samples.



CHAPTER 5. METHODS AND RESULTS: UNLEACHED PCD 75

5.8 Results and Discussion

This section gives the Raman scattering results as a function of the numbers

of loading cycles to which the samples were subjected. Initial measurements

were taken over 6 × 6 square maps of three varying sizes from a small map

around the centre of the sample to a medium map and lastly a large map

that covered as much of the sample as possible (see Figure 5.7.1). All the

measurements were done on the cutting surface which is the surface that the

three support balls were in contact with during the fatigue measurements.

Nine samples where used for these Raman scattering measurements. Figure

5.8.1 shows Raman spectra recorded for the three maps on sample A and the

results are shown in Table 5.3. It was observed from the Raman measured

results similar to those shown in Figure 5.8.1 that the samples exhibited good

agreement of the average surface stress. Several unfatigued samples were used

to see if any variation would be observed as a function of map size and results

as shown in Figure 5.8.1 show little variation. A comparison of the Raman

spectra obtained from the use of different map sizes show negligible shifts in

the peak position of the diamond Raman band and the measured full width

at half maximum. As a result further Raman measurements of only the large

map size are employed in the present work, with the spectra being averaged

over the respective 36 mapping points for each sample using the Origin 8

software. These are the spectra plotted in this chapter.
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Figure 5.8.1: Raman spectra centred on the 1330 diamond Raman line for
the three different map sizes for one of the PCD samples (sample A). The
spectra have been vertically displaced and stacked for comparison purposes.
The apparent periodicity in the background in some of the spectra is a result
of instrumental effect and does not affect the peak position or peak width
being studied.

5.9 Raman Spectra of Diamond

Diamond has a single, triply degenerate Raman peak at 1332.5 R.cm−1(units

are in wavenumbers relative to the incident laser beam wavenumber) [80]. The

peak position conveys information on the nature and structure of the material

under investigation. In an ideal diamond crystal, the sample would be stress

free and the Raman peak would be measured at its theoretical position but as

soon as it is subjected to stresses, be it externally imposed or due to internal

imperfections, the frequency of the lattice phonons is subtly affected and the

position of the Raman peak changes as discussed in section 4.5 [80].

Additional information is contained in the full width at half maximum of

the peak. The Raman line-width of natural diamond is related to the average

lifetime of the phonons created in the Raman process. In imperfect crystals the
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phonons created in the Raman process can decay (scatter) at grain boundaries

and at defect sites, thereby reducing the average lifetime and broadening the

Raman line [81]. The theory of homogeneous spectral line width predicts that

the line-width is inversely proportional to the average phonon lifetime and

that the line shape is expected to be Lorentzian [82].

5.10 Average Spectra for all the Samples

As mentioned in section 5.2, the samples used in this work were taken from

the same batch processed under the same conditions. With this in mind it

was expected that if the samples were to be fatigued with the same load but

to different numbers of cycles then some noticeable trend would be observed

using the Raman technique.

The depth resolution, i.e. calculated length of focal barrel, for the object-

ive used and the pinhole employed was approximately 20 µm. The actual

sampling depth depends on the transparency of the sample and thus depends

on the amount of cobalt in the sampling volume as well as the size of the

diamond grain being sampled. The sampling depth thus varies from as little

as 1 µm to a possible 20 µm for the largest grains. The measured stresses

are thus limited to a region of the sample close to the surface. These average

surface stresses for the samples would then be calculated and then plotted as

a function of the number of cycles. The corresponding stress errors are calcu-

lated as the standard deviation of the average of the stress values measured in

the respective map. Samples fatigued to relatively lower numbers of loading

cycles were expected to exhibit less disorder and plastic damage and associ-

ated stress changes, with those fatigued to higher numbers of loading cycles

exhibiting an increased degree of disorder. With an increase in the degree

of disorder the measured spectra would exhibit some broadening as well as
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significant peak shifts due to stress changes.

Table 5.3 shows a comparison of the position of the measured peak and the

FWHM. A quick glance at the Table 5.3 shows that we have variation from

one sample to the next with no trend with respect to the increase in the

number of cycles. A plot of this variation is shown in Figure 5.10.1 where the

measured spectra are stacked for comparison.

Table 5.3: Showing the respective average Raman peak positions and full
width measured at half maximum for the samples. The errors in the Table
are calculated from the standard deviation from the average.

Sample Number of
cycles

Peak
Position
(cm−1)

Error FWHM
(cm−1)

Error

Sample A 0 1335.34 0.09 12.29 0.31
Sample B 250000 1333.58 0.07 14.01 0.27
Sample C 300000 1333.81 0.06 12.62 0.22
Sample D 350000 1331.01 0.08 16.94 0.30
Sample E 400000 1333.23 0.07 13.55 0.26
Sample F 500000 1332.56 0.06 13.82 0.21
Sample G 600000 1333.28 0.08 13.41 0.27
Sample H 700000 1333.42 0.01 12.41 0.57
Sample I 750000 1332.71 0.08 12.05 0.32
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Figure 5.10.1: Comparison of the average Raman surface spectra for the
samples A to I as a function of number of cycles. The spectra are taken
as an average over all the mapping spots for the large map of each sample.
The spectra have been stacked for comparison. The apparent periodicity in
the background in some of the spectra is a result of instrumental effect and
does not affect the peak position or peak width being studied.

It was expected that a gradual shift towards lower wavenumbers as the number

of cycles increased because the degree of localized damage or deformation

induced is expected to increase with number of cycles. As the degree of

damage increases, the residual compressive stresses would decrease. Thus a

shift in the peak position to lower frequencies was anticipated. Examination

of the calculated stress indicates for the measurements performed that the

shift to lower wavenumbers for the diamond peak position and an increase in

the broadening of the FWHM was not observed, see Table 5.3. Figure 5.10.2

shows the variation in the peak position for the samples and the variation in

the average surface stress is shown in 5.10.3. Negative stress values indicate

compressive stress and positive stress values indicate tensile stress.
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Figure 5.10.2: Variation of Raman peak position as a function of number of
cycles for the nine samples used (sample A through to sample I ).

Figure 5.10.3: Variation of stress as function of number of cycles for the
nine sample used (sample A through to sample I ). The reported stress values
were calculated using equation 4.6.3 and piezo-Raman coefficient α = 1.92
cm−1/GPa. The unstressed diamond peak position used is 1332.5 cm−1.

There is a trend in figures 5.10.2 and 5.10.3 but it is not as clear as at first

thought. Despite the fact that all samples where obtained from the same
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batch the results suggested that the samples were not entirely the same and

as such, the results would vary from one sample to the next. Sample D is good

example of this as it is obviously an outlier from the results shown in figures

5.10.2 and 5.10.3. Further alternating fatigue and Raman measurements were

thus required to refine the initial measurements with the anticipation of clearer

trends in the results.

5.11 Further Raman Measurements

Having noticed the variation across the samples an attempt to investigate the

possibility of getting a noticeable trend for each individual sample was done.

Hence the individual samples were subjected to alternating fatigue and Raman

measurements, with the measurements being taken at different numbers of

cycles to establish the trend. The brittleness of the sample material resulted

in several of the samples fracturing before reaching the desired number of

cycles. Of the nine samples listed in Table 5.3 only five survived a series

of alternating fatigue experiments and Raman experiments with the number

of cycles increasing each time. These were sample A, sample B, sample E,

sample F, and sample G. For the remainder of this chapter these five samples

will be discussed in detail. The average stresses reported here were calculated

from the 2D maps by first determining the peak position measured at each

grid point and then taking the average of these 36 peak position values.

5.12 Sample A

This sample was not subjected to any loading and was kept for comparison

purposes. Raman measurements were done and Figure 5.12.1 shows the spec-

tra obtained for the three different map sizes.
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Figure 5.12.1: Comparison of the measured Raman spectra for sample A
as a function of map size. The spectra have been displaced and stacked for
comparison.The apparent periodicity in the background in some of the spectra
is a result of instrumental effect and does not affect the peak position or peak
width being studied.

5.13 Sample B

The sample had been fatigued to 250000 cycles initially. Subsequent measure-

ments were conducted with incremental sets of 50000 cycles each time, with

the exception of the last set which was set at 25000 to ensure the sample

would not fracture before the stress mapping measurement. Table 5.4 shows

the follow up number of cycles of loading to which the sample was subjected,

the respective Raman peak positions, full width measured at half maximum

and the calculated stress. The stress was calculated using equation 4.6.3.

Figure 5.13.1 shows the different spectra obtained at the different number of

cycles and the spectra indicate a progressive shift of the frequency to lower
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wavenumbers and subsequently a change in the nature of the calculated re-

sidual stress.

Table 5.4: Table indicating Raman peak position and full width measured at
half maximum for sample B.

Cycles Peak
Position
(cm−1)

Error FWHM
(cm−1)

Error Stress (GPa)

250000 1333.58 0.07 14.01 0.27 -0.53
300000 1333.74 0.02 12.29 0.08 -0.60
350000 1333.55 0.03 12.51 0.11 -0.50
400000 1333.63 0.02 12.64 0.09 -0.36
450000 1333.35 0.02 12.89 0.10 -0.42
500000 1332.93 0.02 12.64 0.09 -0.17
550000 1332.45 0.02 12.89 0.10 0.08
575000 1332.34 0.05 13.76 0.22 0.14

Figure 5.13.1: .The measured Raman spectra as a function of number of cycles
for sample B. The spectra have been displaced and stacked for comparison.
The apparent periodicity in the background in some of the spectra is a result
of instrumental effect and does not affect the peak position or peak width
being studied.
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Figure 5.13.2: Stress variation as a function of the number of cycles for
sample B.

The calculated stress as indicated in Figure 5.13.2 clearly illustrates the shift

in the nature of the residual stresses from being compressive to being tensile

in nature. The calculated stress from Table 5.4 changed from −0.53 GPa to

0.14 GPa. These stresses are calculated as the average of the 36 individual

mapping points, however a consideration of the point to point stress measured

shows some variation.

The histogram diagrams in Figure 5.13.3 and Figure 5.13.4 following indicate

the point to point stress variation within the respective samples after be-

ing subjected to the respective number of loading cycles. Since the samples

were randomly loaded for the fatigue experiments, the mapping points in the

respective histograms related to the different number of loading cycles are

random. The graphs clearly show the number of tensile points within the

mapped area increasing with the increase in the number of loading cycles.
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Figure 5.13.3: Point to point stress variation as a function of the number of
cycles for Sample B after 250000 cycles and 400000 cycles respectively. The
red line indicates the average surface stress value after the respective number
of cycles. The order of these mapping points as seen in the graphs is random
since the sample was loaded randomly after each run.
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Figure 5.13.4: Point to point stress variation as a function of the number of
cycles for Sample B after 500000 cycles and 575000 cycles respectively. The
red line indicates the average surface stress value after the respective number
of cycles. The order of these mapping points as seen in the graphs is random
since the sample was loaded randomly after each run.
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Figure 5.13.5: 2D Surface maps showing the nature and distribution of stress
as a function of the number of cycles for sample B. Compressive stresses are
shown by the colours black - deep green; and tensile stresses are indicated by
the colour range yellow-red. The stresses are reported in GPa.
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2D surface maps were plotted to show the nature of the stresses and their

distribution in the mapped area and are shown in Figure 5.13.5. These maps

were generated via the “2D Contour Plot” feature of Origin 8 software. Each

of the 36 points of the 6×6 matrix is assigned a colour based on its associated

value. The number of colours is chosen by the user, and the software then

interpolates between adjacent points so that the change in colour represents

the gradient between the values of the points. Thus similar values will have

the same or adjacent colours, while values with larger differences will have

more contours between the points. The 2D surface maps clearly show the

changes that are taking place within the sample.

Table 5.5: Comparison of the number of mapping points exhibiting tensile
stresses as a function of the number of loading cycles for sample B.

Number of cycles Number of points
250000 2
300000 0
350000 1
400000 10
450000 10
500000 9
550000 13
575000 22
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Figure 5.13.6: A plot of the number of mapping points exhibiting tensile
stresses against number of loading cycles for sample B.

Figure 5.13.6 and Table 5.5 shows the number of mapping points within the

mapped area that were exhibiting tensile residual stresses at the different num-

ber of cycles. Even though the sample was showing average surface residual

stresses compressive in nature for the first six levels of the number of cycles,

there existed some spots which had stresses tensile in nature. From Table

5.5 it is evident that these spots were not enough in the first six readings to

significantly alter the nature of the average residual stresses. A notable trend

however is observed which indicates an increase of the number of spots in

the tensile regime as the number of cycles increase. It is possibly due to the

inter-grain bridges formed during sintering which give rise to the diamond to

diamond bonding in the PCD that start breaking during the fatigue experi-

ments and as a result the grains become loosely connected. This then gives

rise to the observed tensile residual stress in these spots. Eventually in the

last two Raman measurement a transition from average compressive residual

stresses to average tensile residual stresses is seen.
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5.14 Sample E

The sample had been fatigued to 400000 cycles before being fatigued to higher

number of cycles as shown in Table 5.6. Again the respective spectra were

measured and the subsequent peak position, the full width measured at half

maximum as well as the calculated stress are shown in Table 5.6. A comparison

of the spectra obtained at the different number of cycles to which the sample

was subjected, was done and the spectra obtained are shown in Figure 5.14.1.

Table 5.6: Showing the Raman peak position and full width measured at half
maximum as a function of number of cycles for sample E.

Cycles Peak
Position
(cm−1)

Error FWHM
(cm−1)

Error Stress (GPa)

400000 1333.23 0.07 13.55 0.26 -0.21
450000 1333.33 0.09 14.76 0.33 -0.25
500000 1332.57 0.09 14.84 0.32 0.22
525000 1332.40 0.09 15.05 0.32 0.23
550000 1332.19 0.09 15.80 0.35 0.37

Figure 5.14.1: The measured Raman spectra as a function of number of cycles
for sample E. The spectra have been displaced and stacked for comparison.
The apparent periodicity in the background in some of the spectra is a result
of instrumental effect and does not affect the peak position or peak width
being studied.
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The calculated stress again indicates a shift in the nature of the stresses from

being compressive to being tensile. A plot of the stresses as a function of

number of cycles is shown in Figure 5.14.2. The calculated stress ranged from

−0.21 GPa to 0.37 GPa. The subsequent 2D surface maps were plotted to

indicate the distribution of the stresses. Clear changes in the nature of the

stresses are observed, as shown in Figure 5.14.5.

Figure 5.14.2: Stress variation as a function of number of cycles for sample
E.

The histogram diagrams in Figure 5.14.3 and Figure 5.14.4 indicate the point

to point stress variation within Sample E. Again the sample was randomly

loaded for the fatigue experiments, thus the mapping points in the respective

histograms related to the different number of loading cycles are random. The

graphs clearly indicated the number of tensile points within the mapped area

increasing with the increase in the number of loading cycles.
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Figure 5.14.3: Point to point stress variation as a function of the number of
cycles for Sample E after 400000 cycles and 500000 cycles respectively.The
red line indicates the average surface stress value after the respective number
of cycles. The order of these mapping points as seen in the graphs is random
since the sample was loaded randomly after each run.
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Figure 5.14.4: Point to point stress variation as a function of the number of
cycles for Sample E after 525000 cycles and 550000 cycles respectively. The
red line indicates the average surface stress value after the respective number
of cycles. The order of these mapping points as seen in the graphs is random
since the sample was loaded randomly after each run.
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Figure 5.14.5: 2D Surface maps showing the nature and distribution of stress
as a function of the number of cycles for Sample E. Colour range black - light
green show compressive stresses and the range deep green - red indicate tensile
stresses. The stresses are reported in GPa.
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Table 5.7: Comparison of the number of mapping points exhibiting tensile
stresses as a function of the number of loading cycles for sample E.

Number of cycles Number of points
400000 11
450000 25
500000 22
525000 27
550000 32

Figure 5.14.6: A plot of the number of mapping points exhibiting tensile
stresses against number of loading cycles for sample E.

Five Raman measurements were carried out on sample E. The first two meas-

urements indicated that the sample was exhibiting compressive residual stress

but for the rest of the measurements the sample exhibited average tensile

stress (see Table 5.6). Table 5.7 and Figure 5.14.6 show the number of map-

ping points exhibiting tensile residual stresses against number of cycles and a

trend is observed. As the number of cycles increases so does the number of

spots showing tensile residual stresses. Because the residual stresses have to
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be globally balanced, it is plausible that the interior is compressive. Unfortu-

nately, the interior was not measured to track for stress changes.

5.15 Sample F

The sample had been fatigued to 500000 cycles initially. Alternating fatigue

and Raman measurements were done for the different number of cycles that

followed and the results obtained are shown in Table 5.8. The sample exhibited

an average tensile residual stress after 550000 cycles and the highest stress

calculated was found to be 0.41 GPa.

Table 5.8: Showing the Raman peak position and the full width measured at
half maximum for the different number of cycles for sample F.

Cycles Peak
Position
(cm−1)

Error FWHM
(cm−1)

Error Stress (GPa)

500000 1332.56 0.06 13.82 0.22 -0.02
550000 1332.23 0.11 14.75 0.40 0.14
600000 1332.19 0.09 14.88 0.33 0.16
625000 1332.49 0.12 16.75 0.46 0.01
675000 1331.08 0.08 15.06 0.29 0.74
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Figure 5.15.1: Raman peak position and the full width measured at half max-
imum for sample F. The spectra have been displaced and stacked for compar-
ison. The apparent periodicity in the background in some of the spectra is
a result of instrumental effect and does not affect the peak position or peak
width being studied.

Figure 5.15.2: Stress variation as a function of number of cycles for sample
F.
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The histogram diagrams in Figure 5.15.3 and Figure 5.15.4 indicate the point

to point stress variation within Sample F. Again the sample was randomly

loaded for the fatigue experiments, thus the mapping points in the respective

histograms are random. The graphs clearly indicated the number of tensile

point within the mapped area increasing with the increase in the number of

loading cycles.
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Figure 5.15.3: Point to point stress variation as a function of the number of
cycles for Sample F after 500000 cycles and 550000 cycles respectively. The
red line indicates the average surface stress value after the respective number
of cycles. The order of these mapping points as seen in the graphs is random
since the sample was loaded randomly after each run.



CHAPTER 5. METHODS AND RESULTS: UNLEACHED PCD 100

Figure 5.15.4: Point to point stress variation as a function of the number of
cycles for Sample F after 600000 cycles and 625000 cycles respectively. The
red line indicates the average surface stress value after the respective number
of cycles. The order of these mapping points as seen in the graphs is random
since the sample was loaded randomly after each run.
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Figure 5.15.5: . 2D maps showing the nature and distribution of stresses as
a function of number of cycles for sample F. Colour range black - light green
indicate compressive stresses and deep green - red show tensile stresses. The
stresses are reported in GPa.

Table 5.9: Comparison of the number of mapping points exhibiting tensile
stresses as a function of the number of loading cycles for sample F.

Number of cycles Number of cycles
500000 11
550000 6
600000 24
625000 33
675000 34
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Figure 5.15.6: A plot of the number of mapping points exhibiting tensile
stresses against number of loading cycles for sample F.

This sample exhibited tensile residual stresses in all its measured Raman spec-

tra as shown in Table 5.8. A quick look at Table 5.9 and Figure 5.15.6 shows

a general gradual increase in the number of spots exhibiting tensile stresses.

Again this can be attributed to the inter-grain bridges breaking mentioned in

section 5.13. The dip at 550000 cycles can be attributed to incomplete crack

closure which happens at times in the micro-cracks present in the samples.

5.16 Sample G

Sample G was initially subjected to 600000 cycles of loading and as with

the other samples, further alternating fatigue and Raman experiments were

carried out and the results obtained are shown in Figure 5.16.1 as well as Table

5.10. The peak position values, the full width measured at half maximum and

the calculated stress are shown as well. Again there is a notable trend showing



CHAPTER 5. METHODS AND RESULTS: UNLEACHED PCD 103

a definite shift in the nature of the residual stresses from being compressive

in nature to being tensile (see Figure 5.16.2). The full width measured at

half maximum values also indicate some broadening at the highest number of

cycles indicating an increasing degree of plastic deformation in the diamond

crystals.

Table 5.10: Showing the Raman peak position and the full width measured
at half maximum and the calculated stress for sample G.

Cycles Peak
Position
(cm−1)

Error FWHM
(cm−1)

Error Stress (GPa)

600000 1333.28 0.08 13.41 0.27 -0.38
650000 1333.57 0.03 12.39 0.10 -0.61
675000 1333.08 0.03 13.48 0.11 -0.20
700000 1332.69 0.02 13.49 0.08 -0.05
725000 1331.76 0.07 17.14 0.25 0.36

Figure 5.16.1: Measured Raman spectra showing peak position as a function
of number of cycles for sample G. The apparent periodicity in the background
in some of the spectra is a result of instrumental effect and does not affect the
peak position or peak width being studied.
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Figure 5.16.2: Stress variation as a function of number of cycles for Sample
G.

The histogram diagrams in Figure 5.16.3 and Figure 5.16.4 indicate the point

to point stress variation within Sample G. Again the sample was randomly

loaded for the fatigue experiments, thus the mapping points in the respective

histograms are random. The graphs clearly indicated the number of tensile

points within the mapped area increasing with the increase in the number of

loading cycles.
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Figure 5.16.3: Point to point stress variation as a function of the number of
cycles for Sample G after 600000 cycles and 675000 cycles respectively. The
red line indicates the average surface stress value after the respective number
of cycles. The order of these mapping points as seen in the graphs is random
since the sample was loaded randomly after each run.
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Figure 5.16.4: Point to point stress variation as a function of the number of
cycles for Sample G after 700000 cycles and 725000 cycles respectively. The
red line indicates the average surface stress value after the respective number
of cycles. The order of these mapping points as seen in the graphs is random
since the sample was loaded randomly after each run.
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Figure 5.16.5: 2D surface maps showing the distribution of the stress as a
function of number of cycles for sample G. Colour range black - deep green
indicate compressive stresses and yellow - pink show tensile stresses. The
stresses are reported in GPa.
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Table 5.11: Comparison of the number of mapping points exhibiting tensile
stresses as a function of the number of loading cycles for sample G.

Number of cycles Number of points
600000 4
650000 7
675000 18
700000 26
725000 27

Figure 5.16.6: A plot of the number of mapping points exhibiting tensile
stresses against number of loading cycles for sample G.

Table 5.11 and Figure 5.16.6 show the number of mapping points which are ex-

periencing tensile residual stresses at the different levels of loading cycles. The

sample showed average tensile residual stresses for most of its measurements

and the mapping points with this type of stresses increased with number of

cycles.

In the fatigue experiments, the mapped sample surface was in direct contact

with the three balls of the ball on three balls arrangement shown in Figure
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5.2. Before each fatiguing run, the samples were loaded randomly into the

fatigue jig, i.e. the contact points were different between different runs. It is

thus not possible to visualize any localised damage in the 2D maps that may

be related to the contact points.

Figure 5.16.7: Average surface stress variations as a function of the number
of cycles for samples B, E, F and G.

For comparison purposes, Figures 5.16.7 and 5.16.8 illustrate the respective

effects of the multiple fatigue cycles for the samples B, E, F and G. The

average stress variations for the samples are shown in Figure 5.16.7 while

in Figure 5.16.8, the number of mapping points exhibiting tensile stress is

indicated. Although there are obvious variations in detail in the results for

the various samples there are also common trends. In particular the average

surface stress is compressive during the earlier phase in which the number of

fatigue cycles remains relatively limited while in the later phase of a large
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number of cycles the average surface stress becomes tensile in nature for all

the samples. A comparison of the data for the mapping points shows that

for the earlier phase of limited fatigue cycles there are relatively few points in

which the local stress is tensile and that the number increases substantially

when the samples have been subjected to a large number of cycles. These

measurements confirm the differing nature of the mapping points and hence

indicate that the fatigue cycles produce localised damage.

Figure 5.16.8: The number of mapping points exhibiting tensile stress as a
function of the number of fatigue cycles for samples B, E, F and G.
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5.17 Scanning Electron Microscope and Energy

Dispersive Spectroscopy Measurements

The observed trend of a general increase of the number of mapping points

exhibiting average tensile residual stress with increase in number of loading

cycles can possibly be explained using the cracking on the inter-grain bridges

within the samples. It is therefore reasonable to expect some observable evid-

ence of cracking on the surface of the fatigued tool-bits. To substantiate

this notion scanning electron microscope pictures were taken to establish if

there was visible evidence of damage due to fatigue. This was done with the

understanding that fatigue is defined as being the accumulation of localized

damaged due to cyclic loading, the critical word here being localized. Hence

it was anticipated that areas showing signs of fracture would be observed.

A JEOL JSM7500F field emission scanning electron microscope was employed

for this part of the work operating at 15 keV in a vacuum of 5.1×10−4 Pa. The

results obtained are shown in the subsections that follow. Energy dispersion

spectroscopy measurements were also done using the same equipment.

5.17.1 Sample B

The SEM pictures obtained for this particular sample showed no signs of

damage. Large pools of cobalt were however noted. See Figure 5.17.1 for

results. Figure 5.17.2 and Table 5.12 show the Energy Dispersive Spectroscopy

(EDS) results giving an elementary analysis of the composition of the sample.

The EDS results show an acceptable atomic percentage of the sample being

91.82 % carbon which is primarily arising from diamond.
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Figure 5.17.1: SEM images showing the cobalt pools and the diamond grains
for sample B. The cobalt pools are the bright areas in the images and the dark
regions are the diamond grains.

Table 5.12: EDS results for sample B.

Element Weight % Atomic %
C 82.71 91.82
Co 7.79 6.49
O 6.50 1.47
W 3.00 0.22

Total 100.00

Figure 5.17.2: Energy dispersion spectra for sample B.
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5.17.2 Sample E

The SEM pictures obtained did not show signs of any damage as shown in

Figure 5.17.3. EDS results are shown in Figure 5.17.4 and Table 5.13. The

EDS results indicate a 92.65 % atomic percentage of the sample as diamond

being in the expected range. Some traces of oxygen were also noted.

Figure 5.17.3: SEM images showing the cobalt pools and the diamond grains
for sample E. The cobalt pools are the bright areas in the images and the dark
regions are the diamond grains.

Figure 5.17.4: Energy dispersion spectra for sample E.
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Table 5.13: EDS results for sample E.

Element Weight % Atomic %
C 84.98 92.65
Co 7.21 5.90
O 5.90 1.31
W 1.91 0.14

Total 100.00

5.17.3 Sample F

Figure 5.17.5: SEM images showing the cobalt pools and the diamond grains
for sample F. The cobalt pools are the bright areas in the images and the dark
regions are the diamond grains.

SEM pictures obtained again did not give any indications of damage or areas

with localized damage. The results are shown in Figure 5.17.5. Figure 5.17.6

and Table 5.14 show an atomic percentage of 89.94 % for carbon which is

slightly below what is expected and some traces of oxygen are noted as well.
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Figure 5.17.6: Energy dispersion spectra for sample F.

Table 5.14: EDS results for sample F.

Element Weight % Atomic %
C 81.46 89.94
Co 10.02 8.30
O 7.48 1.68
W 1.03 0.07

Total 100.00

5.17.4 Sample G

SEM pictures obtained had several areas exhibiting possible localized damage.

Unlike the traditional cracks running through the sample the defects in the

picture are characteristic of diamond grains flaking off the surface possibly due

to the fatigue loading experiments. The possible areas exhibiting localized

damage are shown in Figure 5.17.7. Sample G was subjected to the highest

number of cycles and this is probably the reason why damage is observed

in this sample. EDS results are shown in Figure 5.17.8 and Table 5.15 and

indicate a 92.65 % atomic percentage to be diamond.
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Figure 5.17.7: SEM images showing the cobalt pools (bright areas) and the
diamond grains (dark areas) for sample G. The arrows in the images are
showing the areas of damage on the surface of the sample.

Table 5.15: EDS results for sample G.

Element Weight % Atomic %
C 89.04 92.65
Co 8.97 7.01
O 1.46 0.31
W 0.54 0.04

Total 100.00
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Figure 5.17.8: Energy dispersion spectra for sample G.

5.18 Summary of Results

• To our knowledge this is the first report of the successful application

of Raman spectroscopy to characterise fatigue-type processes in PCD

materials. The main findings were published in [93].

• The Raman results showed that for all the samples there was very little

variation of the average stress with map size, however point to point

variation of the residual stresses for the mapping points in the mapped

area were observed. The number of the mapping points under tensile

residual stresses were clearly shown to increase as a function of the

increase in the number of the loading cycles. Whilst the samples were

loaded into the jig randomly and the mapped points are random the

trend observed is nevertheless clear; as the number of the loading cycles

increased, the number of mapping points under tensile stress increased.

This trend is possibly as a result of the inter-grain bridges giving rise to

the diamond to diamond bonding being broken during the fatigue cycling

and thus exhibiting tensile stress as the fatigue loading progresses.
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• A comparison of the average surface stresses across all the samples after

the initial Raman measurements indicated that there is considerable

variation from one sample to the next. Some samples with lesser num-

bers of cycles exhibited tensile residual stresses as compared to some

with higher numbers of cycles. According to A. Lammer this can be

attributed to the fact that the hardness of the diamond grains is highly

dependent on grain size and orientation [94]. Therefore variable sizes,

shape and orientations of the diamond grains in the samples are the

likely sources of the variation observed. The observation can also be

explained from a synthesis point of view. In as much as the samples

were manufactured in the same batch it is possible that slight temper-

ature gradients within the manufacturing press at the time of sintering

can result in a sample exhibiting slightly different residual stresses and

inevitably different strength.

• All samples exhibited overall compressive residual stresses which pro-

gressively shifted towards being tensile in nature with increase in the

number of cycles.

• SEM images taken for sample B, sample E, and sample F did not show

any evidence of damage taking place. It is possible that damage is

present but not visible at the level of magnification that could be at-

tained with the instrument. It is possible that micro-cracks are present

though none were observed.

• For sample G, the majority of the Raman measurements exhibited com-

pressive residual stresses. The stresses ranged from -0.38 GPa to 0.36

GPa. The FWHM for the measurement after 750000 cycles showed a

significant increase. The increase is significant enough for one to expect

localized areas with evidence for damage.



Chapter 6

Methods and Results: Leached

PCD

6.1 Introduction

The invention of the cobalt sintered polycrystalline diamond was first repor-

ted by Katzman and Libby [95], in 1971 and it provided a new material for

use in the drilling industry. Prior to the advent of the polycrystalline dia-

mond tool bits the main tool used in the drilling industry was the roller

cone which works by impact excavation and posses a convenient wear resist-

ance suitable for use in hard rock formations [96]. Equipped with primary

hardness, strength and elastic modulus similar to that of diamond, polycrys-

talline diamond has increasingly found applications in harsh and demanding

environments. Wear resistance in PCD cutters is a function of both abrasion

resistance and thermal stability. Generally speaking abrasion resistance im-

proves with smaller diamond grain size and thermal stability improves with

larger diamond grain sizes, so increasing overall wear resistance is a significant

challenge [97].

As shown in Section 2.5, when polycrystalline diamond is sintered in a high

119
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temperature, high pressure manufacturing process, the cobalt functions primar-

ily as a solvent-catalyst aiding diamond to diamond bonding thus creating a

cohesive network of interconnected diamond particles [98]. In most cases the

diamond constitutes 90% to 97% by volume with the binding-catalyzing ma-

terial constituting the remainder. Due to the fact that the thermal expansion

of diamond is relatively low compared to that of cobalt, a subsequent result of

the sintering process is that mutual interfacial constraints and internal equi-

librium result in the diamond phase being in compression and the cobalt phase

in tension [99]. It is this same cobalt which, during the drilling operations,

expands and breaks apart the diamond bonds that it helped to form in the

first place [100] typically limiting the operation temperatures to about 750 0C

[89]. Because the PCD is virtually a two phase material comprising of a cobalt

alloy and diamond, it is possible to remove a significant volume of the cobalt

phase through a chemical leaching process and still maintain some level of

cohesive structure which would be dominantly diamond [100]. To enable the

cobalt removal, the PCD is chemically leached in a pressure vessel containing

(usually) 1 : 1 : 1 ratio of reagent nitric acid, reagent grade hydrochloric acid

and water maintained at 160 0C for approximately two weeks [96]. According

to literature this leaching process typically results in an observable increase

in the thermal stability of the PCD to about 1200 0C , with the consequence

of the overall toughness of the cutter being dramatically reduced [100]. It

is therefore interesting to investigate how leached polycrystalline diamond

samples would perform in comparison to unleached samples if subjected to

similar fatigue measurements. It is reasonable to assume that after the con-

tent of the cobalt has been significantly reduced, the resultant PCD cutters

would exhibit less strength. The next few sections detail how the leached

samples were subjected to fatigue measurements similar to those outlined in

Chapter 5 conducted on a batch of unleached samples.
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6.2 Methodology

Similar to the cylindrical tool-bits used in measurements described in Chapter

5, the leached samples used in this work were manufactured by Element Six

(Pty) Ltd (E6). The leached PCD samples had slightly different dimensions

of 16 mm in diameter and 2 mm in thickness, see Figure 6.2.1. Unlike with

the previous measurements, care was taken before each fatiguing run to make

sure the samples were loaded with exactly the same orientation into the jig,

making sure the support balls were located in more or less the same contact

points for every set of fatigue measurements.

(a) Sample dimensions (b) Map sizes used for the Raman stress measure-
ments

Figure 6.2.1: Sample dimensions of the PCD layer used for the experiments
and the map sizes employed for the Raman stress measurements.

6.2.1 Fatigue Experiments - Methodology

Quasi-static loading of a few of the samples in transverse rupture strength tests

were conducted so as to identify the strength of the materials. The leaching

was done on one side (to be known as the leached side) of the PCD and this

was the surface in contact with the three support balls in the ball on three

balls set up, with the EDM cut side (to be known as the underside) in contact

with the single ball on the centre of the disc samples. There after similar

procedures as outlined in Chapter 5, Sections 5.2 and 5.3, were employed in

conducting the fatigue measurements. The transverse rupture strength tests
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showed that the leached samples exhibited high average strength compared

to the unleached samples. This is due to the slight difference in the diameter

of the samples with the unleached samples being 19 mm and the leached

samples having a diameter of 16 mm. The difference inherently influences the

flexure distance which results in the different strength. Table 6.1 shows the

quasi-static loading for the leached samples.

Table 6.1: Quasi - static loading test results for the leached samples.

The careful loading of the samples mentioned earlier was done so as to help

observe whether there would be noticeable deformation or cracks at these

respective contact points. All measurements were conducted at room tem-

perature, under constant amplitude loading with the settings as indicated in

Table 6.2. A maximum load of 2900 N was used and this was approximately

75% of the average fracture load obtained from the transverse rupture strength

tests. The samples were then subjected to a series of cumulative sets of 50000

cycles at a time. Due to instrument limitation of the new equipment employed

for this phase of measurements, the frequency was changed from 10 Hz to 4

Hz. This was the maximum attainable frequency on the new equipment.

Table 6.2: Fatigue loading settings used for the leached samples.

Maximum Load (75% UTS) 2900 N
Minimum (10% UTS) 2900 N

Amplitude 1305 N
Setpoint 1595 kN
Frequency 4.0 Hz
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6.3 X-Ray diffraction stress measurements

Both X-ray diffraction and Raman spectroscopy were used to characterise the

fatigued samples. Raman spectroscopy is discussed in section 6.4. The X-ray

diffraction measurements were conducted at NECSA. Prior to the experiment,

the alignment of the diffractometer was verified by measuring the laboratory

prepared tungsten sample of known stress value as a reference. The repeatab-

ility of a measurement on a standard sample can give an indication of the likely

uncertainty in a stress measurement. The following factors were considered

in selecting the appropriate peak for stress investigation:

6.3.1 The highest Bragg Peak

When measuring residual stress, the highest peak on the powder diffraction

pattern is always chosen since it is possible to pick up the small changes in the

d-spacing at high angles. At high 2θ angles, small changes in the d-spacing

will give measurable changes in 2θ, although the peak shifts are still only a

few increments of a degree. At low angles the difference would be too small to

be measured with any degree of precision [101]. The strain induced changes in

the d-spacings are generally very small, typically in the third decimal place.

The resultant peak position shift of the diffraction peak, 4θ when there is a

change in d-spacing 4d is obtained by differentiating Bragg’s law, which gives

4d
d

=
4λ
λ

= −4θcotθ (6.3.1)

Equation 6.3.1 implies that when θ is close to 180o, the the fractional error

given by 4d/d 4d
d

goes to zero, hence the use of the highest diffraction peak

closest to 2θ = 180o [102].
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6.3.2 Peak with the highest Intensity

The highest intensity peak at 2θ = 136.5o, (see table 6.3) was selected for the

measurements. The advantage of using the peak with the highest intensity

is to get the improvement in statistics while keeping the measurement time

minimal. The statistics will be improved such that the error bars are minimal

and hence the behaviour of the residual stress can be determined.

6.3.3 Experimental Procedure

The laser video camera on the Bruker D8 Discover instrument was used to

align the sample height by ensuring that the sample height coincides with the

centre of the goniometer. It was important to adjust the z-axis value to ensure

that the sample height coincides with the centre of the goniometer.

The primary side of the equipment consists of a graphite monochromator, a

collimator and Cu X-ray tube of wavelength of 1.544
o

A. In this particular

investigation a 0, 8 mm collimator was used. Since Cu was used, the generator

was operated at a voltage of 40 kV and a current of 40 mA. The diffraction

data was collected using an area detector V antec− 500.
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Figure 6.3.1: X-ray diffraction instrument at NECSA showing the laser video
camera that is used to locate the sample height.

The instrument was then aligned to the specifications of the highest possible

Bragg Peak which in this case was 136.5◦. Once the detector was well aligned,

it was important to prepare the instruction file on the General Area Detector

Diffraction System (GADDS) system to put all the values required for the

measurement namely set 2θ, the angle between the incident (transmitted)

and diffracted X-ray beams and omega, the angle between the incident X-ray

beam and the sample surface. To determine the full stress tensor, samples

were measured at 6 different azimuth angles φ = 0◦, 180◦, 90◦, 270◦, 45◦, and

225◦ with each azimuth measured at 8 different tilt angles ψ ranging from

0◦ to 70◦ in steps of 10o. Measurements were done in side-inclination mode.
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Table 6.3 summarises the measurement parameters employed.

Table 6.3: : Parameters settings on D8 GADDS diffractometer.

Parameters Value
hkl reflection 311

2θ 136.5
Tilt angle 0− 70

Frame width 4ψ 10
Azimuth Orientation Φ 0, 45, 90, 180, 225, 270

Sample - Detector distance (cm) 20

6.4 Raman stress measurements

Raman spectroscopy has been proven to be a competent technique for stress

measurements. In this work the Raman stress measurements were conducted

in the Raman and Luminescence laboratory at the University of the Witwater-

srand. Equipped with a 50× Long working distance (LWD) range objective

lens, LabRam Horiba instrument was used for these measurements. A detailed

procedure of the measurements has been outlined in Chapter 5, Sections 5.6.4

and 5.7.

6.5 Results : Raman Stress Results

This section details the results obtained from the Raman stress measurements

on the leached PCD samples. The stress measurement were conducted on

both surfaces, i.e the leached side and the unleached underside of the samples.

Three samples namely D16_C, D16_D and D16_F survived the 600000 load-

ing cycles conducted in steps of 50000 cycles at a time. Two maps were used

in the work, namely the small map and the large map (see Figure 6.2.1). From

these measurements 2D colour maps were plotted and the average stresses cal-

culated from these 2D maps by first determining the peak position measured
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at each grid point. The related stresses were then calculated and the average

of these 36 grid mapping points evaluated.

6.5.1 Sample D16_C

The sample was subjected to 600000 cycles of loading. The results obtained

are mainly presented in a plot of the calculated average stresses as a function of

the number of loading cycles and 2D colour maps highlighting the distribution

of these stresses. No visible cracks were observed on either the leached side

or the underside of the sample.

Figure 6.5.1: A comparison of the calculated average stress for the Large and
Small maps on both sides of the Sample D16_C, plotted as a function of the
number of loading cycles. The error bars indicate the standard deviation in
data.

Figure 6.5.1 gives a comparison of the calculated average stress for the large

and small maps on both sides of the sample, plotted as a function of the

number of loading cycles. Generally on the leached side, for both the large
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and small maps, the results show an average compressive residual stress which

after the first set of loading cycles gets more compressive before degenerating

gradually to an average tensile residual stress with sufficiently large number

of cycles. For the leached side both maps yield interestingly similar trends

and from the calculated stresses more often that not the small map exhib-

its less compressive stresses compared to the large map. As indicated by

the model developed by Börger et al.[90], this is due to the fact that during

the fatigue loading measurements the sample would experiences more tensile

stresses around the areas closest to the centre. The fact that the small map

has more of the measured grid points covering this area closest to the centre

as compared to the large map, means the small map results would be expected

to exhibit less compressive stress.

Unlike the leached side, the Raman measurements conducted on the underside

seem to yield fluctuating results with little observable trends. This is prob-

ably due to the EDM cutting that was performed on this side of the samples.

However it was evident that despite the undulating trend, the calculated av-

erage stresses on the underside were generally confined to the compressive

range throughout the 600000 cycles of loading for both the small and large

map. During the sintering process the different thermal expansion coefficients

bring about compressive stresses within the diamond matrix. The compressive

stresses tend to be more concentrated along the diamond/substrate interface

becoming less compressive towards the surface of the PCD. In the current

work it is possible that after the samples were EDM cut from their respective

substrates, some of the highly compressive stresses remained locked in, in the

bulk of the specimen, and this would explain the underside exhibiting com-

pressive stresses even at higher number of loading cycles. Table 6.4 tabulates

the calculated stresses for Sample D16_C, on both sides as function of map

size and number of loading cycles.
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Table 6.4: Showing the calculated average stresses and the full width measured
at half maximum for the Sample D16_C. Units for peak position and FWHM
are cm−1.

In Chapter 5 the reporting of the number of tensile stress points for each

mapping grid yielded interesting additional information. It is assumed these

represent points in the mapping grids for possible crack initiation sites. Figure

6.5.2 shows this relationship for the leached sample D16_C and the respective

variation according to map size and side of measurement. The graphs indicate

that as the number of loading cycles gets higher, so does the number of map-

ping points in the grid exhibiting tensile stresses, increasing proportionally for

both maps on the leached side of the sample. For the underside no particular

trend was observed.



CHAPTER 6. METHODS AND RESULTS: LEACHED PCD 130

Figure 6.5.2: Shows a plot of the number of mapping points exhibiting tensile
stresses as a function of map size and number of loading cycles for the Sample
D16_C.

Vhareta et al. [93], highlighted in their work that if a cluster of such points

forms, then a surface crack that initiates in that region will quickly grow to

critical length prompting catastrophic failure [93]. Histograms were plotted

showing the point to point stress variation, see Figure 6.5.3 to Figure 6.5.6.

Care was taken to ensure the sample was loaded into the jig exactly in the

same way, hence ensuring that the mapping points are more or less in the

same vicinity after each set of fatigue loading measurements.
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Figure 6.5.3: Point to point stress variation as a function of the number of
cycles for Sample D16_C on the leached surface. The histograms represent
the stress at each point for the respective number of cycles. Data is for the
large map.
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Figure 6.5.4: Point to point stress variation as a function of the number of
cycles for Sample D16_C on the leached surface. The histograms represent
the stress at each point for the respective number of cycles. Data is for the
small map.
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It is evident looking at Figures 6.5.3 and 6.5.5that even before the fatigue

measurements were conducted, the sample had a few mapping points already

exhibiting tensile stresses within the two square maps on the leached side. The

number of tensile points increases as the number of loading cycles increases,

with the tensile points dominating the mapped area at the highest number

of cycles. Interestingly even before applying any fatigue load the small map

had more tensile points compared to the large map. However the same trend

as the number of loading cycles increases, is observed as in the results for the

large map. The same histograms were plotted for the underside as well and

the results are shown in Figure 6.5.5 and Figure 6.5.6.
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Figure 6.5.5: Point to point stress variation as a function of the number of
cycles for Sample D16_C on the underside surface. The histograms represent
the stress at each point for the respective number of cycles. Data for the large
map.
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Figure 6.5.6: Point to point stress variation as a function of the number
of cycles for Sample D16_C on the underside. The histograms represent
the stress at each point for the respective number of cycles. This is for the
underside small map.



CHAPTER 6. METHODS AND RESULTS: LEACHED PCD 136

Unlike with the leached side the histograms on the large map on the underside

of the sample shows a varying relationship with the number loading cycles.

Again this is thought to be due to the EDM cutting which was performed

on this side in the process of detaching the PCD layer from the respective

substrate. The same is observed for the small map and this is shown in

Figure 6.5.6. It was also observed that the histograms show more compressive

points through out with slightly larger magnitudes of the average compressive

stresses as compared to the leached side.

The histogram results were then carefully plotted into 2D colour maps showing

the distribution of the calculated stresses on both sides of the sample for both

map sizes. Figures 6.5.7 and 6.5.10 shows the 2D plots for the Large map on

the leached side. Only a few representative maps are shown here.
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Figure 6.5.7: 2D Surface maps showing the nature and distribution of stress
for the large map, as a function of the number of cycles for Sample D16_C.
These are results for the leached side. Compressive stresses are shown by the
colours black - deep green; and tensile stresses are indicated by the colour
range yellow-red. The stresses are reported in GPa.
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Figure 6.5.8: 2D Surface maps showing the nature and distribution of stress
for the small map, as a function of the number of cycles for Sample D16_C.
These are results for the leached side. Compressive stresses are shown by the
colours black - deep green; and tensile stresses are indicated by the colour
range yellow-red. The stresses are reported in GPa.
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The 2D maps show residual stresses which are predominantly compressive

in nature at lower number of loading cycles, however with sufficiently large

number of loading cycles there is a gradual shift towards a tensile stress regime.

This is highlighted by the orange to red colours dominating the 2D stress

maps after 300000 cycles. There is no evidence of any regions of stress related

damage due to the support balls being in contact with the leached side surface.

Due to the arrangement of the ball on three balls setup (see Figures 5.1.1 and

5.1.2), the localised areas of damage due to the balls is only a consideration

for the large map. Similar trends were noted with the Small map, with the

compressive stresses dominant in the early cycles but after 300000 cycles, light

green, orange and red colours dominate (see Figure 6.5.7, 6.5.8), indicating an

average tensile stress on the surface of the sample. Similar 2D maps plotted

for both maps on the Underside of the sample and the results are shown in

Figure 6.5.9 and Figure 6.5.10. Unlike with the leached side no clear change

is observed around 300 000 cycles.
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Figure 6.5.9: 2D Surface maps showing the nature and distribution of stress
for the large map, as a function of the number of cycles for Sample D16_C.
These are results for the underside. Compressive stresses are shown by the
colours black - deep green; and tensile stresses are indicated by the colour
range yellow-red. The stresses are reported in GPa.
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Figure 6.5.10: 2D Surface maps showing the nature and distribution of stress
for the small map, as a function of the number of cycles for Sample D16_C.
These are results for the underside. Compressive stresses are shown by the
colours black - deep green; and tensile stresses are indicated by the colour
range yellow-red. The stresses are reported in GPa.
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Figure 6.5.11: FWHM of sample D16_C as a function of the number of load-
ing cycles. The data represents the average width value across the surface
calculated over 36 mapping points. The error bars indicate the standard de-
viation in data.

The width of the Raman peak normally measured as the full width at half

maximum (FWHM) provides a qualitative measure of the degree of disorder

in a crystal and is useful as a ranking indicator [27]. From Table 6.4 the

average FWHM as a function of the number of loading cycles does not show

any easily identifiable trends. The reported values are calculated averages of

the 36 measuring grid points. Even though the calculated FWHM averages do

not readily show trends, some of the individual grid points do show broadening

of the respective peaks measured at higher number of loading cycles. Figure

6.5.10 shows the FWHM plotted against the number of loading cycles. The

results show scattered but a close look indicates that the variations seems to

be much wider on the underside as compared to the leached side of the sample.
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6.5.2 Sample D16_D

The sample was subjected to 600000 cycles of loading. Again the results

obtained are mainly presented in a plot of the calculated average stresses as a

function of the number of loading cycles and 2D colour maps highlighting the

distribution of these stresses. Visual inspection of the samples did not show

any cracks present on either side of the disc sample.

Figure 6.5.12: Shows a plot of the number of mapping points exhibiting tensile
stresses as a function of map size and number of loading cycles for Sample
D16_D. The error bars indicate the standard deviation in data.

Figure 6.5.12 shows the comparison of the calculated average stress as a func-

tion of map size and number of loading cycles for sample D16_D. As was the

case with Sample D16_C, the results for the leached side of the sample indic-

ate an average compressive residual stress state which after sufficiently large

number of loading cycles begins to degenerate gradually to an average tensile
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residual stress. As a function of map size, similar trends to those observed

with sample D16_C were recorded (see Figure 6.5.12 and Table 6.5 ).

Table 6.5: Showing the calculated average stresses and the full width measured
at half maximum for the Sample D16_D. Units for peak position and FWHM
are cm−1.

An evaluation of the number of points in the mapping area showing tensile

stresses yields similar trends to those observed with the previous Sample

D16_C. In general there is an observable trend of an increase in the num-

ber of tensile points with increasing number of loading cycles. Figure 6.5.13

shows this relationship for both the leached and underside of the sample and

the variation. The graphs indicate that as the number of loading cycles gets

higher, so does the number of mapping points in the grid exhibiting tensile

stresses. As a function of map size, it is observed that the small map more of-

ten than not, has more number of tensile points as compared to the large map.

This is in agreement with the model developed by Börger and his colleagues
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(refer to section 5.7 discussion). After 600 000 cycles we believe that due to

the number of tensile points covering a sizeable percentage of the surface the

samples would be more likely to fail catastrophically.

Figure 6.5.13: Shows a plot of the number of mapping points exhibiting tensile
stresses as a function of map size and number of loading cycles for the Sample
D16_D.

Figure 6.5.12 as well as Figure 6.5.14 through to Figure 6.5.17 present the

respective graph and histogram plots showing the point to point stress vari-

ations for the different number of sets of loading cycles for sample D16_D. The

graph and histograms highlight the fact that similar results and explanations

are applicable to sample D16_D as compared to sample D16_C. This indic-

ates satisfactory consistence in the results. Again the fluctuations observed

for the underside are probably due to the EDM cutting.
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Figure 6.5.14: Point to point stress variation as a function of the number of
cycles for Sample D16_D on the leached surface. The histograms represent
the stress at each point for the respective number of cycles. This is for the
large map.
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Figure 6.5.15: Point to point stress variation as a function of the number of
cycles for Sample D16_D on the leached surface. The histograms represent
the stress at each point for the respective number of cycles. This is for the
small map.
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Figure 6.5.16: Point to point stress variation as a function of the number of
cycles for Sample D16_D on the underside surface. The histograms represent
the stress at each point for the respective number of cycles. This is for the
large map.
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Figure 6.5.17: Point to point stress variation as a function of the number of
cycles for Sample D16_D on the underside surface. The histograms represent
the stress at each point for the respective number of cycles. This is for the
small map.



CHAPTER 6. METHODS AND RESULTS: LEACHED PCD 150

2D colour maps were plotted for the leached side of sample D16_D, showing

the distribution of the calculated stresses, are presented in Figures 6.5.18 and

6.5.19. Again only selected plots are shown here. It can be observed that as

with histograms, the results observed for sample D16_D are very comparable

to those for sample D16_C. Similarly 2D colour maps for the underside were

plotted (see Figure 6.5.20 and 6.5.21), with interpretation consistent with

earlier samples.
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Figure 6.5.18: 2D Surface maps showing the nature and distribution of stress
for the large map, as a function of the number of cycles for Sample D16_D.
These are results for the leached side.



CHAPTER 6. METHODS AND RESULTS: LEACHED PCD 152

Figure 6.5.19: 2D Surface maps showing the nature and distribution of stress
for the Small map, as a function of the number of cycles for Sample D16_D.
These are results for the leached side.
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Figure 6.5.20: 2D Surface maps showing the nature and distribution of stress
for the large map, as a function of the number of cycles for Sample D16_D.
These are results for the underside.
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Figure 6.5.21: 2D Surface maps showing the nature and distribution of stress
on the underside for the small map, as a function of the number of cycles for
Sample D16_D.
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Figure 6.5.22: FWHM of sample D16_D as a function of the number of
loading cycles. The data represents the average width value across the surface
calculated over 36 mapping points. The error bars indicate the standard
deviation in data.

Figure 6.5.22 indicates the plotted full width measured at half maximum

(FWHM) against the number of loading cycles. While some fluctuations are

evident, they all within error range and the results suggest that there is no

significant change in the FWHM as a function of the number of loading cycles.

This is an indication to some degree of the quality of the diamond to diamond

bonds as they seem to effectively redistribute the load hence there is minimal

deformation observed.

6.5.3 Sample D16_F

The sample was subjected to 600000 cycles of loading. Again the results

obtained are summarised in a plot of the calculated average stresses as a
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function of the number of loading cycles and 2D colour maps highlighting the

distribution of these stresses. Visual inspection of the samples did not show

any cracks present on either side of the disc sample.

Figure 6.5.23: A comparison of the calculated average stress for the Large and
Small maps on both sides of the Sample D16_F, plotted as a function of the
number of loading cycles. The error bars indicate the standard deviation in
data.

Table 6.6 and Figure 6.5.23 tabulates and compares the calculated average

stress for the large and small maps on both sides of the Sample D16_F, as a

function of map size and number of loading cycles. The results are comparable

to those reported earlier for samples D16_C and D16_D.
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Table 6.6: Showing the calculated average stresses and the full width measured
at half maximum for the Sample D16_F. Units for peak position and FWHM
are cm−1.

Figure 6.5.24: Shows a plot of the number of mapping points exhibiting tensile
stresses as a function of map size and number of loading cycles for Sample
D16_F.
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Figure 6.5.24 shows the number of tensile points in the mapping grid area

with Figure 6.5.25 through to Figure 6.5.28 showing the histograms plotted

for the leached side. The plots exhibit similar trends to those observed for

previous samples D16_C and D16_D. Similarly histograms for the underside

surface plotted in Figure 6.5.27 and Figure 6.5.28 show fluctuating behaviour

as observed with previous samples and again this is attributed to the EDM

cutting. The consistency of the observed results is very satisfactory.
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Figure 6.5.25: Point to point stress variation as a function of the number of
cycles for Sample D16_F on the leached surface. The histograms represent
the stress at each point for the respective number of cycles. This is for the
Large map.
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Figure 6.5.26: Point to point stress variation as a function of the number of
cycles for Sample D16_F on the leached surface. The histograms represent
the stress at each point for the respective number of cycles. This is for the
small map.
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Figure 6.5.27: Point to point stress variation as a function of the number of
cycles for Sample D16_F on the underside surface. The histograms represent
the stress at each point for the respective number of cycles. This is for the
large map.
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Figure 6.5.28: Point to point stress variation as a function of the number of
cycles for Sample D16_F on the underside surface. The histograms represent
the stress at each point for the respective number of cycles. This is for the
small map.
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The 2D colour maps in Figure 6.5.18 and Figure 6.5.19 show the distribution of

the calculated stresses for the leached side’s large and small maps, respectively.

The same explanations as in samples D16_C and D16_D are applicable here

since the results are clearly comparable. 2D colour maps were plotted for the

underside of the sample as shown in Figure 6.5.20 through to Figure 6.5.21.
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Figure 6.5.29: 2D Surface maps showing the nature and distribution of stress
for the Large map, as a function of the number of cycles for Sample D16_F.
These are results for the Leached side.
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Figure 6.5.30: 2D Surface maps showing the nature and distribution of stress
for the Small map, as a function of the number of cycles for Sample D16_F.
These are results for the Leached side.
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Figure 6.5.31: 2D Surface maps showing the nature and distribution of stress
for the Large map, as a function of the number of cycles for Sample D16_F.
These are results for the Underside.
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Figure 6.5.32: 2D Surface maps showing the nature and distribution of stress
for the Small map, as a function of the number of cycles for Sample D16_F.
These are results for the Underside.
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Figure 6.5.33: FWHM of sample D16_F as a function of the number of loading
cycles. The data represents the average width value across the surface calcu-
lated over 36 mapping points. The error bars indicate the standard deviation
in data.

The width of the Raman peak, measured as the full width at half maximum

(FWHM) as recorded in Table 6.6. and Figure 6.5.33 notably shows no mean-

ingful change as also observed with samples D16_C and D16_D.

6.6 X-ray Diffraction Stress Results

In this section, the X-ray diffraction stress measurements results for the three

samples namely D16_C, D16_D and D16_F, are reported. The XRD-based

residual stress measurements were carried out using the X-ray stress analyser

(Bruker D8 Discover), at NECSA which consists of an area detector and a 6

axis goniometer. The Leptos software version 7, which is part of the Bruker
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AXS suite of software for residual stress analyses, was employed for the stress

analysis. The measurements were done on an area around the centre of the

sample and on both side of the sample. Using the biaxial stress model, care

was taken to precisely determine the stress components σ11 and σ22 and tab-

ulating them. All the samples were subjected to 600000 cycles of cumulative

fatigue loading conducted in intervals of 50000 cycles followed by X-ray dif-

fraction and Micro Raman stress measurements with the aim of observing the

transformation and change in the residual stress state on both surfaces of the

PCD disc samples. For reporting purposes average stress values are normally

used and these can be calculated by finding the average of the two stress com-

ponents σ11 and σ22. The relevant error is similarly calculated. The results in

this section are largely represented in tabular and graphical format.

6.6.1 Sample D16_C

The sample was subjected to 600000 fatigue loading cycles and then stress

measurements were conducted on both sides of the sample. Table 6.7 details

the biaxial stress components, as well as the calculated average stress values

for the sample D16_C, on the leached side.
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Table 6.7: Table showing the measured stress values and the error for Sample
D16_C on the leached side.

Figure 6.6.1: Scatter plot showing the stress variation as a function of number
of loading cycles for the two stress components for Sample D16_C on the
Leached side.

The information in Table 6.7 suggests that the stress state on the leached side
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remains confined to the compressive stress regime even after 600000 fatigue

loading cycles. The data is also represented in a scatter plot showing the trend

of the two stress components before averaging, see Figure 6.6.1. The scatter

plot also shows the same trend.

The underside of the sample is where the one ball through which the sample

was being loaded centrally, was in contact with the sample. Table 6.8 and

Figure 6.6.2 reports the stress variation on the underside of Sample D16_C.

Table 6.8: Table Showing the measured stress values and the error for Sample
D16_C on the underside.

The results can also be averaged and represented graphically. Figure 6.6.3

shows the variation of the calculated average stress plotted against the number

of loading cycles for both the leached side and underside of Sample D16_C.
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Figure 6.6.2: Scatter plot showing the stress variation as a function of number
of loading cycles for the two stress components for Sample D16_C on the
underside.

Figure 6.6.3: Stress plot showing the stress variation as a function of number
of loading cycles for the average stress for Sample D16_C on both the leached
and underside.
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6.6.2 Sample D16_D

Sample D16_D was also subjected to alternating sets of fatigue loading and

X-ray diffraction and micro Raman stress measurements. Again the number

of the loading cycles cumulatively reached 600000 cycles. Table 6.9 shows the

stress values of the stress components and the calculated average values on

both surfaces of the samples, namely the leached side and the underside.

Table 6.9: Table showing the measured stress values and the error for Sample
D16_D on the leached side.

Again the stress values obtained fluctuated within the compressive stress range

only. Figure 6.6.4 shows the two stress components for the sample on the

leached side.

The two components show a compressive residual stress on the leached side of

the sample, with the components quite similar and comparable to each other.

Table 6.10 shows the results for the underside of the sample.
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Figure 6.6.4: Scatter plot showing the stress variation as a function of number
of loading cycles for the two stress components for Sample D16_D on the
leached side.

Table 6.10: Table showing the measured stress values and the error for Sample
D16_D on the underside.
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Figure 6.6.5: Scatter plot showing the stress variation as a function of number
of loading cycles for the two stress components for Sample D16_D on the
underside.

The calculated average stress values for the stress components σ11 and σ22 are

shown in Tables 6.9 and 6.10 and plotted in the graph in Figure 6.6.6.

Figure 6.6.6: Stress plot showing the stress variation as a function of number
of loading cycles for average stress for Sample D16_D on both the leached
and underside.
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6.6.3 Sample D16_F

The sample was fatigued up to 600000 cycles as the other two previously

discussed samples. The results showing the related stress components and

the calculated average stress values for this sample are presented in tabular

and graphical format. Table 6.11 shows the stress results as measured on the

leached side of the Sample D16_F.

Table 6.11: Table showing the measured stress values on the leached side of
the Sample D16_F.

From Table 6.11, it is can be observed that the results show a fluctuation of

the stress values within the compressive stress regime. Figure 6.6.7 is a scatter

plot of the results further highlighting the same trend.

Table 6.12 and Figure 6.6.8 show the results and scatter plot for the stress

measurements conducted on the underside of the sample. Similar to the

leached side the stress values are within the compressive region.
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Figure 6.6.7: Scatter plot showing the stress variation as a function of number
of loading cycles for the two stress components for Sample D16_F on the
leached side.

Table 6.12: Table showing the measured stress values on the underside of the
Sample D16_F.
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Figure 6.6.8: Scatter plot showing the stress variation as a function of number
of loading cycles for the two stress components for Sample D16_F on the
underside.

Figure 6.6.9: Stress plot showing the stress variation as a function of number
of loading cycles for the average stress for Sample D16_F on both the leached
and underside.

Figure 6.6.9 is a plot of the calculated average stress values as a function of
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the number of loading cycles for both the leached and underside, depicting a

similar trend, with the stresses exhibiting a compressive residual stress state

even at the highest number of fatigue loading cycles.

6.7 Summary of the Results

This section discusses the similarities and differences between the two sets of

results obtained using the two non-destructive techniques for residual stress

measurements on leached samples.

• The measurement of residual stresses using the X-ray diffraction and the

micro Raman mapping techniques was successfully conducted. Through

the application of a biaxial stress model, the X-ray diffraction method

could resolve the measured stress into the stress components σ11 and

σ22 unlike the Raman technique. From Table 6.7 through to Table 6.12

it was observed that on both the leached and underside of the sample,

the stress components σ11 and σ22 are often almost equal or within error

range of each other, enabling their averaging without compromising the

accuracy of the results. Even though the Raman technique could not

resolve the stress into its respective components, the technique showed

trends indicative of fatigue type processes on the leached side of the

samples which is the cutting face on the tool bits. The results obtained

from the underside showed a lot of variation which is probably due to

increased roughness introduced by the EDM cutting process that was

performed on this surface during the process of detaching the PCD layers

from their respective substrates.

• Both techniques used for the stress measurements indicated an aver-

age compressive residual stress state for all the samples at the onset of
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measurements. However as a function of the number of loading cycles

the Raman based results showed a gradual shift towards an average

tensile residual stress state in all the samples used from around 250000

cycles onwards. In contrast the X-ray diffraction measured and calcu-

lated average residual stresses were observed to be well confined to the

compressive region, even at the highest number of loading cycles. Tak-

ing into consideration the fact that stresses cannot be measured directly

[103] the seemingly conflicting results which appear to be dependent on

the technique can be explained by noting that these two techniques de-

rive the stress differently. With X-ray diffraction, the strain in a crystal

lattice is measured and the associated residual stress is determined from

the elastic constants assuming a linear elastic distortion of the appropri-

ate crystal lattice planes [56]. The Raman method, on the other hand,

makes use of the fact that mechanical stresses cause shifts in the Raman

vibrational mode(s) in a crystal, and the magnitude of a particular shift

is proportionally related to the present strain from which the stress can

then be calculated [104]. Fundamentally the two methods are possibly

reporting on different type of stresses. With a sampling spot size of ∼ 2

µm lateral size, the micro Raman stress mapping technique is measuring

stresses which are located within the grains. These stresses are within

the type II and type III region of stress classification, (see subsection

4.6.1). By definition type II stresses are micro residual stresses that vary

on the scale of an individual grain, whilst type III stresses are micro re-

sidual stresses that exist within a grain, essentially as a result of the

presence of dislocations and other crystalline defects. This is quite dif-

ferent from the X-ray diffraction system which is equipped with a beam

size of ∼ 0.8 mm at the collimator coupled with the sample being loc-

ated approximately ∼ 6 cm from the sample. This results in the method
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utilizing X-rays impinging over an area on the sample covering multiple

grains and grain boundaries which contribute to the measurement. It is

thus safe to assume this technique is measuring Type I stresses which by

definition are stresses macro residual stress that develop in the body of

a component on a scale larger than the grain size of the material. Indi-

vidual grain localized stress would be completely different compared to

the an average stress over a number of grains. Harker et al, [13], noticed

after having employed the X-ray diffraction stress measurement method

that while they recorded average residual stresses of approximately−0.3

GPa, the individual grains would exhibit residual localized stresses vari-

ations on the order of ∼ 0.5 to ∼ 0.8 GPa.

• The difference in the results can also be explained by considering the

fact that whilst the two systems are both near surface techniques, their

respective sampling depths are not the same. In this work the sampling

depth for the Raman technique is influenced by the transparency of the

sample material, which varied from 1 µm to 20 µm. In comparison X-

rays are known to penetrate significantly in diamond material [56] and

for this work the sampling depth was approximated to be ∼ 240 µm.

The leaching process that the samples were subjected to is typically

confined to the first 100 µm from the cutting surface of the PCD layer.

This implies the X-ray diffraction method is sampling into some of the

unleached parts of the sample which are still exhibiting compressive

stresses even at the highest number of loading cycles. It is suggested in

literature that compressive residual stresses after the sintering process

are concentrated at the substrate/PCD layer interface becoming less

compressive progressively further away from the interface towards the

cutting surface [37]. It is thus possible that some of these compressive

residual stresses were still locked in within the sample and the X-ray
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diffraction method sampled right through this region due to the deep

penetration capability.

• From the tabulated results the Raman based residual stress magnitudes

were within the range −0.2 GPa to 0.28 GPa at the highest number of

loading cycles. The X-ray diffraction based stress results were within

the range −0.01 GPa to −0.2 GPa.

• Comparing the Raman stress results for the unleached samples in Chapter

5 and the leached samples, it is evident that the unleached samples ex-

hibited much higher magnitudes of the measured residual stresses sug-

gesting the the observed difference is solely due to the presence of the

metallic phase (see figures 5.13.2, 5.14.2 and 5.15.2). This indirectly

further points to the notion that it is actually the metallic phase which

elastically deforms during the fatigue loading and in turn influences the

residual stresses observed within the diamond matrix. It is however the

same metallic phase credited with the premature failure of the PCD

tool bits due to the different thermal expansion coefficients between the

diamond and the metallic binder. It has also been shown in literature

that at elevated temperature above 600 oC the metallic binder acceler-

ates graphitisation of the diamond [80]. Thus whilst the leached samples

exhibited less compressive stresses initially, their observed extended life-

times in applications is probably due to lower content of the binder phase

in the tool bits. The lower compressive stresses exhibited in the leached

samples on the leached side persist for longer hence there is a slower

onset of the tensile stress regime resulting in a longer lifetime.

• The width of the Raman peak measured as the full width at half max-

imum (FWHM) gives an indication of the degree of disorder in a crystal

and is useful as a ranking indicator [105]. In general there were no ob-
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servable trends in the width data that correlated with the shift from

a compressive residual stress state to a tensile regime for the leached

samples. Whilst the unleached samples showed slightly different results

compared to the leached samples, the difference is sufficient to draw

significant findings.

• As mentioned in section 6.2, the samples were loaded with exactly the

same orientation into the jig, making sure the support balls were located

in more or less the same contact points for every set of fatigue measure-

ments. This was done to check for possible localized areas of damage

due to the support balls being in contact with the leached side surface of

the samples. No evidence of any regions of stress related damage were

observed for all the samples. We believe this speaks to the quality of the

PCD samples as they seem to efficiently and evenly distribute the stress

within the diamond matrix during the fatigue loading of the samples.

6.8 Comparison with Published Work

Even though not much work has been done in the area of detached PCD

Raman stress measurements, credible Raman based stress data for comparison

does exist in literature. Catledge et al [86] found compressive stresses ranging

from 0.4 GPa to 1.2 GPa after carrying out Raman stress measurements on a

section of polished PCD. The stresses measured in our work compare very well

with this range. In other work Lin et al [9] obtained stress results averaging 0.6

GPa using strain gauge rosettes on the surface of PCD cutter. The work was

centered on establishing the relationship between WC-Co to PCD thickness

ratio. Again the values obtained in our work compare very well with their

obtained values.

Since the X-ray diffraction based stress measurement method is a standard
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test there is a lot of credible data for comparison. In one such work the

magnitude of the residual stresses in thick samples of polycrystalline diamond

were measured on samples produced by both plasma torch and microwave

plasma low pressure growth techniques. Harker et al [13] reported the results

showing residual stress levels of +/− 0.3 GPa. Ferreira et al, [106], used both

the X-ray diffraction and micro-Raman spectroscopy techniques to conduct

stress studies on HFCVD diamond films with different levels of boron doping.

The type and magnitude of the residual stress they observed from X-ray and

micro-Raman measurements agreed well only for undoped films, disagreeing

when the doping level increased. The discrepancy is attributed to the domain

size characteristic of each technique. The authors explain it as follows “In

the X-ray technique the X-ray beam is scattered by the crystalline part of

the diamond grain, and the effect of lattice distortion is averaged over a large

sample area through the whole depth of the film. In contrast, micro-Raman

spectroscopy is a local technique that probes only the spot-size area with a

penetration of 5.0 µm from the surface. In the region where the grain size

is smaller than the Raman spot size, the relative contribution of the grain

boundaries to the stress measurement is higher, which is tensile for films

thickness lower 8.0 µm (steady state). This is in excellent agreement with the

present work.

In other work, Welzel and his colleagues, [101] studying thin films and regions

near the surface of bulk materials reported in one of their copper specimens

stresses in the range 0.1 GPa to 0.2 GPa which compares well with stress

results measured in our work. Also Balasingh and Singh, [107] using the X-

ray diffraction stress measurement method, reported stresses around −0.033

GPa in silicon carbide samples.

McNamra et al. [48], used Raman spectroscopy to determine thermal residual

stress in four polycrystalline diamond grades after sintering and manufactur-
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ing. They reported observing an introduction of additional tensile stresses on

unleached samples after the PCD samples were exposed to high temperatures

using the oil quenching technique at 600 ◦C . Interestingly they also observed

that the binderless coarse grain samples used in the study exhibited least

sensitivity to thermal treatment, with the residual stresses remaining largely

unchanged. According to McNamara et al the removal of the cobalt second

phase from the surface of the microstructure had the effect of limiting this

increase of tensile stresses on the specimen surface. Prior to heat treatment,

they report observing average residual stresses in excess of 1.5 GPa for all the

samples along the surface of the specimen.



Chapter 7

Conclusions

This thesis presents a study of fatigue type processes firstly in non-leached

PCD and then leached PCD at room temperature conditions. Diamond disc

samples of dimensions 19 mm in diameter and 2 mm in thickness, EDM cut

from their respective substrates, were subjected to alternating sets of mech-

anical fatigue loading experiments and residual stress analysis using the Ra-

man spectroscopy for the non-leached PCD samples. Two complimentary non

destructive techniques were however employed for the measurements on the

leached samples, namely Raman spectroscopy and the X-ray diffraction stress

analysis technique. A biaxial stress model was assumed in the work for both

techniques.

The first set of fatigue tests and the subsequent Raman measurements on

non-leached PCD disc samples revealed a trend in which an initial average

compressive residual stress would be observed on the surface of the samples

prior to any fatigue measurements and then as the number of loading cycles

increased cumulatively, this stress state would gradually shift from being com-

pressive to being tensile in nature. All measurements were done on the cutting

surface (the surface in contact with the three support balls). Histograms show-

ing the measured stresses for individual points provided an alternative view

186
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of the data by showing that with increasing numbers of cycles more points

exhibited tensile stresses. The data were also illustrated by 2-D surface maps

as an alternative mode of presentation confirming the observed trends. Zancy

[108], in his work investigating the fracture of PCD under monotonic and

no-impact cyclic loading, reported a reduction in the fracture stress due to

repeated loading. Similarly in this current work as the number of loading

cycles increase the number of tensile point increased which can lead to the

reduction in fracture stress as observed by Zancy. This novel application of

Raman spectroscopy was published in [93].

Literature reports given earlier that leached PCD shows improved wear resist-

ance in application compared to unleached PCD, it was thus relevant to extend

the scope of the current investigation to incorporate these types of samples.

To investigate this second part of the work, X-ray diffraction and the Raman

stress analysis method were used. The samples where slightly different in

terms of dimensions but nevertheless comparable to the the non-leached PCD

samples. Again the samples had been EDM cut from their substrates and

unlike with the non-leached samples, with the leached samples care was taken

to load the samples with the same orientation every time for the fatigue, Ra-

man as well X-ray diffraction stress measurements. The Raman stress results

exhibited similar trends to those shown by the non-leached samples where an

initial average compressive residual stress would be observed on the leached

side (the side in contact with the three support balls), and after being sub-

jected to a cumulative number of fatigue loading cycles, would deteriorate as

the number of loading cycles increased. On the contrary the X-ray diffraction

based stress results measured on the same surface, showed that the residual

stresses remained compressive even at the highest number of loading cycles.

Several factors had to be looked at to explain the apparent disagreement in

the results.
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• Sampling depth: Whilst the two techniques could be considered to be

near surface techniques, there exists fundamental differences between

the two methods, that contributed towards the difference in the results.

In this work the sampling depth of the Raman technique was influenced

by the transparency of the sample material which varied between 1µm

to 20 µm. The X-ray diffraction technique on the other hand, had

a penetration depth of approximately 240 µm as determined by the

equipment used. Thus whilst the Raman method was sampling the

surface region the X-ray diffraction technique clearly was probing much

deeper into the material hence different stresses observed.

• Spot Size: The sampling spot size for the Raman method was ∼ 2 µm,

whilst the X-ray beam size was 0.8 mm at the collimator and the fact

that the sample was located ∼ 6 cm from the collimator indicates clearly

that instead of a small spot the X-ray beam impinged on an area. This

raised the question of the type of residual stresses that were measured

by the two techniques. By definition Type II stresses are micro residual

stresses that vary on the scale of an individual grain and Type III stresses

are micro residual stresses that exist within a grain, essentially as a result

of the presence of dislocations and other crystalline defects. It is thus

plausible that the Raman method was reporting on these two types of

stresses. On the other hand Type I stresses are macro residual stress

that develop in the body of a component on a scale larger than the grain

size of the material. It is our firm belief that because of its larger beam

size these are the stresses that X-ray diffraction method was probing.

It was thus possible to account for the observed results very satisfactorily by

considering the probing beam size and sampling depth for the two techniques.

As the XRD method finds wide application as a standard tool for stress as-
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sessment in manufacturing and maintenance, this has important implications

for the correct understanding of this technique in industry. The present work

suggests that Raman spectroscopy has an important role to play as a comple-

mentary stress evaluation technique, here illustrated specifically in the context

of the determination of residual stress state in PCD discs.

The obtained results make it apparent that the number of mapping points

exhibiting tensile stress is an important parameter which may be more use-

ful as an indicator of imminent tool failure than average stress state. With

further studies it might be possible to develop a model which examines the re-

lationship of these mapping points or the crack density and the critical stress

intensity factor. This relationship may be a better indicator of the possibility

of failure in the studied material.

While the actual fatigue crack growth in PCD was not observed, the Raman

results conclusively showed that contrary to the school of thought that dia-

mond can only be fatigued at elevated temperature, it is possible to influence

PCD via fatigue type processes at standard room and temperature conditions.

However, the picture as far as the improved lifetimes of PCD materials is con-

cerned is not complete without the consideration of the high temperature en-

vironment in which the tool-bits function. Further studies which include high

temperature measurements would contribute immensely to the knowledge gap

that still exists.

7.1 Future work

• It is known in industry that thermal fatigue plays an important role

in the lifetime of the PCD materials. In order to closely mimic the

conditions under which the PCD tool-bits operate, in-situ fatigue meas-

urements need to be performed at high temperature to investigate the
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effect of elevated temperature on the residual stress state. At the same

time, possible phase changes in the constituent phases of PCD can be

monitored.

• The obtained results make it apparent that the number of mapping

points exhibiting tensile stress is an important parameter which may be

more useful as an indicator of imminent tool failure than average stress

state. With further studies it might be possible to develop a model

which examines the relationship of these mapping points or the crack

density and the critical stress intensity factor. This relationship may be

a better indicator of the possibility of failure in the studied material.

• According to the Hall-Petch effect theory there is a relationship between

the grain size distribution and the strength of the material of the speci-

men. There is thus the need to investigate how the grain size distribu-

tion in the PCD samples influences their respective fatigue behaviour at

standard room temperature conditions and at elevated temperatures.

• The residual stresses in the bulk of the PCD samples contribute to the

surface measured residual stresses. Using the neutron diffraction tech-

nique the stress gradient showing how the stresses vary as a function of

depth can be established.

• Minor phases do exist within the PCD material and their contribution

towards the observed fatigue behaviour will meed to be evaluated.
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Cutting tools
Polycrystalline diamond (PCD) cylindrical tool-bits used in oil well drilling are susceptible to fracture due to the
hostile environment of randomly occurring impact loads to which they are subjected. The fact that the tool-bits
fail after repeated use suggests the possibility of fatigue type processes in PCD. The study of stress fields on the
surface of the PCD thus becomes crucial in the quest to have extended lives for these tool-bits. Since the diamond
Raman peak reveals both the nature and magnitude of the stress present in the material, this technique can be
employed as a non-destructive measurement tool to investigate these stress fields. Raman stress measurements
at room temperaturewere carried out using a 36 pointmapping array in area close to the size of the PCD samples.
The mapping points provided histograms of the magnitude and nature of these small individually stressed re-
gions showing a general compressive stress for the lower numbers of fatigue cycles which deteriorates to a
high proportion of tensile regions. The data are also illustrated by 2-D surfacemaps as an alternativemode of pre-
sentation again confirming the change from surface stresses being dominantly compressive to dominantly tensile
with exposure to the higher numbers of fatigue cycles. Whereas a general compressive stress is desirable in the
PCD layer as it inhibits the propagation of cracks, on the contrary tensile stresses facilitate the formation of cracks
ultimately leading to catastrophic failure of the tool-bits.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Diamond is a remarkable material with unique properties resulting
in numerous applications [1]. One of its industrial applications is in oil
well drilling and the tool-bits employed generally have a polycrystalline
diamond (PCD) layer sintered onto a tungsten carbide substrate. These
PCD tool-bits are subjected to very harsh working environments where
they are exposed to cyclic fluctuating impact loads. Such hostile envi-
ronments induce cyclic stresses that often result in the formation and
propagation of crackswhich can inevitably lead to the premature failure
of the tool-bits.

Fatigue behaviour of materials has been studied and investigated for
a range of materials over a number of decades. Relaxation of residual
stress under cyclic load in metals has been studied by e.g. Zhuang and
Halford [2]. The paper by Pook [3] gives a multi-decade overview of
three-dimensional effects at cracks and sharp notches, while
Suryanarayana [4] reviews themechanical properties of nanocrystalline
y of the Witwatersrand, Private

a (M. Vhareta),
ins@wits.ac.za (J.D. Comins).
and glassy materials, including how fatigue processes feature in these
materials.

Fatigue behaviour in polycrystalline diamond has been previously
reported [5]. Bell et al. [6] remarked that repeated indentations of a sin-
gle crystal diamond surface by a spherical diamond indenter may result
in the progressive build up of damage. Results obtained by Lin et al. [7]
having conducted laboratory rock-cutting tests with single PCD cutting
tools showed the progressive degradation of the tool-bits after cutting
tens of linear metres of rock. In other research work Dunn and Lee [8]
in investigating the fracture and fatigue of sintered diamond compacts
concluded that the fracture stress of a diamond compact is reduced
under cyclic loading. Paggett et al. [9] conducted studies on residual
stress and stress gradients in polycrystalline diamond compacts and
observed that the sintering process parameters can influence surface re-
sidual stress. Catledge et al. [10] did interesting work on micro-Raman
stress investigations and concluded that residual stresses in polycrystal-
line diamond cutting tools can be accurately measured using this
technique. These investigations indicate the importance of the stress
state of the surface of PCD tool-bits in determining their lifetime.

In general, fatigue failure is considered to be the tendency of a mate-
rial or structure to fracture by means of progressive brittle cracking
under repeated stress of any intensity considerably below the normal
strength of the material or structure [9]. It has been established that a

http://crossmark.crossref.org/dialog/?doi=10.1016/j.diamond.2014.02.012&domain=pdf
http://dx.doi.org/10.1016/j.diamond.2014.02.012
mailto:Maxwell.Vhareta@students.wits.ac.za
mailto:Rudolph.Erasmus@wits.ac.za
mailto:Darrell.Comins@wits.ac.za
http://dx.doi.org/10.1016/j.diamond.2014.02.012
http://www.sciencedirect.com/science/journal/09259635


Fig. 1. A diagram of a typical cylindrical tool-bit showing the dimensions of the PCD layer.
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compressive stress state on the surface of the PCD tool-bits inhibits
crack initiation and propagation and this can possibly extend their life
[11]. Conversely tensile residual stresses on the surface of the PCD
tool-bits encourage the crack formation. Thus an understanding of the
mechanism of fatigue crack growth and propagation in PCD materials
is critically important for their improved lifetime.

2. The influence of stress on the Raman peak

Diamond has a triply-degenerate Raman peak at 1332.5 Rcm−1 [1].
The position of the Raman peak conveys information on the nature
and structure of thematerial under study. Since the Raman effect is a re-
sult of the interaction between photons and Raman-active vibrational
mode(s) in a crystal, any stresses present cause changes in an observed
Raman band. If an applied stress results in the compression of the unit
cell then the force constant of the vibration and consequently the fre-
quency is altered. The same argument also holds when the exerted
stress results in the unit cell dilating. Grimsditch et al. [13] showed
that when a compressive stress is applied to diamond, the position of
the Raman peak shifts linearly with stress to higher frequency.
Conversely, a shift of the Raman peak position to lower frequency is
associated with the presence of tensile stress in the diamond. Studies
of this type have been carried out on PCD samples by Erasmus et al. [12].

The dependence of the Raman shift Δυ on the applied stress σ is
given by the equation

Δ υ ¼ υ–υ0 ¼ −ασ; ð1Þ

whereα is the piezo-Raman coefficient, υ0 is the Raman peak frequency
of the unstressed natural diamond and υ is the observed Raman peak
frequency [13]. The reference for the Raman peak position of an un-
stressed diamond was a high quality type IIa natural diamond.
Punch
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balls
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Stamp

Sample

(a)

balls

Fig. 2. (a) Shows the ball on three ball arrangement and the configuration of the sample and the
wards. This results in the sample being held only by the spherical balls and ensures a small vert
was 0.1 mm. (b) Shows a plan view of the positioning of the four balls and the diameter of the
For the piezo-Raman coefficient α, the value reported by Bergman
and Nemanich [14] was used, namely 1.9 cm−1/GPa.

3. Experimental details

3.1. Specimen preparation

The source of the PCD samples used in the present fatigue experi-
ments was the same production batch of tool-bits each consisting of a
PCD layer of diameter 19 mm and thickness 2 mm sintered onto a
Co–WC substrate. A diagram of a typical tool-bit is shown in Fig. 1.
The PCD layers were detached from their respective substrates using
Electron Discharge Machining (EDM) and slightly polished.

3.2. Transverse rupture strength measurements

Prior to conducting the fatigue studies, itwas necessary to determine
the average maximum strength of the sample PCD material. For this
purpose Transverse Rupture Strength (TRS) measurements were
made using the ball on three balls arrangement shown in Fig. 2 installed
in a 5500R Instron test machine. Each of three typical PCD disc samples
was respectively placed and supported as shown in Fig. 2, then loaded
centrally until fracture occurred. The respective rupture strengths
were recorded, leading to an average maximum strength of 3470 ±
150 N. The balls in the setup were made of stainless steel.

3.3. Fatigue studies

The fatigue studies were conducted under constant amplitude cyclic
loading with load control at a frequency of 10 Hz. Each PCD disc speci-
men was held by the ball on three ball arrangement shown in Fig. 2,
mounted within an Instron SYN 179 servo-hydraulic test machine and
subjected to a predetermined number of fatigue cycles under standard
room temperature and pressure conditions.

The choice of loading conditions for the fatigue experiments was se-
lected by subjecting several test samples to different loads slightly lower
than their measured average maximum strength. The aim was to iden-
tify the conditions under which a substantial number of loading cycles
would not result in fracture of the PCD samples and thus ensure that
the planned Raman studies could be performed. In practice the fatigue
experiments were conducted with a load of 3100 N which is 89% of
the measured average maximum strength of the sample material.
Börger et al. [15,16] have performed finite element modelling for the
three balls on ball arrangement and the expected stress field according
to their calculations is given in Fig. 3. The percentage of the maximum
tensile stress component in the disc (0–100%) is plotted, illustrating
Disc sample

Loading circle

Ball at bottom

Supporting 
balls

(b)

balls. For the actual cyclic loading, the chock is removed, allowing the guide to slide down-
ical cavity such that the sample can flex vertically. The flexing distance in the experiments
loading circle relative to the sample [15].
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Fig. 3. The expected stress field for the ball on three ball test [15], where the percentage of
themaximum tensile stress component is plotted. The view is of the tensile stress surface
of the disc showing the positive (tensile) first principal stresses.

Table 1
The peak position and fullwidth at halfmaximumof the respective diamondRamanpeaks
of fatigued samples B and G as a function of map size.

Cycles Map size Peak position (cm−1) FWHM (cm−1)

Sample B 250000 Small 1334.83 ± 0.08 13.27 ± 0.14
Medium 1334.89 ± 0.08 12.88 ± 0.99
Large 1334.83 ± 0.07 13.05 ± 0.16

Sample G 600000 Small 1333.27 ± 0.07 14.99 ± 0.19
Medium 1333.46 ± 0.09 14.88 ± 0.25
Large 1334.59 ± 0.08 15.50 ± 0.31
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that the maximum tensile stress can be expected at the centre of
the disc. The maximum stress calculated using this model, the dimen-
sions of our test rig and the material properties of PCD is found to be
7.68 GPa.
3.4. Raman stress measurements

All Raman stress measurements were made using a Jobin-Yvon
T64000 Raman instrument operated in the single spectrograph mode.
The 514.5 nm line of an Ar+ ion laser was used as the excitation source
with power of 2.4 mW at the sample. Previous work [12] has indicated
that there would be no noticeable heating of the sample under these
power conditions. A grating of 1800 grooves/mmwas used to disperse
the backscattered light onto a CCD detector. The spectral resolution
was ~0.9 cm−1. The Raman spectrograph fitted with a modified Olym-
pus BX40 microscope and using a 2 mm confocal pinhole was operated
in the 2-D micro-Raman mapping mode with a computer controlled
motorised X–Y stage.

The 2-Dmappingwas done over a square array of 6 × 6 points by se-
quential translation of the X–Y stage under the 20× objective lens of the
microscope. The array point size is determined by the focal properties of
the objective lens and is ~2 μm, this being similar to the grain size of the
PCD. For these maps the upper surface of the samples that was in con-
tact with the three supporting balls, was used. The average values
(peak position and stress) reported subsequently is the average of the
36points in the array. The reported error is one standard error (calculat-
ed as one standard deviation

� ffiffiffi
N

p
� �

, where N is the number of measurements).
Arrays of three varying sizes were tested in order to determine

whether there was good agreement in the average surface stress for
representative unstressed and stressed samples. These arrays ranged
from a small map around the centre of the sample to a medium map
and a large map that essentially covered the PCD disc specimens as
shown in Fig. 4. The map areas were ~36 mm2 for the small map,
~100 mm2 for the medium map and ~225 mm2 for the large map. The
mapping point separation for the different map sizes was ~1000 μm
Fig. 4. The three different map sizes examined for this work; the distributions o
for the small map, ~1500 μm for the medium map and ~2500 μm for
the large map.

It was found that the different sized maps showed very little varia-
tion in the average Ramanpeakposition and fullwidth at halfmaximum
(FWHM) for specimens subject to no fatigue. In the cases of fatigued
samples, a difference was only noticeable for large numbers of cycles.
Typical results are shown in Table 1 for fatigued samples B and G, re-
spectively and in Fig. 5 for anunfatigued sample A and a fatigued sample
G respectively.

Themapping arrays in Fig. 4 can be compared to the expected stress
field distribution in Fig. 3 in order to see how the array points are dis-
tributed across the stress field contours. In the case of smaller numbers
of cycles, such as for sample B, the different map sizes give very similar
results, implying that the sample has not yet experienced any significant
effect due to the fatigue cycling. At a larger number of cycles, such as for
sampleG, an effect is noticeable. The small andmediummap sizes cover
mainly the areas experiencing the larger fractions of maximum tensile
stress (Fig. 3). The larger map size includes more points in the areas
experiencing smaller tensile stresses during the loading process. One
would thus expect the larger map to have a more compressive overall
average stress (higher Raman peak position relative to unstressed dia-
mond), while the medium and smaller maps should yield a less com-
pressive overall average stress (Raman peak position less than for
large map). This trend is illustrated in our data in Table 1.

In order to determine the overall response of the samples to the fa-
tiguing process at larger number of cycles, the large maps were used
for the studies of the suite of fatigued samples subjected to different
numbers of cycles reported in the present work.

3.5. SEM studies

A JEOL JSM7500F field emission scanning electron microscope oper-
ated at 15 keV in a vacuum of 5.1 × 10-4 Pa was then used to determine
the presence of localised areas of damage on the surface of the samples.

4. Experimental results

4.1. Raman studies on PCD samples undergoing different numbers of fatigue
cycles

As discussed in the preceding section, the samples used in the
present work were from the same batch processed under the same
f the mapping points are illustrated for the small, medium and large maps.



Fig. 5. Average Raman spectra for three different map sizes for an unstressed PCD sample
(sample A) and a stressed PCD sample (sampleG) subjected to 600000 cycles. The spectra
have been vertically displaced and stacked for comparison purposes. The apparent period-
icity in the background for some of the spectra results from an instrumental effect and
does not affect the peak position or peak width being measured.

Table 2
The average Raman peak position, average FWHMand calculated average surface stress as
a function of the number of fatigue cycles for sample B.

Cycles Peak position (cm−1) FWHM (cm−1) Stress (GPa)

250000 1333.58 ± 0.07 14.01 ± 0.27 −0.53 ± 0.02
300000 1333.74 ± 0.02 12.29 ± 0.08 −0.60 ± 0.03
350000 1333.55 ± 0.03 12.51 ± 0.11 −0.50 ± 0.02
400000 1333.63 ± 0.02 12.64 ± 0.09 −0.36 ± 0.01
450000 1333.35 ± 0.02 12.89 ± 0.10 −0.42 ± 0.01
500000 1332.93 ± 0.02 12.64 ± 0.09 −0.17 ± 0.01
550000 1332.45 ± 0.02 12.89 ± 0.10 0.08 ± 0.01
575000 1332.34 ± 0.05 13.76 ± 0.22 0.14 ± 0.01
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conditions. Accordingly, it was initially expected that the samples fa-
tigued with the same load, but with a relatively lower number of load-
ing cycles would exhibit less disorder and deformation than those
Fig. 6. Variation of average surface stress as function of number of fatigue cycles for the
nine samples used (A–I).
subject to a higher number of cycles. Accordingly the diamond Raman
signatures, namely the peak frequency and the FWHMwould be expect-
ed to undergo a consistent trend as a function of the number of loading
cycles. The calculated average surface stress as a function of the number
of fatigue cycles resulting from the Raman data for nine nominally sim-
ilar PCD samples (A–I) is shown in Fig. 6.

The results shown in Fig. 6 show an irregular trend in which the av-
erage surface stress as a function of thenumber of fatigue cycles changes
progressively from a compressive stress regime to that approaching a
state of average tensile stress for the greatest number of cycles. This
would suggest that on average, samples subjected to many fatigue cy-
cles are more likely to be subject to cracking. The irregular form of the
graph in Fig. 6 also indicates that the nominally similar samples display
significantly different behaviour under the fatigue conditions; in partic-
ular sample D displays significant average tensile stresswith a relatively
limited number of cycles. This result is consistent with the practical ex-
perience with tool-bits in which apparently similar PCD cutters fracture
unexpectedly with only limited use.

Having established the above results in which nine PCD samples
were influenced by a range of fatigue cycles, with indications of changes
to the nature of the average surface stress, a second approach was
adopted in which individual samples were subjected to alternating ap-
plications of fatigue cycles and subsequent Raman studies. The brittle
nature of the sample material resulted in several of the samples fractur-
ing before attaining the desired number of cycles. Of the nine samples
whose results are shown in Fig. 6, only five survived the series of alter-
nating fatigue experiments and Ramanmeasurementswith the number
of cycles increasing each time. These were samples A, B, E, F and G. The
results for samples B and G will be presented in detail as being
Fig. 7. The measured averaged Raman spectra as a function of the number of cycles for
sample B. The spectra have been displaced and stacked for comparison. The apparent pe-
riodicity in intensity of some of the spectra is a result of an instrumental effect and does
not affect the peak position or peak width being studied.
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Fig. 8. Average surface stress variation as a function of number of cycles for sample B.
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representative of situations in which the initial number of fatigue cycles
was the smallest and largest, respectively.
4.2. Sample B

The initial number of fatigue cycles applied to sample Bwas 250,000.
Table 2 shows the subsequent number of cycles to which the sample
was subjected, the respective average Raman peak positions, their aver-
age FWHM and the calculated average surface stress. Fig. 7 shows the
averaged Raman spectra obtained for the different numbers of cycles.
The spectra indicate a progressive shift of the frequency to lower
wavenumbers and subsequently a change in the nature of the calculated
average surface stress.
Fig. 9. The respective diagrams for sample B show the individuallymeasured stress (either com
stages in the fatigue process shown in each case by the number of fatigue cycles (the order of the
a consistent orientation in the Instron test machine after each series of fatigue cycles). The red
Fig. 8 illustrates the change in the nature of the calculated average
surface stress for Sample B from being compressive to being tensile in
nature as the number of fatigue cycles increases. The calculated stress
changes from −0.53 GPa to 0.14 GPa.

The series of diagrams for sample B constituting Fig. 9 show the indi-
vidually measured stresses (either compressive or tensile) for the 36
points constituting the respective 6 × 6 square maps at various stages
in the fatiguing process. The order of the mapping points for each of
the diagrams is random since the sample was not replaced in the
same orientation in the Instron test machine after each series of fatigue
cycles. The red line parallel to the abscissa in each of the diagrams indi-
cates the average surface stress of the sample at the termination of the
particular stage of the stressing process.

Using the individual mapping points and the results of the micro-
Raman spectra for sample B once more, surface maps were generated
to show the nature of the stresses and their distribution in the mapped
area at the terminal stage of each fatigue series. These results that pro-
vide a different perspective of the stress distributions are shown in
Fig. 10. The 2D surface maps clearly show the changes that are taking
place within the sample as the number of fatigue cycles increases. In
particular it is seen that the regions of predominantly compressively
stressed regions present after the lower ranges of fatigue cycles give
way to regions of tensile stress.

The surface maps of Fig. 10 are consistent with the histograms of
Fig. 9. As the number of fatigue cycles increases, there exists an increas-
ing number of mapping points and more extended regions associated
with stresses tensile in nature.
4.3. Sample G

The initial number of fatigue cycles applied to sampleGwas600,000.
Table 3 shows the subsequent number of cycles to which the sample
was subjected, the respective average Raman peak positions, their
pressive or tensile) for the 36mapping points constituting the 6 × 6 squaremap at various
mapping points for each of the diagrams is random since the sampleswere not replaced in
line parallel to the abscissa indicates the average stress.

image of Fig.�8
image of Fig.�9


Fig. 10. Two dimensional surface maps showing the nature and distribution of surface stress as a function of the number of cycles for sample B. Compressive stresses are shown by the
colours black to deep green; and tensile stresses are indicated by the colour range yellow to red.
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average FWHM and the calculated average surface stress. Fig. 11 shows
the Raman spectra obtained for the fatigue cycles. These again indicate a
progressive shift of the frequency to lower wavenumbers and subse-
quently a change in the nature of the calculated average surface stress
from being compressive in nature to being tensile (Fig. 12). The
FWHM values show clear broadening at the highest number of cycles
indicating an increasing degree of plastic deformation in the diamond
crystals.

Fig. 13 for sample G was generated in the same manner as Fig. 9 for
sample B. Using the individual mapping points and the results of the
micro-Raman spectra for sample G once more, surface maps were gen-
erated to show the nature of the stresses and their distribution in the
mapped area at the terminal stage of each fatigue series (Fig. 14). The
2D surface maps clearly show the changes that are taking place within
the sample as the number of fatigue cycles increases. In particular it is
seen that predominantly compressively stressed regions present after
the lower ranges of fatigue cycles giveway to substantial regions of ten-
sile stress. These surface maps associated with the largest number of fa-
tigue cycles used in the present work emphasise the changes that are
takingplacewithin the sample as thenumber of fatigue cycles increases.
There is also good consistency between Figs. 13 and 14.

For comparison purposes, Figs. 15 and 16 illustrate the respective ef-
fects of the multiple fatigue cycles for the samples B, E, F and G. The
Table 3
The average Raman peak position, average FWHMand calculated average surface stress as
a function of the number of fatigue cycles for sample G.

Cycles Peak position (cm−1) FWHM (cm−1) Stress (GPa)

600000 1333.28 ± 0.08 13.41 ± 0.27 −0.38 ± 0.02
650000 1333.57 ± 0.03 12.30 ± 0.10 −0.61 ± 0.03
675000 1333.08 ± 0.03 13.48 ± 0.11 −0.20 ± 0.01
700000 1333.69 ± 0.02 13.49 ± 0.08 −0.05 ± 0.01
725000 1331.76 ± 0.07 17.14 ± 0.25 0.36 ± 0.02
average stress variations for the samples are shown in Fig. 15, while in
Fig. 16 the number ofmapping points exhibiting tensile stress is indicat-
ed. Although there are obvious variations in detail in the results for the
various samples there are also common trends. In particular the average
surface stress is compressive during the earlier phase inwhich the num-
ber of fatigue cycles remains relatively limited while in the later phase
of a large number of cycles the average surface stress becomes tensile
in nature for all the samples. A comparison of the data for the mapping
Fig. 11. The measured Raman spectra as a function of number of cycles for sample G. The
spectra have been displaced and stacked for comparison. The apparent periodicity in in-
tensity of some of the spectra is a result of an instrumental effect and does not affect the
peak position or peak width being studied.
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Fig. 12. Average surface stress variation as a function of number of cycles for sample G.
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points shows that for the earlier phase of limited fatigue cycles there are
relatively few points in which the local stress is tensile and that the
number increases substantially when the samples have been subjected
to a large number of cycles. These measurements confirm the differing
nature of the mapping points and hence indicate that the fatigue cycles
produce localised damage.
4.4. Scanning electron microscopy

Scanning electron microscopy (SEM) was conducted to try and find
evidence of localised damage due to fatigue. No clear such evidencewas
found. Energy dispersion spectra (EDS) were carried out on samples B,
E, F and G to determine their respective weight and atomic composi-
tions. Representative results are shown in Table 4 for samples B and G.
Fig. 13. The respective diagrams for sample G show the individuallymeasured stress (either com
stages in the fatigue process shown in each case by the number of fatigue cycles (the order of the
a consistent orientation in the Instron test machine after each series of fatigue cycles). The red
Variations in the compositions of the samples are present including dif-
ferent diamond concentrations.
5. Discussion

To the best of our knowledge the present work is the first report of
the successful application of Raman spectroscopy to the characterisation
of fatigue processes in PCD diamond. In particular the results show the
presence of an average compressive stress in all samples prior to the fa-
tigue cyclingwhich is initially reduced and ultimately leads to an average
tensile stress when a sufficiently large number of fatigue cycles are
applied.

In the PCD used in this paper, the diamond particles are bonded to-
gether by diamond–diamond growth taking place during the sintering
process. The diamond particles thus form an intergrown matrix with
pools and small channels of cobalt dispersed through this matrix. The
diamond particles form the bulk of the PCD with the result that the
PCD has hardness and wear resistance properties close to that of dia-
mond. The Raman spectroscopy technique does not detect the stress
state of the sintering aid and binder material, namely the cobalt present
in pores between the diamond grains. It is very likely that the cobalt is
deformed plastically (i.e. beyond its yield limit) during the fatigue cy-
cling at room temperature, thereby influencing the resultant stress
state of the interlocking diamond matrix. Further investigations of this
aspect are being made with X-ray and neutron diffraction techniques.
The conditions for crack formation are enhanced by the presence of
tensile stresses, thus it is possible that progressive breaking of the
inter-grain bridges associated with diamond to diamond bonding oc-
curs during the fatigue cycles. Further work is required in this regard.
The total resultant stress state of the PCD disc is therefore dependent
on the distribution of component stress states between the diamond
matrix and the cobalt binder phase.We speculate that at lower numbers
of fatigue cycles the cobalt component is affected first, with the
diamond matrix showing a measurable response at a larger number of
pressive or tensile) for the 36mapping points constituting the 6× 6 squaremap at various
mapping points for each of the diagrams is random since the sampleswere not replaced in
line parallel to the abscissa indicates the average stress.
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Fig. 14. Surfacemaps showing the nature and distribution of surface stress as a function of the number of cycles for sample G. Compressive stresses are shown by the colours black to deep
green; and tensile stresses are indicated by the colour range yellow to red.
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cycles. This would be consistent with our data, but requires verification
with powder diffraction techniques as mentioned.

There is no clear correspondence between the stress contours re-
ported in Fig. 3 and the measured stress distributions in Figs. 10 and
14. There are two possible contributions in this regard. The order of
the mapping points for each of the diagrams is random since the sam-
pleswere not replaced in a consistent orientation in the Instron testma-
chine after each series of fatigue cycles as mentioned earlier in the
paper. This results in the angular information related to the 3-lobed pat-
tern in Fig. 3 not being imaged. The other possibility is that the array
used for the large map has relatively few points near the central
area of the disc, thus the detrimental effect of the relatively large
Fig. 15. Average surface stress variations as a function of the number of cycles for samples
B, E, F and G.
tensile stresses experienced by the central part of the disc is not effi-
ciently sampled.

The samples used in the present work display variations in their
properties even though they were manufactured in the same batch.
The average surface stresses of the individual samples show a consider-
able variation from one sample to the next. Some samples with a lower
number of fatigue cycles exhibited an average tensile stress and a num-
ber of tensile mapping points greater than those with a higher number
of cycles. These variations are considered to arise from a combination of
sources. The compositional variations shown by the EDS results indicate
differing conditions during their batch synthesis. An example would be
temperature gradients at the time of sintering. Furthermore the
Fig. 16. The number of mapping points exhibiting tensile stress as a function of the num-
ber of fatigue cycles for samples B, E, F and G.
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Table 4
Representative EDS measurement of the weight and atomic compositions of representa-
tive samples B and G.

Element Weight % Atomic %

Sample B
C 82.71 91.82
Co 7.79 6.49
O 6.50 1.47
W 3.00 0.22
Total 100.00

Sample G
C 89.04 92.65
Co 8.97 7.01
O 1.46 0.31
W 0.54 0.04
Total 100.00
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hardness of the diamond grains is highly dependent on grain size and
orientation [17]. It is known from the use of PCD tool-bits that failure
under practical conditions occurs erratically and the present results sug-
gest that sample variability is the probable origin.

SEM images obtained for the near surface regions did not show any
evidence of damage. It is possible that damage or micro-cracks are
present but invisible at the level of magnification that could be attained.
For both sample B and sample G the FWHM of the average Raman peak
showed significant increases for the highest number of fatigue cycles.
The increases are significant enough to anticipate localised damaged
areas.

Prime novelty statement

Experiments using Raman spectroscopy have determined the effects
of multiple fatigue cycles on polycrystalline diamond (PCD) discs. With
an increasing number of fatigue cycles, the average compressive surface
stress reduces in magnitude with some samples ultimately exhibiting
an average surface tensile stress. Such conditions promote crack initia-
tion and provide an explanation of catastrophic failure of tool-bits in
drilling operations.
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