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ABSTRACT

This document constitutes the PhD thesis of the author’s project Solid Particle Erosion
of CVD Diamond Coatings. It details the experimental work carried out over the period
October 1997 to September 2000. The project was undertaken at the University of
Southampton under the auspices of an Engineering and Physical Sciences~ Research
Council CASE award, in collaboration with De Beers Industrial Diamonds (UK) Ltd.
The objective of this project was to investigate the behaviour of CVD diamond coatings
when subject to high velocity impact from sand particles as well as relating damage

mechanisms to microstructure.

In the experimental work, diamond coatings deposited on both tungsten and tungsten
carbide-cobalt substrates were investigated. The thickness of the coatings ranged from
10 to 200um and the samples were supplied in both as-grown and lapped forms. The
coatings were characterised using a number of techniques including X-ray diffraction,
Raman spectroscopy, indentation, surface profilometry as well as optical and electron
microscopy. The grain size and surface roughness were also measured for comparison
with the size of damage features generated in the erosion studies. The results revealed
that the coatings were close to natural diamond in both chemical (i.e. negligible

graphite content) and mechanical (i.e. hardness and elastic modulus) characteristics.

In the erosion studies, two test facilities were used: a water-sand slurry rig and a high
velocity air-sand rig. The erodent used was silica sand with average diameters 135um,
194um and 235um with the velocities in the range 16 to 268 m s” and 90° nominal
impact angle. The erosion rates were plotted against particle kinetic energy and
compared with those for cemented tungsten carbide and stainless steel. At 268 m s™,
the most erosion-resistant coating was a 120um lapped sample, which had an erosion
resistance more than 10 times that of cemented WC-7Ni. The coatings were examined
both pre- and post-test by scanning electron microscopy in order to determine the
degradation mechanisms. Ultrasonic imaging and taper polishing of eroded samples
were also performed to reveal sub-surface damage and to elucidate its contribution to

coating degradation. The results suggest that the erosion mechanism consists of a three-



stage process consisting of micro-chipping, development of pin-holes and interfacial

debonding, followed by catastrophic failure.

The principal damage features, the circumferential cracks and pin-holes, were
examined in detail in an attempt to identify the mechanism responsible for their
formation. When compared with Hertzian impact theory the measured circumferential
crack diameters were found to be at least double the diameter predicted by Hertz.
Moreover, a trend of increasing circumferential crack diameter with coating thickness,
which is not predicted by Hertzian impact theory, was found. The diameters of the
circumferential cracks were closer to that predicted by the theory of stress wave
reinforcement, which is more commonly associated with damage in brittle materials
subjected to liquid impact. This suggested that stress wave reinforcement was
responsible for the formation of the pin-holes. This hypothesis was supported by work
using scanning acoustic microscopy, which found that circumferential cracks and pin-
holes were only found on areas of the coating that had become delaminated during the
erosion tests. The experiments also indicated that the coatings became delaminated
under the action of sub-surface shear stresses that are generated by the particle impacts.
When the maximum shear stress was located at the coating-substrate interface (i.e.
z/Cr = 1) the coating failed rapidly. This work indicates that for optimum coating

performance z,/Cr < 0.3 and the stress field contained within the coating.
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INTRODUCTION

Diamonds have long been highly prized for their aesthetic qualities and have been used
as jewels and other decorative items for centuries. In the ancient world, they were
invested with great mystical significance, with many magical virtues being attributed to

them. One such description can be found in the Sloane Lapidary, written in 1243:

Diamonde comes from Inde and some from Arabie; that which cometh from Inde is clipped males, ye
other female. The male is brown appon light shininge, ye female is whit and beautifull of coulor like
Cristall. Thes diamonds is very pretious to thee and of great hardnesse, for they will grave in Iron or
steele, taking no harme. If a man werre it, it strengthen him and kepith him from dreming in his sleep,
from faintnes and from poyson, from wroth and chiding. It sendeth and helpeth men to great worth. It
defendeth a man from his enemies, and keepeth a man in good estate when he findeth him; it
comforte a man witt, and support him of ritches. And though a man do fall downe from a cart or a

wale he shall not break any of his bones if the stone be on him.

While belief in the more magical properties of diamonds have long since been spurned
by all except cranks and some new-age believers, diamonds have continued to exert a
powerful hold on the imagination of successive generations. Few other materials have
been the source of such strife, both in fact and fiction. A century ago Gardner Williams,

general manager of De Beers in the 1890s, summed it up thus:

To win them, temples have been profaned, palaces looted, thrones torn to fragments, princes tortured,
women strangled, guests poisoned by their hosts, and slaves disembowelled. Some have fallen on
battlefields, to be picked up by ignorant freebooters, and sold for a few silver coins. Others have been
cast into ditches by thieves or swallowed by guards, or sunk in shipwrecks, or broken into powder in
moments of frenzy. No strain of fancy in an Arabian tale has outstripped the marvels of fact in the

diamond’s history.

Even today, diamonds continue to attract the attentions of the criminal fraternity.
During the writing of this thesis an audacious bid to steal diamonds on display at the

Millennium Dome in London was dramatically foiled by Police.
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Although they have been the cause of conflict between nations, diamonds have also
been used as gifts signifying goodwill, for example the 3106-carat (621 g.) Cullinan
diamond, which was presented to King Edward VII by the Transvaal government in
1908 as a gesture of reconciliation following the South African War (1899-1902). Two
diamonds cut from this giant stone now adorn the Imperial State Crown and the Royal
Sceptre. On a more personal level diamonds are found in engagement rings, tokens of
love, trust and commitment. One of the most munificent examples of this type of gift is
the 189-carat (38 g.) Orlov diamond, named after Count Grigory Orlov, who proposed
marriage to Catherine the Great of Russia in the 18" century. The empress graciously

accepted the gift of the diamond from the unfortunate count, only to decline his offer.

The name “diamond” is derived from the Latin word adamas, and the earlier Greek
word JSiauavre, which means “the invincible”. At the time of the birth of Christ,
adamas was used to describe any hard metal or stone; it was applied to diamond by the
Roman poet Manilius in Astronomica, written in 16 AD. It was later corrupted into
“diamond” and is the root of the word adamantine, the adjective applied to diamond’s

hard brilliant lustre [1].

The principal source for diamonds until the 18" century was India. Following the
‘discovery there in 1726, Brazil became the largest producer of diamonds, before it was
eclipsed by South Africa, where diamonds were discovered near Kimberley in 1866.
Today, Australia, at 41 million carats, accounts for the largest share of world diamond
production, followed by the Democratic Republic of Congo (formerly Zaire) (20
million), Botswana (16.8 million), Russia (12.5 million), and South Africa (9.1 million)
(1995 figures) [2]. Diamonds are usually weighed in carats: 1 carat = (0.2 g.

However, diamond is much more than a desirable gemstone. It is, perhaps, unique
among materials in being both a highly prized gemstone and a highly important
engineering material. Its extreme hardness was utilised in mechanical applications by
the Chinese as long ago as 150 BC, when diamond-tipped engraving tools, known as
kin-kang tsuan (“cutting jade knives”) were used to cut hard jade stone. Two centuries

later, in his Historia Naturalis, Pliny the Elder, supplies the following description:
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They resist blows to such an extent that the hammer rebounds and the very anvil splits asunder, but
this invincible element which defies nature two most violent forces, iron and fire, can be broken by
ram’s blood. But it must be steeped in blood that is fresh and warm and even so, many blows are

needed.

Two thousand years later, this statement does not ring true. Indeed, it is questionable
whether the material Pliny described was actually diamond, bearing in mind his
assertion that “[it] defies... fire”. In air, diamond will transform to graphite at
temperatures of approximately 600 K. Nevertheless, there are similarities between
Pliny’s description and the behaviour of diamond in tribological situations. One
consequence of its hardness is that most other materials in contact with diamond will

suffer greater damage than the diamond itself.

The high hardness and strength of diamond make it an attractive material for
components in which friction and wear are prominent degradation mechanisms. The
second half of the 20" century has witnessed the advent of synthetic diamond, first by
the high pressure high temperature (HPHT) and more recently by chemical vapour
deposition (CVD) [3]. This has enabled researchers to exploit its unique properties in

new applications, for instance aircraft and missile domes and mechanical seals.

The properties of diamond also make it a potentially attractive material for use in
applications where erosion is a significant problem, for instance choke valves. These
valves are used in the offshore oil industry to regulate the flow of hydrocarbon fluids
extracted from offshore oil wells. A schematic diagram of a plug-in-cage type choke
valve is shown in Figure 1.1. Sand is often present in these flows, owing to the
geological composition in which the reservoir is located. The presence of sand can
result in erosion of the valves, particularly as high particle velocities can be generated
(300 - 500 m s) when the valves are operated at large pressure drops (300 - 400 bar)
and the process stream is partially or wholly gaseous. In the North Sea there are
approximately 300 oil wells; of these, half the failures of subsea choke valves can be
attributed to erosive wear. The high costs associated with unscheduled replacement of
damaged subsea valves (approximately £300,000) has led offshore operators to
consider ways in which valve life can be extended. One way in which this can be done

is to coat the internal components of the valves with wear-resistant hard facings.
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The most widely used trim material in choke valves is cemented tungsten carbide;
however, the typical operating life of the valves is still only 3 years, though in some oil
wells more frequent valve replacement is required. In extreme cases, in the North Sea,
WC-6Co plugs have been eroded at rates of up to Imm per hour. As a result, critical
components intended to last 18-24 months, have been destroyed within a few weeks, or
even hours. In the search for more erosion resistant materials the high hardness,

strength and wear resistance of diamond made it an obvious candidate.

1.1 Background to the present project

The concept of coating valve trim components with CVD diamond was initiated in
1989 at BP. CVD coating technology, which is used in the electronics industry to
produce diamond films for use as heat sinks for micro-chips on Si substrates, was
applied to other substrates. Substrates included SiC, SisNy4 and partially-stabilised ZrO-
(PSZ) at BP, Warrensville, Ohio. Both planar samples and cylindrical / cone samples
were coated. The planar samples were tested in a slurry erosion rig while the cylindrical
/ cone samples were tested in the BP valve loop test rig within a needle-and-seat choke
valve. Both types of test showed excellent erosion resistance for CVD diamond
coatings greater than 15um in thickness. Other, similar, candidate materials, most
notably polycrystalline diamond (PCD) and diamond-like carbon (DLC) could not

match CVD diamond i erosion performance.

This work was continued in the DTI/EPSRC-sponsored LINK surface engineering
project, Valvelink. The objective of Valvelink was to identify and develop suitable hard
coatings for use in gate and choke valves. One aim of the project was to develop
suitable coatings that would deliver a three-fold increase in operating life. The project
consortium included representatives drawn from all sides of the industry, from valve

manufacturers and coating companies to end users, as well as three universities.

The work at the University of Southampton focused on the erosion and abrasion testing
of materials and coatings. The results from these tests provided tribological data to aid
the selection process for wear-resistant materials. Examination of the tested samples
also provided information on the damage mechanisms that cause them to degrade while

subject to the different regimes of wear.
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1.2 Objectives of the present project

The current project continued the work begun in the Valvelink project. Where it
differed from that project was that instead of being concerned with general
performance data and ranking of different coatings, it focused on one material: CVD
diamond. The mechanistic aspect of erosive wear was to be investigated in greater

detail and related to the microstructure of the material.

In addition to the work described in this thesis, diamond-coated choke valves were
tested in the valve loop test facility at the BP Research Centre, Sunbury-on-Thames,
and compared with uncoated WC trims. The tests found that the trims containing
diamond exhibited significantly lower levels of erosion damage. This work is described

in detail elsewhere [4].

1.3 Thesis Structure
This document constitutes the PhD thesis of the author’s project Solid Particle Erosion

of CVD Diamond. 1t details the experimental work carried out over the period October
1997 to September 2000.

Chapters 2 to 4 examine previous work reported in the published literature in order to
provide the context for the present project. Subjects include solid particle erosion,

diamond, as well as the erosion and mechanical behaviour of diamond and related

materials.

The experimental work is introduced in Chapter 5, which explains the different
equipment used in the project. Chapter 6 describes the results of the experiments used
to characterise the diamond coatings used in the project. Residual stress is an important
factor to consider when studying coating systems; for this reason Chapter 7 is devoted

to an examination of the residual stress of the diamond coatings.

The main part of the work concerns the erosion behaviour of the diamond coatings and
this is described in Chapters 8 to 11. Initially, the tests focused on the erosion
performance of CVD diamond coatings and how they compared with materials
currently used in choke valves, principally tungsten carbide. Of more importance,

though, is the behaviour of the coatings and the damage mechanisms that are observed
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in coatings subjected to high velocity sand impact. The circumferential cracks and pin-
holes that were observed were of particular interest as they had not been previously

reported in the literature. Chapter 9 attempts to explain the mechanisms that generate

these features.

This work is augmented by Chapter 10, in which the development of sub-surface
damage at the coating-substrate interface is described. The use of novel techniques such
as ultrasonic scanning and acoustic microscopy to probe this damage is described in
this chapter. Chapter 10 has shown that the development of sub-surface coating
delamination is necessary before circumferential cracks and pin-holes can form. The
mechanisms of coating delamination are discussed in Chapter 11; one important aspect
of this work is that conditions are identified in which delamination, and hence pin-hole
formation, is not seen. This chapter demonstrates that knowledge of the impact
conditions and the associated stress field is required in order to select the optimum
coating thickness. The conclusions drawn from the present work are summarised in

Chapter 12, together with suggestions for further work.
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Fig. 1.1: Schematic diagram of a plug-in-cage type choke valve (ABB Kent Introl Type
74). '



WEAR

Wear can be defined as “damage to a solid surface, generally involving the progressive
loss of material due to the relative motion between that surface and a contacting
substance or substances™ [1]. It can lead to the deterioration in the performance and
possible premature replacement of a component that is subject to wear. However, not
all forms of wear are regarded as undesirable: in some situations the initial stages of
wear will result in a smoother surface, which is beneficial for the running-in of

components. Another beneficial aspect of wear is polishing.

There are many different types of wear depending upon the nature of the conditions in
which the components operate. Eyre [2] has reviewed the different types and their
contribution to the total number of failures attributable to wear-related degradation. At
50%, abrasion accounts for the largest share, followed by adhesive wear (18%).
Erosion ranked joint-third (8%), along with fretting, followed by chemical wear (5%).
The results are shown in Figure 2.1. A more recent industrial wear survey has been
carried out as part of the DTI project CAMS in 1997 [3]. The survey included 1800
questionnaires and 22 industrial visits and estimated that the total losses to British
industry, which were attributable to wear, amounted to £650 million per annum. The
survey also divided the total number of failures into the different types of wear to
determine the share of each as a percentage of the total. The results, also shown in
Figure 2.1, are similar to the previous survey, with abrasion (63%) and adhesion (19%)
still the most prominent degradation mechanisms. However, in certain circumstances,
more than one mechanism can operate simultaneously; in others, one mechanism can
change to another. Because erosion is the principal mechanism that forms the subject of

this thesis the next section will be taken up with a discussion of the salient features of

this form of wear.
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2.1 Erosion

Erosion is a process by which discrete projectiles strike the surface of a material
(known as the “target”) causing damage to its surface. Though only accounting for 2%
of total failures in the most recent survey, this figure is considerably higher in certain
industries, notably the offshore oil industry as already described in Chapter 1. In
addition to valves and missile domes, erosion can also be a problem for components
such as turbine blades, pipelines and fluidised bed combustion systems. The cost of
erosion can be measured in many ways, including loss of performance, control and
reliability, as well as lost production as a result of unscheduled shutdowns, and the
necessity of replacing damaged equipment. Safety can also be affected by components
that have been eroded. However, as in the case of running-in of mechanisms mentioned
above, erosion does have its beneficial applications, notably for cleaning surfaces by

grit-blasting and cutting of rocks using abrasive water jets.

There are three categories of erosion depending on the nature of the erodent. They are:

e Cavitation erosion
e Liquid droplet erosion

e Solid particle erosion
Each form of erosion will now be described in turn.

2.1.1 Cavitation Erosion

In liquids, when the local pressure falls below the saturated vapour pressure, bubbles,
or cavities, can be generated. When these bubbles collapse onto an adjacent solid
surface the pressure pulse associated with the collapse can rapidly damage the surface
leading to cavitation erosion. Cavity collapse has been studied by Bourne and Field [4],
who used high-speed photography to view the process. It is a particular problem for
liquid circulation equipment (i.e. pumps, valves and pipes) as well as bearings and
cylinder linings of high-speed reciprocating engines. No work on cavitation erosion of
CVD diamond has been found in the literature. Although cavitation can be a problem in
offshore valves it will not be included as part of this project and, for this reason, will

not be discussed further.
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2.1.2 Liquid Droplet Erosion

In liquid droplet erosion, the impact of fast-moving liquid droplets onto a solid surface
can result in damage to the target material. It is a particular problem in high-speed
aircraft, missiles, steam turbine blades and wet gas wells. As there are similarities

between liquid impact and some of the work described in this thesis it will be examined
further.

In liquid droplet erosion, the damage resulting from the impact is caused by the
propagation of stress waves that are generated in the material. Figure 2.2 shows a
schematic diagram [5] of the initial stage of impact, while Figure 2.3 shows a high-
speed photographic sequence of a liquid droplet impacting a surface of PMMA [6,7].
The key to understanding liquid droplet impact is the realisation that it takes a finite
time after initial impact before outflow of water away from the impact site occurs; prior
to this, compressible flow occurs and the water behaves like a solid. This causes
pressures in the area of the target immediately beneath the impact. This pressure,

known as the “water hammer pressure”, is defined as:
B = peceV (2‘1)

where P; is the pressure, p, the density of the liquid, ¢, the compression wave velocity

for the liquid, and ¥ the impact velocity.

In a short time after impact, the edge of the contact area moves outwards at high
velocity. The exact value of this velocity is dependent on the impact velocity and the
radius of the drop. Initially it is travelling faster than the shock velocity; this prevents
any free outflow from taking place. It is only when the speed of the contact edge falls
below that of the shock velocity that the shock in the liquid moves up the free surface
of the liquid and the high pressures are reduced by jetting [8]. In the period before
jetting takes place the liquid behaves in a compressible manner, giving pressures of the
order p.c.V [9]. However, the pressures at the expanding contact edge are much higher,
reaching a value of 3p.c.V just prior to the shock envelope overtaking the contact edge.
However, the contact edge pressure is less significant because of its short duration of

impact. Once this has occurred, stress waves are released into the target material. These
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waves can take three forms: longitudinal, transverse or Rayleigh waves. Figure 2.4
shows these three types of waves propagating into a solid following impact. They are

also shown in Figure 2.5 [10].

The classical damage features that are generated by liquid impact on brittle materials
consist of rings of discontinuous cracks surrounding the area of impact. The central
region of impact is usually largely undamaged. This is because the compressive
strength of brittle materials is often greater than that in tension. It is often high enough
to resist deformation caused by the high pressures generated by the initial impact. The
circumferential cracks are caused by the interaction between Rayleigh surface waves
and pre-existing surface flaws larger than a certain critical size in the target material
[11]. They are short because the stress pulse forming them is itself short, typically less
than 1us [12]. An additional mechanism by which damage can occur in thin samples is
by interaction between Rayleigh waves and reflected bulk waves [11]. Following
impact, compression waves are propagated into the body of the material. When they
reach the rear surface they are reflected back and return to the front surface as tensile
waves. At certain radii from the initial impact zone the position at which the reflected
wave returns to the front surface will coincide with the position of the Rayleigh surface
wave resulting in stress reinforcement generating even higher stresses at these
locations. It should be noted that longitudinal waves travel faster than Rayleigh waves.

The stress reinforcement can lead to the nucleation of further cracks at the front

surface.

The nucleation of these cracks in the target material leads to strength degradation and,
when cracks intersect, material removal. Liquid droplet impact is a significant problem
in the rain erosion of infra-red transmitting domes for aircraft and missiles and has been
the subject of numerous studies. Many currently used infra-red transparent materials,
such as ZnS, have poor strength properties and this has led to the development of CVD
diamond as a viable dome material to reduce the incidence of rain erosion suffered by

these components. The liquid impact studies of CVD diamond will be discussed in a

later section.

The impact of particles of lower hardness than the target material has also been shown

to create similar damage features as those generated by liquid impact. Particles used in
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these cases include polyethylene [13], PTFE [13], lead [13], ice [14,15], and nylon [14-
16]. In most cases the target materials have been PMMA [13-15] and ZnS [16]. High-
speed photographic sequences have shown these particles to undergo plastic

deformation during impact. In contrast, the damage in the target material remained

purely elastic.

2.1.3 Solid Particle Erosion

Solid particle erosion is the final category in this discussion and the one on which this
project will focus. It is caused by the impact of particles on solid surfaces. The particles
can be entrained in a liquid (known as a slurry) or gas and can be present either
intentionally, as in powder or mineral handling facilities, or as contaminants, such as
oxide debris from the inside of pipelines or sand from hydrocarbon reservoirs.
Whatever their origin, their impact with solid surfaces can cause considerable damage
and is a problem with fluidised bed combustion systems, helicopter blades (especially

in desert environments), pipelines and valves carrying particulate matter.

The parameter by which solid particle erosion is measured is the erosion rate. This is
usually defined as the volume loss, ¥}, of the material divided by the mass of erodent
used in the test The usual unit of measurement for this is mm® g”'. The volume loss is
obtained by dividing the mass loss of the material by its density. However, the number
of impacts is often considered to be more useful and mm’ g! is of little use in
comparing the erosion rates of materials subjected to erodents of different sizes. For a
constant volume fraction of particles, an increase in the diameter of the erodent means a
reduction in the number of particles. Consequently, the number of individual particle

impacts is also fewer.

By using an alternative definition of volume loss per impact, V, this complication can
be eliminated. ¥, is usually expressed in units of pm’ impact™. Its advantage over
volume loss per erodent mass is that it can be considered to be independent of sand
size. It is calculated by obtaining E,, the erodent volume, and by dividing this into the

volume loss:

E = ot (2.2)
/Oe
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where Q is the volumetric flow rate, x the fraction of the erodent, ¢ the duration of the
test and p, the density of the erodent. If the volume loss V7, is divided by E,, the result

is V;, the specific volume loss. ¥, is then obtained by using the following formula:

Vsﬁ'dp3
“ 6

(2.3)

where d), is the average particle diameter.

Plots of ¥, (um’ impact™) vs. kinetic energy of impact, £ (J) are used to generate an
erosion map. These maps, proposed by Moore and Wood [17], enable comparisons to
be made between materials at a wide range of impact energies independent of particle

size. Ey is defined as:
E, =%4rRpV? (2.4)
where R is particle radius, p, the erodent particle density and 7 the impact velocity.

When quoting erosion rates it is important to ensure that these are “steady state” values,
i.e. the target material is being eroded at a constant rate. In the early stages of an
erosion test, there is often a discernible period prior to the establishment of steady state
erosion conditions. This period is known as the “incubation period”, the length of
which is dependent on the material being tested and the test conditions employed. For
ductile materials, processes taking place during this period could include embedding of
particles in the target (resulting in a mass gain), surface roughening and work
hardening of the surface. This is particularly marked at higher impingement angles. In
brittle materials, chipping of prominent grains is one process that is thought to take

place.

2.2 Factors affecting the solid particle erosion of materials
There are a number of factors that affect the behaviour of materials when they are
subjected to erosive flows. These can be placed in four categories: (i) nature of the fluid

transporting the particles (liquid or gaseous); (i) nature of the particles; (iii) the flow
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field; (iv) target parameters. They are summarised in Table 2.1. It should be noted that
the barriers separating these categories are slightly artificial as some of the factors
discussed below can be placed in more than one category. Those factors that are most

applicable to the contents of this thesis are discussed in more detail below.

Category Factor

Nature of the fluid Viscosity
Density

Corrosivity (erosion/corrosion synergy)

Temperature

Nature of the particles Size

Density

Friability

Shape

Particle — Target hardness ratio

Flow Field Particle velocity

Particle kinetic energy

Impact angle

Particle flux

Particle impingement efficiency

Particle drop out

Target parameters Hardness
Elastic modulus

Fracture toughness
Residual stress
Surface roughness

Surface treatment

Size and distribution of microstructural flaws

Table 2.1: Factors affecting the solid particle erosion of materials

2.2.1 Nature of the fluid transporting the particles

Particles entrained in viscous slurries, for instance crude oil, are generally less erosive
than gas-borne particles. This is because a squeeze film, which forms between particle
and surface, can reduce the impact velocity, which in some cases can be as low as 10%
of the nominal impact velocity [18]. The existence of the squeeze film serves to
cushion the target material from the full energy generated by the impact. For impact to

occur this squeeze film must be displaced by the particle. The important factors
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affecting the severity of impact are the Reynolds number, which is a function of the
ratio of solid and liquid densities. The greatest effect (retardation) is seen for the
particles of low Reynolds number. For the same reason, the retarding effect of the

squeeze film in gas-solid erosion is negligible.

2.2.2 Nature of the particles
The three factors of size, density and relative velocity can be considered together as
they all have a bearing on the kinetic energy of the particles that will affect the erosion

rate. The erosion rate, E,,, increases with velocity, ¥, and the two are related by the

following relationship:
E, <V" 2.5)

where u is the velocity exponent, the value of which usually falls between 2 and 3. This
is a general term: in reality E,, has independent dependency on both d, and ¥, hence

many published papers plot separate graphs of E,, vs. d, and E., vs. V.

The shape of the eroding particle (i.e. its sharpness) is significant. It is well known that
highly angular particles cause greater wear than rounded particles due to the higher
contact stresses on impact. Sharp particles can cause wear rates to be between 10-100
times greater than rounded onmes of the same material. Most erosion tests have
employed erodents with an average diameter in the range 5-500um. In ductile
materials, the erosion rate increases dramatically with size up to 100pum, beyond which
little variation is seen. For particles larger than 100pm, the erosion rate can be
considered to be essentially independent of size [19]. For brittle materials, the
dependence of erosion rate on particle size is more pronounced and a plateau does not
exist. The impact of larger particles results in the generation of larger cracks in the
surface. As a consequence, an increase in strength degradation caused by these impacts

is seen, causing more material to be removed from the surface and, hence, increased

erosion rate.

The brittleness of the erodent must be considered in assessing its effect on the erosion

of a material. In the present work, it will be shown in a later chapter that in the erosion
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of CVD diamond, the silica sand erodent will undergo considerably more degradation
than the diamond. In some cases smearing of the erodent on the target has been
reported, usually on hard ceramics. It has been suggested that this is caused by the
transformation of mechanical or frictional energy into thermal energy sufficient to
cause localised melting [20]. This is usually only seen with softer erodents such as

silica and occasionally alumina, rather than SiC or diamond.

As in abrasive wear, it has been shown that the erosion rate reduces considerably below
a relative hardness ratio of 1.2 [21], and below this figure, less damaging erosion
mechanisms are seen. [22-24]. Hutchings [25] has attempted to construct maps of
particle size against impact velocity, which identify the transitions between the

different modes of damage, for instance elastic-plastic fracture, chipping etc.

2.2.3 Flow field

The influence of impact angle on erosion rate has been investigated by a number of
workers [26-30]. This is shown in Figure 2.6. For ductile materials, it has been found
that the maximum erosion is seen at angles of about 20-30° before declining at higher
angles [30]. The erosion rate at 90° is typically one third to one half that of the figure at
30°. The erosion rate for ductile materials at near-normal angles is often higher in
practice than those values predicted theoretically. This is due to two factors. The first is
due to the effect of surface roughening produced by previous impacts, which reduces
the true impact angle. The other cause of this is that ductile materials subjected to this
type of erosion can often assume a more brittle character as a result of work hardening
due to repeated impacts and high strain rates which can result in fracture rather than
plastic deformation. This behaviour contrasts with that seen in brittle materials, where
the loss of material due to erosion rises steadily with angle, reaching a peak at 90° [26-
29]. Other materials, such as cemented tungsten carbides, behave in a manner that
reflects their microstructure. In these cases, the maximum erosion rates are often seen

at impact angles of about 60°.

The concentration of erodent, also known as the particle flux, is important. The erosion
rate is usually considered to be independent of flux rate as it is expressed as volume
loss per erodent mass, i.e. it has already been taken into account. However, beyond a

certain flux a decline in the erosion rate is seen [31]. Shipway and Hutchings used long
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exposure photography to study the shape of the erosion plume in a gas-blast rig [32].
They found that significant levels of particle-particle interaction were taking place in
the region between the end of the nozzle and the target; many of these interactions are
with particles rebounding from the target surface. This reduced the number of impacts
on the target surface, and hence the “erosion efficiency”. They suggested that for 212-

. the inter-particle

250pum particles, increasing the flux beyond 0.76 kg m™ s
interactions start to reduce the erosivity of the flow. In slurry erosion, this figure is 5

wt. % [33].

In other cases, more usually seen in real components rather than erosion test rigs,
particles can drop out of suspension from the fluid carrying them. They can settle and
act as a protective barrier to inhibit further erosion in that location. In other components
subject to erosive wear a worn component or part of a component can cause a change in
the flow patterns. In offshore choke valves erosion of the ports can change the flow into
the cage. Consequently mutual jet impingement, and hence energy dissipation, will be
less and as a result the turbulence of the flow will be increased. This will result in more

erosive conditions and lead to acceleration in the degradation of the valve.

2.2.4 Target parameters

One of the most significant factors in determining the erosion response of a material is
whether it is ductile or brittle in nature. In the previous section, it was noted that
different relationships between erosion rate and impact angle are seen for ductile and
brittle materials. The difference between them can be explained by the difference in
erosion mechanism. Ductile materials undergo mass loss by a process of direct micro-
cutting or plastic deformation, followed by cutting, in which material is displaced by
impact with the eroding particles. In brittle materials, the energy transfer associated
with repeated particle impacts results in a fatigue process. Radial and lateral cracks,
both surface and sub-surface, are formed. These cracks are similar to those seen in
abrasive wear and it is assumed that material is removed by intersection of the lateral

cracks with each other and with the surface [21].

Some materials, for instance sintered tungsten carbides, which contain both ductile and
brittle constituents, defy such neat categorisation as “ductile” or “brittle”. In this family

of materials the microstructure consists of a brittle WC matrix and a more ductile
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binder, usually Co or Ni-Cr. Work on evaluating the erosion behaviour of sintered WC-
Co [34] revealed that erosion takes place by four competing mechanisms. These are (1)
loss of binder; (2) ductile erosion of carbides; (3) brittle erosion of carbides by chipping
and/or fracture; (4) pullout of carbides, often following removal of binder material. The
relative importance of each mode is dependent on the erosive conditions, and the
composition and microstructural condition of the material [35]. In these materials, a
reduction in grain size has been found to increase the erosion resistance. This is
because the strength is known to increase with d;'”?, where dj is the grain size (the
Hall-Petch relationship). Larger grains contain larger intrinsic flaws present within

them.

The next influence on erosion rate is that of hardness. Because microstructure, heat
treatment and work hardening alter the value of a metal’s hardness they will be
discussed here as well in order to avoid repetition of certain facts. As might be
expected, there is a relationship between target hardness and erosion resistance. As
with abrasion there is a linear relationship between erosion and anmnealed hardpess.
However, most engineering alloys are unlikely to be in the annealed state; consequently
the correlation must not be taken too far. Hardness, by itself, is not an accurate
indicator of erosion resistance. One of the reasons for this statement is that certain
treatments which can result in increasing the hardness of a material by as much as a
factor of 2, for instance heat treatment and cold working, have had no significant
improvement in erosion resistance [36]. However, it was noted that the profile of
erosion rate versus impact angle began to assume a more “brittle” shape due to the

reduction in ductility.

This finding is repeated in harder materials, too. For sintered tungsten carbides, it has
been found that for the same level of hardness, the wear resistance of different alloys
within the same family may differ by up to 80%. Therefore, within one alloy system,
indentation hardness is not a valid parameter to describe erosion differences. A better
approach is to consider a number of parameters that include hardness, proof stress and
fracture toughness [37] bearing in mind that in most materials, high hardness and high
fracture toughness are mutually exclusive. The price of an improvement in one is a
reduction in the value of the other. Therefore, a trade-off is required in the selection

process of materials for service in erosive environments.
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The other primary parameter that influences the erosion resistance of a material is that
of fracture toughness. Because brittle materials often erode by elastic-plastic processes,
fracture toughness plays an important role in the wear of brittle materials. It is thought
that dynamic values of fracture toughness would be the most appropriate parameter
[38]. Anton and Subhash [39] have recently carried out static and dynamic Vickers
indentation on a number of brittle materials (Pyrex glass, AIN, ALOs, PSZ and TZP) to
examine the influence of loading rate on hardness, fracture toughness and the resulting
crack morphologies. The dynamic hardness was consistently greater than the static
hardness for all materials, while the trend for dynamic fracture toughness was less
clear: PSZ and TZP exhibited higher dynamic values while the dynamic toughness of
glass was lower than its static equivalent. This discrepancy between static and dynamic

values may partially explain the poor agreement of some erosion models.

2.3 Factors influencing the erosion performance of coatings
The factors influencing the erosion of materials described in the preceding section were
for both bulk materials and coatings. However, there are additional factors that are also

particular to hard coatings, which will be discussed in this section.

The primary function of a coating is to separate the substrate from the counterface in
order to protect the former. Therefore, it may be imagined that the greater the distance
from the counterface to the substrate (i.e. the thicker the coating) the more protection
will be offered by the coating. However, the reality is usually more complex. Other
factors, such as residual stress, microstructural defect levels and adhesion can also vary
with thickness. As a result it is not usually possible to vary one of these elements
without affecting the others. This section will focus on those factors that are most
applicable to coatings operating under erosive conditions; however, they are also
pertinent to other tribological situations, for instance abrasion and adhesive wear. The
main factors will be considered below. While primarily considering erosion studies,

this section will also use other related studies of coatings, for instance indentation,

where they are relevant.

2.3.1 Coating thickness
Figure 2.7 shows the effect of coating thickness in schematic form. The thin coating

does not support the load and deflects in accordance with that of the substrate. In
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contrast, thicker coatings can support a greater proportion of the load, thereby reducing

the deformation of the substrate.

The coating thickness is one of the most important factors. It has been shown
theoretically, using a Finite Element (FE) model [40], that coatings reduce the stresses
at the coating-substrate interface. If the coating is of a sufficient thickness all the
stresses can be contained within it. However, in some coating systems the erosion
resistance decreases with thicker coatings because of increased residual stresses. The

influence of residual stress on coating performance is examined in Section 2.3.3.

In one study of erosion, thicker coatings have been shown to confer enhanced
protection against solid particle attack. Hedenqvist and Olsson [41] investigated PVD
TiN coatings on high speed steel with coatiﬁg thicknesses of 0.4, 1.3 and 3 pm. The
coatings were tested in a centrifugal erosion tester using 62-125um ALO; particles at
20 m s™'; the impact angle was 90°. The results showed that the critical particle dose
required to cause coating removal on the 3um coating was as much as 180 times

greater than for the 0.4 pm coating.

In an indentation study assessing the effect of thickness on coating performance,
Brookes et al [42] have proposed the concept of Integrity Ratio (IR) as a measure of
protection provided by a coating to the substrate. It is defined as:

P

IR=x 2.6)

n

Where P, is the threshold pressure to initiate failure in the coating and P, the
corresponding pressure necessary to promote failure in the uncoated substrate. In a
study of CVD diamond coatings deposited on Si, the threshold mean contact pressure
required to cause any type of failure of the coating system increased with coating
thickness up to 48um, beyond which no further improvement was observed. The reason
for this was thought to be residual stresses, which caused coating failure to occur

following indentation.

The improved protection offered to substrates by a thin hard coating has been found

with other materials. In one study of germanium coated with amorphous carbon films,



Wear 21

van der Zwaag and Field [43] reported that the critical load for spherical indentations to
form ring cracks could be increased by up to 200%. The largest improvement was
offered by the thickest coating. The coating was also found to have reduced the damage
generated by liquid droplet impact, though the superiority of the coating over the
uncoated Ge was less marked. The damage caused by the impacting droplets was less
severe though it was not thought that these coatings could deliver a significant
improvement in Damage Threshold Velocity (DTV). The study did not include a

quantitative assessment of DTV for the specimens.

For thin coatings subjected to point loading, when the stress field extends into the
substrate, yielding of the substrate can be the result. Pajares er al [44] studied the nature -
of sub-surface damage in plasma-sprayed ALOs-TiO; coatings deposited on mild steel
substrate and indented with a 6.36 mm diameter tungsten carbide sphere at a load of
1500N. Metallographic sections of indented regions revealed extensive micro-cracking
and plastic deformation in the substrate as well as some delamination at the interface.
The thinnér coating (170um) exhibited considerably more plastic deformation and
delamination than the thicker coating (425um), though the free-standing “coating”

exhibited an even lower incidence of plastic deformation.

It is often instructive to define the coating thickness relative to the stress field to give
the normalised coating thickness Cy / a,,, which is the ratio of the coating thickness to
the Hertzian contact radius. Komvopoulos [45] used the finite element method to study
the elastic contact of a substrate coated with a film of greater stiffness. Part of the work
involved examining the effect of normalised coating thickness. The results showed that
thicker coatings offered better protection to the substrate. Thick coatings resulted in
lower and more uniformly distributed strains. When Cr/ a, > 1 significantly enhanced
resistance against deformation was provided by the coating. Furthermore, thicker
coatings also greatly reduce the shear stress at the coating-substrate interface. In
contrast, for coatings where Cr/ a,, < 1 the stresses in the substrate are predicted to be
even higher than those that are uncoated. The dominant deformation mechanism was
also found to be dependent on the normalised coating thickness: for thin coatings (Cr /
an <0.45) surface micro-crack initiation dominates, while on thicker coatings (Cr/ an >

0.45) interfacial micro-crack initiation was the dominant damage mechanism.
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In a later paper Komvopoulos [46] examined the effect of coating thickness on the
contact pressure, sub-surface stresses and strains, as well as the location, size and shape
of the plastic zone. It was found that the thickness of the coating influenced the extent
of the plastic zone as well as its location. Thinner coatings provided less resistance to
plastic deformation. The plastic zone was predicted to initiate at the coating-substrate
interface directly beneath the indenter. Increasing the coating thickness reduced the
extent of substrate yielding. If the stress field could be completely contained within the

coating, plastic deformation of the substrate could be eliminated.

As will be seen in Chapter 3, the columnar nature of the CVD diamond microstructure
means that the grain size increases as the coating thickness increases. It has already
been seen that larger sized grains contain micro-fractures approaching the size of the
grain [47]. This can lead to differences in the fracture strength, which will be described
in Chapter 4.

In summary, thicker coatings provide enhanced protection to the substrate because the
coating-substrate interface is further away from the impacting particle. The result of
this is that the sub-surface shear stress at the interface is reduced and the vertical
deflection of the coating at the point of impact is also diminished, thus decreasing the
likelihood of surface tensile cracking. However, the influence of the substrate, residual

stress and adhesion and defect levels must also be taken into account. They will now be

considered in turn.

2.3.2 Nature of the coating-substrate combination

In any coating-substrate combination there exists a discontinuity at the coating-
substrate interface, the magnitude of which is dependent upon the respective properties
of coating and substrate. The combination of coating and substrate is also a significant
factor in determining the resistance of a coating to deformation. For example, the
difference in thermal expansion coefficient can have a direct influence on the nature

and magnitude of residual stress, which in turn can affect the adhesion of the coating.

One way in which this mismatch can be reduced is the use of one or more interlayers
between the coating and substrate. The mechanical and thermal properties of these

interlayers are usually between those of the coating and substrate; therefore, they can
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result in a more gradual change in properties across the interface. This can reduce
residual stresses as well as improve adhesion. Both residual stress and adhesion are
considered in later sections of this chapter. This section will examine the effect of the

difference in mechanical properties, in particular hardness and elastic modulus, on the

behaviour of coatings.

The substrate hardness affects the erosion resistance of the coating. Harder substrates
increase the load required to initiate fracture in the coating because the vertical
deflection in the coating is reduced. Large deflections create greater strains in the
coating and increase the likelihood of tensile fracture at the coating surface. Moreover,
if the substrate is not hard enough to support the load, the sub-surface shear stress may
cause plastic deformation of the substrate beneath the contact. Coating delamination,
caused by interfacial crack propagation, cén also occur at the interface in these
situations. The coating-substrate stiffness ratio can govern substrate failure. The
substrate is not weakened but subject to higher and more localised stresses when stiff
coatings are used [48]. Therefore, under these circumstances there is a higher

probability of sub-surface plastic deformation.

In the work of Hedenqvist and Olsson (discussed above) [41], the effect of substrate
hardness on erosion was also investigated. This was done by subjecting the substrate to
three different heat treatments prior to coating deposition. The 3um coatings deposited
on the hardest substrate (1,000 H,) displayed a critical particle dose approximately 14
times greater than a coating of the same thickness coating deposited on the softest
substrate (290 H,). This is mirrored in the work of Valli [49] using the scratch test
found that the critical normal force required to cause coating removal increases with

increasing substrate hardness.

This influence of substrate properties can lead to a coating having good erosion
resistance on one substrate but poor on another. In one study, Burnett and Rickerby
[50] examined PVD TiN coatings, 3-10um in thickness, on carbon and stainless steel
substrates. They found that TiN on stainless steel exhibited much lower erosion
resistance and tended to spall under impact. The cause of this was thought to be high
levels of elastic strain energy present in the coating as a result of high residual stresses,

estimated to be 1.5 times higher than TiN-coated carbon steel.
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Wauttiphan et al [51] examined the effect of substrate hardness on the indentation
behaviour of plasma sprayed ZrO, coatings 300pm in thickness deposited on steel and
Ni-based superalloy substrates. Indentation tests were carried out using a 6.36 mm
diameter WC sphere at a load of 1500N. Metallographic examinations of the indented
regions revealed greater interfacial delamination and more extensive yielding of the
softer substrates. This was a consequence of the larger elastic-plastic mismatch stresses
between the steel and the other material components. Therefore, a significant increase
in resistance to deformation can be procured when the elastic-plastic mismatch between

coating and substrate is minimised.

2.3.3 Residual stress

Residual stress, arising from the mis-match in properties between coating and substrate
as well as coating microstructure, is commonly found in many coated systems. Its
effects are particularly pronounced when the coating-substrate combination is
composed of materials with a large difference in thermo-mechanical properties. In
many cases the difference in thermal expansion coefficient is the dominant influence on
the nature and magnitude of the residual stress. For ceramic coatings on metal
substrates the residual stresses are typically in the range of 1-3 GPa [52]. These residual

stresses can be either tensile or compressive depending on the nature of the coating and

substrate.

The sign (i.e. tensile or compressive) of the residual stress can also influence the mode
of deformation of the coating. Coatings under a tensile stress have an increased
t'endency to surface cracking, while those containing large residual compressive
stresses are susceptible to delamination and spalling [53]. This delamination process
can also be assisted by the presence of small flaws in the coating [54]. Excessive levels
of residual stress will lead to complete removal of the coating from the substrate. Such
coatings will, therefore, offer poor protection to substrates in applications where
mechanisms such as solid particle erosion pose a threat to the integrity of the coating.
Other workers have shown that increased residual compressive stress in coatings

reduces the measured scratch and adhesion parameters [55].
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In CVD diamond coatings there are two sources of residual stress: thermal stresses and

mtrinsic stresses. The total residual stress, o;s, 1s the sum of the two:

O-rs = O-th + O-in (2.7)

where o;, is the thermal stress and o, is the intrinsic stress.

The thermal stress is a consequence of the mis-match in thermal expansion coefficients
between the coating and the substrate. It is usually compressive in nature owing to the
greater contraction of most substrates on cooling to room temperature following

deposition.

The intrinsic stress in the coating is due to a number of microstructural influences.
Formed during the deposition process, they are usually tensile, though can also be
compressive, in nature. The first source of these stresses lies in the differences in lattice
parameter between the coating and the substrate. The second source is due to the
microstructure of the coating and the presence of impurities and structural defects in the
film. These include grain boundaries, as well as dislocations, twins, stacking faults and
vacancies. Higher grain boundary densities result in a higher intrinsic stress. The nature

of microstructural defects in CVD diamond coatings will be discussed in Chapter 4.

The geometry of the substrate can also influence the residual stress. Gunners and
Alahelisten [56] have modelled thermal stresses in diamond coatings deposited on WC
substrates. They looked at the effect of the radius of curvature of the substrate,
expressed as 7, / Cr, where r, is the edge radius and Cr the coating thickness. This has
an influence on the coating integrity as intense concentrations of normal and shear
stresses may lead to coating failure by interfacial spalling. The magnitude of these
stresses can be reduced by increasing the r, / Cr ratio. This has important implications
for diamond coatings deposited on curved components, such as machine tools and

choke valve trims.

A number of methods have been used to determine the level of residual stress in CVD

diamond and are reviewed by Windischmann and Gray [57]. The most widely used
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methods are x-ray diffraction (XRD) and Raman spectroscopy. However, interpretation
of the results is a complex task and the results themselves are dependent on the location

in the sample at which the analysis took place.

One of the most widely used methods is Raman spectroscopy. In this method, an
intense monochromatic light source - usually a laser - is directed onto the sample
surface. The interactions of the light with the sample cause the lattice to be excited
(vibrationally and rotationally). This scatters the laser beam from the original
wavelength. The degree of scattering (the Raman shift) is a function of the resonant
molecular energy of the excited molecular vibrations. Every molecular species has a
characteristic Raman shift, which enables its identification when analysed. Single
crystal diamond exhibits a single sharp peak at a wave number of 1332.5 cm™. This
makes it easily distinguishable from graphite, the main peak of which can be found at
~1580 cm™ [58]. It is, therefore, a useful tool for characterising diamond films grown

by chemical vapour déposition.

In addition to its ability to distinguish between the different forms of carbon, Raman
spectroscopy has also been used to measure the levels of residual stress in CVD
diamond coatings. The presence of a residual stress in the film has been shown to affect
the position of the fundamental phonon line, which is located at 1332.5 cm™. Tensile
stresses cause a downward shift in the wave number while an upward shift indicates the
presence of a compressive residual stress [59]. This line varies linearly in pressure with

a shift 0f2.87 cm™ / GPa [60].

Though Raman measurements can appear to give an indication as to the level of
residual stresses present in the coating, the reality is somewhat more complicated. The
degree to which the 1332.5 cm™ peak shifts (positive or negative) is position sensitive.
The exact extent to which the peak shifts depends on the location on the sample where
the analysis took place. Even within the individual grains the degree of shift observed
can vary considerably. Burton ef a/ [61] found that on square {100} facets tensile
stresses were found at the grain boundaries, while at the centre of the grains the stresses

were predominantly compressive.
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Raman mapping across an area of a diamond coating can overcome such localised
variations to give a more representative indication of the stress state of the coating.
Pickard et al [62] have used a Raman spectrometer attached to a confocal microscope
to map the crystalline quality in diamond films on a micron scale and to correlate the
findings with the pattern of defect densities previously observed with transmission
electron microscopy (TEM). The same authors have also used the same technique to
map the profiles of crystals that have been deliberately damaged by electron irradiation

and also mechanically damaged by soft impressors and sliders made from TiB, [63].

2.3.4 Adhesion
Adhesion is related to the nature and strength of the bonding forces at the interface of
the coating and substrate where they are in physical contact with each other [64]. It is

dependent upon many factors, the most important being:

e Residual stress;

e Nucleation Density;

e Level of porosity at the interface;

e Pre-deposition treatment of substrate;

e Lattice constant mis-match between coating and substrate;

e Chemical nature and cleanliness of substrate;

In coated systems, the “weakest link” is often the interface between the coating and
substrate and it is here that failure will often be initiated. The rate at which debonding
takes place, via interfacial crack propagation, is dependent on the adhesion of the

coating to the substrate.

In assessing the performance of the coating system it is important to be able to have a
simple and reproducible method of determining the adhesion strength of the coating to
the substrate. A number of methods have been developed in which this can be assessed,

most of them semi-quantitatively, and have been described by various authors

[49,55,65-67].
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One of the most widespread methods used in the assessment of coating adhesion has
been the scratch test. This consists of a stylus being drawn across the surface of the
coating under a progressively increasing normal load until detachment of the coating
takes place. The normal force affecting the indenter and causing coating detachment is
called the critical normal force and it is a comparative value of the coating adhesion
[49,55,66,67]. However, large variations in the critical load, Z., are often seen from
identical coatings. Moreover, as the hardness of the film under test is increased, the
greater the probability of damage to the stylus. The high hardness of diamond films
means that this problem is particularly acute. For this reason, the scratch test will not be

used in this project and will not be discussed further.

An alternative method to the scratch test is an indentation-based method. The indenter
most commonly used is the Rockwell “C” (“brale”) indenter [49,55,66,67], which is a
spherical diamond indenter, though a Vickers indenter has also been used [65]. The test
consists of indenting the coating using a number of pre-determined loads. When the
load exceeds a critical level, this causes the coating around the indent to be detached.
When all the loads have been done the diameter of the delaminated area is measured
and plotted against load. Steeper gradients denote poorer adhesion. This information
can be used to calculate the interfacial fracture toughness, the procedure for which is
described in references [49,55,66,67]. The indentation method has been used to
determine the adhesion of diamond coatings on titanium [68] and tungsten carbide
substrates [69]. In the latter, the authors used it to examine the effect of pre-deposition
treatment of WC substrates. Recently, the indentation method has received theoretical
analysis in an attempt to derive the interfacial toughness, /7, from measurements of the
applied load, delamination radius, film thickness and film-substrate mechanical

properties [70].

Erosion testing has also been used to assess diamond coatings. Schneider et al [71]
deposited CVD diamond films onto WC-Co substrates and used a commercial
sandblast unit to subject the coatings to 90-125um diameter ALO; particles (the
velocity was not specified) at an impact angle of 90°. The minimum time to detach the
diamond coating from the substrate, termed the “critical blasting time”, was used to

compare the different coating samples.
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Diamond is a very inert material and is resistant to most forms of chemical attack,
except at elevated temperature. This property makes it ideal for applications where the
envionment is highly corrosive. However, this inertness creates difficulties in
depositing diamond films of sufficient adhesion strength. This problem means that
special preparation of substrates is necessary in order to promote greater nucleation
densities. A general review of the methods used to enhance the nucleation, and thus the
adhesion, is given in [72]. On untreated substrates the nucleation density is in the
region 10° to 10° cm™. With treatment this can be increased to as high as 10" cm™
Methods used to enhance nucleation densities and/or adhesion include surface
scratching, seeding with diamond crystals [73], bias pre-treatment [74] surface
carburisation [75] as well as surface roughening by sand blasting [76] and multiple
pulse laser #rradiation of the substrate [77]. The choice of substrate also affects the
nucleation of diamond crystals. The diamond nucleation rate in carbide-forming

substrates (e.g. Si, W, Mo) has been found to be one to two orders of magnitude higher

than on substrates that do not (e.g. Cu, Au) [78].

In choke valves, the most widely used trim material is sintered tungsten carbide; this,
then, will form the substrate for diamond-coated choke trim. The advantage of this
system is that it combines the fracture toughness of WC with the excellent wear
resistance of CVD diamond. However, several difficulties are encountered in
attempting to deposit diamond on WC. One of the major obstacles is that certain
elements, Co and Ni (which are used as binders) as well as Fe, have the tendency to act
as catalysts for the formation of graphitic phases. It is this characteristic which inhibits
the deposition of diamond on steel. This has adverse consequences on the nucleation
and growth, as well as the adhesion, of the diamond film. Binderless WC does not have
sufficient fracture toughness for service in offshore valves. One of the ways in which it
has been attempted to overcome this problem is to remove the binder from the near-
surface regions of the substrate by selective etching. However, this is not without its
drawbacks, as this tends to result in sub-surface porosity, which can weaken the
diamond-carbide interface. Nesladek et al [79] have leached Co from the surface layers
of WC-Co and replaced the lost Co with Cu. This treatment was found to have

significantly improved the toughness compared with a chemically leached substrate.
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Alternative methods to selective etching of the binder phase are to deposit an interlayer
between the coating and the substrate or to bond free-standing diamond films to the
substrate by brazing. An interlayer can act as a diffusion barrier between the Co binder
and the coating. It can also act as a way of reducing residual stresses by using a
material with a thermal expansion coefficient between WC and diamond. Interlayers
that have been found to improve the adhesion of diamond to WC include TiCN [80]
and Ag [81]. Diamond films have also been successfully brazed to SUS430 steel using
a Ti-containing Ag-In-Cu alloy [82]; the brazing was carried out in vacuum at 720°C.
During brazing Ti was found to segregate to the diamond film, forming TiC, and this
enhanced the adhesion. However, it was noted that a large compressive strength was

thought to be present at the interface as evidenced by a large diamond peak shift in the
Raman spectrum.

2.3.5 Microstructural defects

The nature of microscopic defects encountered in CVD diamond coatings will be
examined in 'Chapter 4. In this section, the role of macroscopic defects is considered.
The presence of porosity in the coating can be detrimental to the erosion resistance of a
coating. It can act as a stress raiser and provide a nucleation site for further damage
propagation. This is particularly important in thermal sprayed coatings where the
microstructure is often very inhomogeneous, containing defects such as porosity, easily
distinguishable splat boundaries, oxides, inclusions and contamination. Erosion damage
at the surface often initiates from these features. Some coatings of this type contain
high levels of micro cracking, which can act as stress raisers, thus contributing to a
reduction in erosion resistance. The same is true for bulk ceramics. Some ceramics of
equal chemistry and purity have unequal erosion rates, which can be explained, by
different levels of porosity in each sample. For example, Hansen [83] found that the
erosion resistance of a near 100% dense alumina was more than 1.5 times greater than
alumina of 95-98% density. The processing route of nominally identical ceramics can
also have a large effect. Hot pressed SisNy had more than ten times the erosion
resistance of the (less dense) reaction-bonded SizN4. In CVD diamond, it has been
found that there are often significant amounts of porosity in the coating close to the
coating-substrate interface. In some cases, this has been found to be as high as 5% [84].

Therefore, this could provide initiation for further interfacial cracks, which could assist

the debonding process.
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2.4 Impact damage and erosion modelling of brittle materials

This section considers the types of impact damage observed on brittle materials that
have been described in other solid particle impact and erosion studies. It will also
attempt to explain the mechanisms responsible for the generation of the various damage

features as well as the factors influencing these mechanisms.

Many people have attempted to model the erosive wear process (in order to predict
erosion rates) with varying degrees of success. Meng and Ludema [85] have reviewed
the major general predictive models of solid particle erosion. They considered 28
general models of erosive wear, that together contain nearly 100 different parameters.
The authors state that no single predictive equation or group of limited equations could

be found for general and practical use.

2.4.1 Elastic-plastic damage

This type of damage is associated with impact from angular particles, which are more
common in erosive conditions. It is known as “elastic-plastic” damage and is shown in
schematic form in Figure 2.8 [86]. This form of damage is similar to that seen in the
indentation of ceramics by a Vickers pyramid indenter. Initially, the very high stresses
beneath the tip of the indenter cause the material to plastically deform. At loads greater
than a critical value a radial crack, also known as a median crack, is formed which
propagates into the material in a direction perpendicular to the surface. The higher the
load the further the crack will grow. During unloading, further cracks, known as lateral
cracks, are formed which propagate in a direction approximately parallel to the surface.
They are formed by the relaxation of residual stresses in the material and often curve
upwards, intersecting with the free surface. In brittle materials intersection of these
lateral cracks is thought to be the principal mechanism of material removal. The
median cracks cause degradation in strength of the material; however, their
contribution to the overall wear rate is minimal. Subsequent particle impacts on this site
will have a wedging effect on the median (radial) crack. The extent of radial fracture
depends on the hardness of the target as well as the radius and velocity of the erodent.
The depth of lateral cracking is dependent on the hardness of the target and the

velocity, density and radius of the erodent.
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2.4.2 Hertzian ring and cone cracks

When spherical particles impact with the surface of brittle materials the damage is often
in the form of circular ring cracks. These cracks, which can be described by Hertz
theory [87], are initiated when the mmpact load or velocity exceeds a critical value.
They are usually found at the edge of the contact region made by the particle on the
target surface, where the maximum tensile stresses occur, and their nucleation is

assisted by the presence of pre-existing surface flaws. A schematic diagram of this can

be seen in Figure 2.9.

The ring crack formed propagates into the material in a direction perpendicular to the
surface before diverging away from the radius to form a cone crack. The angle at which
the cone cracks propagate, &, is dependent on the material. For glasses having a
Poisson’s ratio of 0.25, g is approximately 68° to the vertical. This angle is usually
smaller in diamond owing to the smaller Poisson’s ratio (0.07) as well as the potential
for cleavage (discussed further in Chapter 4). Figure 2.10 shows a cone crack in single

crystal diamond.

The Hertzian approach to understanding impact processes contains a number of
assumptions, which must be remembered. The first is that the elastic energy of the two
bodies acquired during the collision processes is entirely reversible, the approach and
recessional velocities of impact are identical making the coefficient of restitution unity
[88]. Secondly, Hertzian theory, being quasi-static, is applicable for impacts so long as
the contact circle expands at a rate less than the velocity of elastic waves such that the
quasi-static analysis condition is satisfied. For low velocity (<60 m s™) this has been
shown experimentally to provide a reasonable approximation [89], though the
measured ring crack diameter is often up to 30% greater than that predicted by the
theory. Johnson et al [90] have attributed this phenomenon to differences in the elastic
properties of indenter (i.e. erodent) and target, which generated friction in the contact
zone and altered the stress field. This modified stress field had the effect of increasing

the diameter at which the maximum tensile stress field occurred.

There have been cases where both cone and radial cracks have been observed. This

usually occurs at high loads (or velocities in the case of dynamic impact) and/or small
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radius indenters. This was found by Wiederhorn and Lawn [91] in quasi-static
indentation of soda-lime glass By 0.5mm WC spheres. Above loads of 180N transverse
sections of the indentations revealed the presence of radial cracks propagating away
from the contact zone in a direction perpendicular to the surface. At higher loads lateral
cracks were also observed and the cone cracks were seen to propagate back towards the

surface.

Chaudhri and Walley [92] have reported similar findings in a dynamic situation. In an
examination of the impact behaviour of soda-lime and borosilicate glass they used
Imm diameter steel and glass spheres at velocities of up to 300 m s™. It was found that
at velocities greater than ~100-120 m s lateral cracks formed on unloading (rebound),
and as the impact velocity was increased further the damage features were increasingly
dominated by the radial and lateral cracks with the cone cracks assuming lesser
prominence. At the highest impact velocity, the cone cracks could no longer be

observed in the soda-lime glass, though they were still present in the borosilicate glass.

In another study Field et al [93] used high speed photography to observe the modes of
failure of soda-lime glass, alumina and boron carbide under impact from 5mm diameter
hardened steel spheres at velocities of between 30 and 1,000 m s™'. Once again, this
study revealed differences in damage pattern depending on the impact velocity. At 207
m s, the main failure mode was radial cracking caused by plate bending. However,
when the velocity was increased to 402 m s” the damage features consisted of short
circumferential cracks surrounding the impact site. These features, similar to those
generated by liquid impact (described earlier) were caused by reinforcement of the
Rayleigh surface wave at the front surface and reflected tensile waves from the rear
surface. Another interesting finding is that in impacts where Hertzian ring and cone
cracks were generated the semi-apex angle, &, was found to decrease as the impact
velocity increased. Telling and Field [94] reported similar findings. The cause of this
was thought to be the interaction of the reflected stress wave with the propagating cone
crack. At lower velocities the amplitude of the stress waves was insufficient to alter the

path of the cone crack.
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Telling [95] has used high-speed photography to study the development of impact
damage on diamond surfaces. An example is shown in Figure 2.11. It shows the
sequence of a 2mm diameter sapphire sphere impacting upon the (100) surface of
single crystal diamond. It shows the classical Hertzian damage with the propagation of
a cone crack into the interior of the diamond. It is significant to note that the main

fracture damage in the diamond occurs before fragmentation of the impacting ball.

The effect of impact angle on the damage features generated by spherical particles has
been investigated by Chaudhri and Liangyi [96]. Using 2mm diameter WC spheres,
they impacted soda-lime glass at a velocity of 150 m s™'; the impact angle was varied
between 15 and 90°. High-speed photography was also used to study the trajectory of
the impacting sphere as well as to record the initiation and growth of damage features,
in particular Hertzian cone cracks. This work was compared with quasi-static
indentation of the soda lime glass at various angles. The photography showed that
spheres undergoing oblique impact slid across the surface of the target at a velocity of
100-120 m s and this altered the orientation of the cone crack. However, the authors

did not discuss the surface damage features generated by the impacts of the spheres.

Akimune [97] studied the oblique impact of 1.5mm diameter partially stabilised
zirconia (PSZ) spheres onto sintered silicon nitride at a velocity of 277 m s'. The
damage features produced from the angles employed (30°, 45° and 60°) were compared
with those from normal (90°) impact. It was found that the cone cracks tended to
become less prominent at the lower angles, and at 30° they disappeared, leaving only a

surface ring crack.

2.4.3 Modelling of solid particle impact damage in brittle materials

The multiplicity of experimental variables involved in erosion testing means that
developing a model that accurately describes this process is no simple task. The most
significant parameters that affect the erosion of brittle materials are the hardness and
fracture toughness of the target, as well as the size, density, hardness and velocity of
the particle. The values of hardness and fracture toughness employed in these models
are usually determined by quasi-static methods. In the case of coatings, it is necessary
to use values of hardness and fracture toughness that are free of any influence of the

substrate. These “surface values” can be obtained by nanoindentation, which is
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discussed in Chapter 4. However, dynamic parameters may be more realistic, being
obtained under conditions that are more representative of in-service behaviour. No
models have been found that have either been derived from the experimental results of

CVD diamond or been developed to describe the erosion process of CVD diamond.

A number of models have been developed for brittle materials, utilising both the
elastic-plastic as well as the Hertzian approaches, and are described in references [91,
98-103]. Howéver, they are not considered to be applicable to the present study and
will not be discussed further. There are many reasons for this. Because diamond is the
hardest known material one of the central assumptions inherent in any erosion model,
that the eroding particles do not deform, is no longer valid. In sand erosion studies,
which will be described in a later chapter, significant degradation of the erodent has
been seen, with the average sand size reducing by more than 50%. Therefore, the
erodent undergoes more degradation than the target. This could give rise to damage
features, which are different to those seen in other brittle materials. Moreover, as the
damage in diamond is likely to be purely elastic in nature, none of the models based on

the elastic-plastic median and lateral cracks will be applicable.

A number of workers have used eIastic-plastic damage as a basis for modelling the
erosion of brittle materials. They make a number of assumptions including: (i) the
material is homogeneous and isotropic; (i) the impact is at an angle of 90°; (iii) the
eroding particles do not deform on impact. Two similar models have been developed,
both utilising the same parameters, though one is based on dynamic theory and the
other quasi-static theory. However, the high hardness and elastic modulus of diamond
means that, with the possible exception of angular diamond grit, all other types of
erodent will undergo considerable deformation on impact, the extent of which will

exceed that suffered by the diamond.

2.4.4 Finite Element Modelling of indentation and impact damage to hard coatings

The erosion models described in the previous section were for bulk materials, where
their response to indentation or impact is assumed to be uniform. However, such an
assumption is not necessarily valid for coatings. This complexity is further magnified in
a coating system, where there is often an abrupt discontinuity at the coating-substrate

interface. The magnitude of this discontinuity is dependent on the mechanical
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properties of both the coating and the substrate. This presents difficulties in attempting
to model the mechanical behaviour of a coating system. The complexity of the stress
field is usually such that finite element modelling (FEM) is required to handle the
calculations. Camacho and Ortiz [104] have described FE modelling of impact damage
in brittle materials. Although Finite Element Modelling (FEM) does not form part of
the present work, it has been used in other impact studies; for this reason it is briefly

discussed here.

Fishér-Cripps et al [105] used this approach to model the damage in plasma sprayed
ALO;-TiO, coatings on carbon steel substrates. Two coating thicknesses were
investigated: 160um and 470um. The results were compared with metallographic
sections of the coating following indentation using a WC sphere. An example of the FE
predictions is shown in Figure 2.12. It shows extensive plastic deformation (denoted by
the shaded zones) of the substrate caused by shear stresses; this was also found on the
metallographic sections. Tensile stresses are also prominent at locations close to the
coating-substrate interface as well as at the surface. This was more prominent in the
case of the thicker coating, rather than the thin coating; in the latter, the area of greatest
tensile stress was at the surface of the coating. While the surface tensile region was also
present in the thick coating it was of lower magnitude; this was thought to be due to the
smaller vertical deflection at the contact edge when the coating is subjected to the

compressive load.

A recent study has used FEM to analyse the stresses generated in diamond coatings
under indentation. Fagan er al [106] used FEM to predict the stress distribution in
diamond coatings on silicon up to 90um in thickness under indentation from a blunt
soft impressor. The authors found that the position of maximum principal stress was
dependent upon the coating thickness to contact radius ratio (Cr/ ay,). For the thinnest
coating (Ct/ an = 0.09; Cr = 3.5um) the maximum stress is seen to occur on the surface
of the diamond near the edge of the contact. For the thickest coating (90pm) the

maximum stress occurs at the diamond-silicon interface beneath the centre of contact.

The Finite Element method has also been used to model impact damage in brittle
materials and coatings. Liaw and Kobayashi [107] used a solid particle impact damage

model in conjunction with an elasto-dynamic axisymmetric finite element programme.
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The model was based on elastic failure due to tensile or shear overloading and the
coating studied was partially stabilised zirconia (PSZ) on steel impacted with 1.6mm
diameter WC spheres at 71.4 m s”. The coating thicknesses studied were 150pm,
250pm and 500pm and the predicted damage in bulk materials was compared with
impacted specimens tested under identical conditions. Good agreement was found
between the two, the exception being the generation of cone cracks (experimentally)
which the model did not predict. In the coated samples, in addition to the shear, median
and lateral cracking, the model also predicted coating debonding at the interface. The
debonding length was similar (800pum) in both the 150um and 250um thick coatings,
though none was predicted in the thickest (500um) coating. In the 250um coating, the
debonding length (800um) and range of spalling damage (700um) were approximately
3 and 2.5 times, respectively, of the contact radius. The 150um coating showed a

shorter spalling region than the 250um. The debonding length was the same for the two

thicknesses.

2.5 Conclusions

This chapter has examined the factors that affect the erosion behaviour of brittle
materials and coatings. It is clear that the quantity of factors, as well as interactions
between them, means that attempting to model the erosion process is no small task.
This is complicated by the fact that some of the most important properties, such as
hardness and fracture toughness, are mutually exclusive: high hardness is usually
attained at the expense of low fracture toughness, and vice versa. Therefore, a
compromise between the two is required. For coatings, there are the added
complications of adhesion strength and residual stress, both of which can affect the

integrity of the coating and assist debonding.

Following a survey of the literature, it was concluded that no existing erosion models,
either those based on Hertz theory or on elastic-plastic theory, were applicable to the
present study. This is because the assumption that the particles do not deform on impact
is clearly no longer true in the erosion of diamond by sand or SiC, where the particle
hardness is, very approximately, between 1/8 and 3/8 of the hardness of the diamond.
In the case of the elastic-plastic models, there is a second reason, which is that, to date,
no erosion studies of diamond report any incidence of plastic deformation (and hence

lateral cracking) so a central tenet of the elastic-plastic theories remain unfulfilled.
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For CVD diamond, the most important factors affecting its erosion performance are
particle velocity, erodent size, erodent hardness, coating thickness, coating surface
roughness, coating adhesion strength, residual stress, hardness and fracture toughness,

elastic modulus as well as the size and distribution of cracks / defects.
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Fig. 2.1a: Results from the 1979 survey by Eyre [2] showing the contribution of the

different types of wear to the total number of wear-related failures.
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Fig. 2.1b: Results from the 1997 DTI Industrial Wear Survey showing the contribution

of the different types of wear to the total number of wear-related failures.
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Fig. 2.2: Schematic diagram showing the process of liquid droplet impact onto a solid

surface [5].

Fig. 2.3: High-speed photographic sequence showing the impact of a two-dimensional
liquid droplet, 2mm in diameter, with a PMMA target at 70 m s”. The “sequence” is
composed of three different experiments and the dark shaded regions denoting high
stress were imaged using Schlieren optics [6,7]. Features of note include high-pressure
regions in both the droplet and target at the point of impact (Frame 1), the reflected
shock wave travelling through the droplet and jetting at the contact edge (Frames 2 and
3). Reproduced with the permission of Professor J.E. Field, University of Cambridge.
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Fig. 2.4: Schematic diagram of the stress waves produced in a target material following

impact by a solid or liquid erodent.

Fig. 2.5: Shadowgraph sequence of the impact of a 750 m s water jet onto a PMMA
block [10]. Duration of each frame: 1 psec. Key: a: stress front induced by detached air
shock; r: reflected air shock; c: Main compressive stress pulse of width, w; A: Head
wave; s: Shear front (poorly defined because of the nature of the optical system); d:
sub-surface shear failure; o: Main ring crack. Reproduced with the permission of

Professor J.E. Field, University of Cambridge.
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Fig. 2.6: Schematic diagram showing the variation between Erosion Rate and Impact

Angle for ideal ductile (red) and brittle (blue) materials.
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Fig. 2.7: Schematic diagram showing the influence of coating thickness on the
protection offered by a coating to a substrate. The thinner coating is unable to support

the load generated by the impacting particle and deflects under the impact.
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Fig. 2.8: Diagram showing the development of median and lateral cracking as a result
of indentation with a sharp indenter [86]. Key: M = Median crack; L = Lateral crack; D

= Area of plastic deformation beneath the indenter.
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Fig. 2.9: Schematic diagram showing the formation of a Hertzian cone crack following

Cone crack

indentation of a brittle material with a spherical indenter. Key: a, = contact radius, 6, =

angle of propagation crack propagation.
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Fig. 2.10: A cone crack produced in natural single crystal diamond viewed in plane

polarised light. Reproduced with the permission of Professor J.E. Field, University of

Cambridge.

Fig. 2.11: High speed photographic sequence of a 2mm diameter sapphire sphere
impacting onto a (100) single crystal diamond at 114 m s™. It shows that the main
fracture damage in the diamond occurs before fragmentation of the impacting ball. The
maximum crack velocity of diamond is 7200 m s’ [95]. Reproduced with the

permission of Professor J.E. Field, University of Cambridge.
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Fig. 2.12: Stress contours (in GPa), calculated by Finite Element Analysis, of a 160um
coating of ALO3-40 wt% TiO, on steel indented by a WC sphere of 3.18mm radius at a
load of 500N. The line AA is the contact radius, while BB is the coating-substrate
interface. The shaded zones denote areas of yieiding [105].
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3.1 Introduction

Diamond is one of the three major forms of .carbon, along with graphite, which is the
most stable form, and the more recently discovered Buckminsterfullerene. It has been
known that diamond is a form of carbon since 1797 [1] and there have been numerous
attempts since then to produce synthetic diamond from carbon-based starting material.
However, it has only been in the last forty years that this has been successful, first via
the high pressure / high temperature (HPHT) route, and latterly by chemical vapour
deposition (CVD). Diamond is stable with respect to graphite only at high pressure
(greater than 1.6GPa at room temperature) and is metastable at room temperature.
However, there exists a large activation energy barrier between them, whicH inhibits
transformation from diamond to graphite [2]. This can only be overcome at high
temperatures, greater than 600 K, where under certain conditions graphitisation takes
place rapidly. At room temperature the rate of transformation is negligible. Figure 3.1

shows a pressure-temperature phase diagram showing the regions where diamond and

graphite are stable.

There are several categories of natural diamond, which denote the type and level of
impurities present. Type Ia, the most common variety, contains approximately 0.1%
nitrogen in the form of small aggregates and platelets. Type Ila has the highest purity
with virtually no nitrogen present. For this reason, their thermal and optical properties
are superior to other types. The third type, IIb, is often blue in colour, due to the
incorporation of boron; the presence of boron also gives it its p-type semi-conductor
characteristics. Synthetic diamond, such as HPHT diamond, is designated type Ib. It is
often yellow in colour and contains nitrogen dispersed in substitutional form. CVD

diamond is very close to type Ila in character. It is also possible to dope it with boron.
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Diamond has many properties that make it an attractive option for components in a
wide range of engineering, and in particular tribological, applications. It is well known
that diamond is the hardest known material, though it has been predicted that
crystalline carbon nitride (B-C3N4) may be harder [3]; this prediction, though, remains
theoretical since there exists no production route. Other properties include its high
elastic modulus and the highest thermal conductivity of any material at room
temperature (five times that of copper). In addition to its mechanical properties, it also
has excellent electrical and optical properties. It has fifteen times the average electric
breakdown of common semi-conductors, five times their average hole mobility and a
dielectric constant that is half that of silicon [4]. Furthermore, its high index of
refraction and ability to transmit light from the far infrared to the ultraviolet range
makes it an ideal material for laser windows. Diamond also exhibits a low coefficient
of friction when sliding against itself in most environments, the most prominent
exception being vacuum.

The exceptional properties of diamond are due to its crystal str
lattice is cubic, though occasionally hexagonal, and consists of each carbon atom being
covalently bonded to four equi-distant neighbours in a tetrahedral arrangement. This
bonding is known as sp’, with each bond length being 0.154nm. At free surfaces the
absence of one of these neighbours means that there is one vacant electron, which
remains unattached to a carbon atom. These are known as “dangling bonds” and, under
normal atmospheric conditions, are filled by hydrogen atoms. In graphite, the structure
is hexagonal with each atom having only three nearest neighbours (sp’ bonding)
resulting in a planar structure and weak bonds linking each plane. The bond length is
also slightly shorter at 0.142nm. The density of graphite is significantly lower than
diamond: 2,260 kg m versus 3,520 kg m”. Figure 3.2 shows the crystal structure of all
three allotropic forms of carbon. The figure also includes an example of a nanotube,

which is a form of fullerene.

3.2 Chemical Vapour Deposition
Chemical Vapour Deposition (CVD) is the process by which substances in the vapour
phase are decomposed and react before condensing onto a substrate to form a solid

deposit. Originally developed in the semi-conductor industry, work in this area has
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undergone rapid expansion over the last thirty years. It is now used in many industries

for mechanical and optical, as well as microelectronic, applications.

It is now possible to deposit a large number of hard coatings by this method. These
include SiC [5-8], TiC [9], TiN [9,10], GeC [11], B13C; [12,13] and BP [14,15] as well
as diamond. Research had been carried out on the vapour phase deposition of diamond
since the 1950s. However, it was not until the early 1980s, following work by Spitsyn
[16] and later by Kamo and Matsumoto [17,18], that it was possible to deposit
diamond, first on diamond, and later on non-diamond, substrates. At present diamond
can be deposited on a wide range of substrates including Si, SiC, W, Mo and WC.
Because diamond is éhemicaﬂy mert difficulties can be experienced in obtaining good
adhesion of coating to substrate. Much work is still needed in this field before further
improvements can be obtained. Certain substrates, in particular sintered tungsten
carbide, can cause problems as the binder materials, notably Co, have a tendency to

catalyse the formation of graphite.

Today there are a number of methods that have been used to successfully deposit high
quality diamond. The main difference between them lies in the energy source used to
dissociate the reactants. These include microwave plasma, hot filament, DC arcjet and
many others. The major variants of CVD diamond processes have recently been
reviewed by May [19]. For brevity, this discussion will be limited to a description of

just one of the more widely used methods: microwave plasma CVD.

3.3 Microwave Plasma CVD

A schematic diagram of Microwave plasma CVD (MPCVD) is shown in Figure 3.3. In
this process the substrate is heated to a temperature in the range 800-1,000°C and at
sub-atmospheric pressure, typically 10-100 mbar, before addition of the reactant gases
into the chamber. The high deposition temperatures necessary mean that, at present,
this precludes deposition on certain substrates such as steels. The reactant gases consist
of a dilute mixture of a hydrocarbon, usually methane (CH,4) and hydrogen (H,) though
CO and O have also been used. In order to deposit high quality diamond the methane
content must not exceed 1% of the total volume of gas. The choice of hydrocarbon gas
is not limited to methane; other gases that have been used include acetylene, methanol

and acetone. The exact deposition mechanism is complex and is still not fully
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understood. However, what is known is that under the right conditions nucleation of

diamond crystals occurs. In its basic form the reaction is:
CH; + H; — C (Diamond) + 3H (3.1)

This reaction is initiated by a microwave source such as a magnetron generator: a
commonly employed frequency in this work is 2.45 GHz. This creates a ball-shaped
plasma, causing dissociation of the CH, and H, gases. Hydrogen molecules are
dissociated to hydrogen radicals by electrons in the plasma, while the methane is
dehydrogenated into CH3, CH,; and CH radicals by either the hydrogen radicals or by
electrons in the plasma [20]. These species are then transported from the activation
zone to the near surface region by diffusion and/or convection. The methyl radical
(CH3) is extremely reactive and on comirig into contact with the hot substrate surface a
bond is formed by chemisorption. The acetylene radical (C,Hb) is also highly reactive,
owing to its triple bond, and thus also bonds easily to the substrate. On the substrate the
radicals form a mixture of amorphous carbbn, graphite and diamond. Care must be
taken to ensure that the plasma does not come into contact with the sides of the
chamber. If this occurs material from the chamber wall can be co-deposited along with
- the diamond, to the detriment of the film quality. It is for this reason that the substrate
is located in the after-glow region and not in the plaSma itself. If it is placed there the

plasma will etch the substrate and little diamond will be deposited.

During the deposition process, it is essential that the non-diamond species be removed
from the substrate. Graphite and amorphous carbon are formed as well as diamond
because, thermodynamically, the energy difference between diamond is only 453 cal
mol”, less than R,T (600 cal mol’, where Ry is the gas constant and T is the
temperature in K) at room temperature. As a consequence there is always a finite
possibility that both will form while trying to synthesise one of them. The rate éf
graphite formation may be much greater than that of diamond. In order to produce a
purely diamond deposit, these species need to be removed. This is achieved by the use
of atomic hydrogen which is used to etch away the graphitic deposit, leaving a purely
diamond deposit behind. Atomic hydrogen etches non-diamond carbon approximately
50 times faster than the co-deposited diamond. This happens even faster in the presence

of oxygen [4]. This is because the oxygen reduces the concentration of the hydrocarbon
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nutrients such as CHs; by forming CO, which is stable and so reduces excess carbon.
Trace amounts of OH and O present in the plasma react with sp® impurities far more
readily than atomic hydrogen and this improves the purity of the diamond [21]. These
etching processes also aid the growth of the diamond as hydrogen atoms, which
normally attach themselves to the vacant surface sites of the diamond, are removed.
This is because the H-H bond energy is greater than that for the C-H bond [22]. Thus,
the outermost atoms on the free surface are always carbon atoms, thereby sustaining the
growth of the diamond crystals. Nitrogen also has a beneficial effect on the growth of
diamond by CVD. An addition of 400ppm of N to the gas phase reactants can deliver a
sevenfold increase in the growth rate [23].

Figure 3.4 shows a diamond coating in the early stages of deposition. The early
diamond crystals are small, sub-micron, equiaxed grains of very high density. They
have an initially random orientation, though once complete coverage of the substrate is
achieved they acquire a columnar appearance (see Figure 3.5) when the more
favourably orientated crystals begin to grow at the expense of those with less
favourable orientations. The bonding between the equi-axed grains is often weak in the
early stages of growth leading to poor inter-granular adhesion [24]. There are also
appreciable levels of film porosity present, which have been found to be as high as 5%
in some studies [25]. As a consequence they have a low elastic modulus as there is very
little in-plane mechanical strength. Significant levels of film porosity and graphite are
also seen close to the coating-substrate interface. Their proportions in the film decline
as columnar grain growth proceeds. This coincides with a rapid increase in the value of

the elastic modulus before it reaches a plateau, and no further increases take place.

At the end of the deposition process the surface of the coating has an appearance like
that shown in Figure 3.6. It shows the grains to have an essentially random orientation,
though under conditions diamond films can be grown with a specific crystallographic

texture, for instance on the (100) or (111) planes.

Two types of diamond are produced by the CVD process with both having separate and
distinct applications. They are known as “white” and “black™ diamond. White diamond
is of very high quality and is transparent on account of the extremely low levels of

graphite present within it. In order to achieve this, very low growth rates (<1.5um hr'')
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are required. It is used in optical and electrical applications. Black diamond is the
higher growth rate variety (typically 2-10pm hr'') and, though having a similar level of
non-diamond carbon present (100ppm), microstructural features such as grain size,
grain boundary and crystal orientation render the material opaque. It is employed in
thermal applications, such as heat spreaders, and tribological components such as

cutting tools. The diamond used in this project is from the latter category.

As with any material it is important to be able to check that the coating produced is
indeed diamond. The simplest technique for analysing CVD diamond is Raman
spectroscopy, which has already been introduced in Section 2.3.3. Knight and White
[26] have reviewed the use of Raman spectroscopy applied to diamond. The
characteristic Raman shift of each molecular species enables the purity of the film to be
determined on a qualitative basis. The main peaks of diamond (1332.5 cm™) and
graphite (1580 cm™) are easily distinguished, making characterisation a relatively
simple task. Typical spectra are shown in Figure 3.7. The scattering efficiency of
graphite is approximately 50 times greater than that of diamond; this fact enables even
minute amounts of graphite to be detected in a CVD diamond film. However, Raman
spectroscopy cannot be used to determine the quantities of graphite present and must be
regarded as a qualitative method only. The use of Raman spectroscopy for measuring
the levels of residual stress in CVD diamond coatings has already been described in

Section 2.3.3.

The advantages of MPCVD diamond include its stability in operation, making
continuous deposition for several days possible. It can also produce good quality
diamond films with a high degree of uniformity. It is now possible to synthesise CVD
diamond wafers in diameters of up to 140mm and up to 2mm in thickness [27]. Its main
disadvantage is that it suffers from the drawback of low growth rate, necessitating
extremely long production runs except for all but the thinnest coatings, although for
some applications the need for diamond films of high quality and purity is more
important than the growth rate. Another technique, the DC plasma jet, is capable of
growth rates of up to 100pum hr'' [28]; however, the maximum area of deposition is

considerably smaller: ~lcm® [19].
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3.4 Polycrystalline Diamond

A related, though different type of diamond is polycrystalline diamond (PCD). Similar
to sintered tungsten carbide in that it has a two-phase microstructure, it is produced by
sintering diamond grains at high pressure in the presence of a metallic binder, usually
Ni or Co. The result is a product, which though exhibiting a slightly lower hardness
than natural and CVD diamond (50 GPa), has a greater fracture toughness (8.8 MPavm
vs. 5.3 MPavm). Furthermore, because it is polycrystalline, one of the problems of
natural diamond, namely that of its anisotropy, is overcome. PCD, produced by De
Beers under the trade name Syndite, is sintered at high temperature (~1500°C) and high
pressure (~6 GPa). The pressures are often high enough to cause plastic deformation in
the diamond grains and direct diamond-diamond bonding can take place. The resultant
microstructure consists of a semi-continucus “skeleton” of diamond grains with a
binder of cobalt or nickel. The cobalt content is typically 12 % wt. The presence of the
binder also renders it electrically conductive. This makes it suitable for electric
discharge machining (EDM). De Beers produce three standard grades of PCD: Syndite
002, 010 and 025, in which the average grain size prior to sintering are 2, 10 and 25um
respectively. The average mean free path between the diamond grains is 0.09um. Two
materials related to Syndite are Amborite and DBC80. Amborite consists of
polycrystalline cubic boron nitride (PCBN) grains with a binder of aluminium nitride
and aluminium diboride. DBC80 consists of 80% PCBN with an average grain size of
6um and 20% TiC as the binder phase. Syndite, Amborite and DBC80 are all bonded to
substrates, usually by brazing, for practical applications. PCD has found uses in
machine tools, wire-drawing dies, saw bladeé, slot cutters and end mills. A detailed
review of PCD has been given by Lammer [29]. Amborite and DBC80 are used for

machining ferrous metals where diamond and PCD cannot be used.

3.5 Diamond-Like Carbon

Another material that is related, though more distantly, to CVD diamond is Diamond-
Like Carbon (DLC). Its name has been the source of much confusion and is often
erroneously included in the same category as diamond. Despite possessing some
similarities, DLC is not diamond but rather a form of amorphous carbon with some
properties, for instance hardness, approaching those of diamond. The bonds are a
mixture of sp>, sp® and C-H; however, the areas of sp’ bonding are not large enough to

show up on Raman spectra. The term “DLC” does not refer to a specific material, but
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rather to a category of materials. Thus, certain properties cannot be assumed to be the

same over the whole range of DLC coatings. General reviews of DLC can be found in

[30,31].

DLC can be produced by a number of different sputtering methods similar to physical
vapour deposition (PVD) and also by CVD. It is carried out at lower temperatures than
CVD diamond (~200°C); this enables it to be coated onto materials such as steel, as
well as other carbide formers such as Si, Mo, Ti and W, with fewer adhesion problems
experienced with diamond. DLC transforms to graphite at lower temperatures than
CVD diamond and, as a result, should not be exposed to temperatures greater than 250-

300°C for prolonged periods of time.

There are several types of DLC depending on the composition. It can be either
amorphous (known as a-C) or hydrogenated (a-C:H or H-DLC). Hydrogenated DLC
can contain up to S0 at % hydrogen. In recent years metal-containing DLC (Me-DLC)
has also been developed. It is produced by employing sputter targets containing a metal

such as W or Ti.

The hardness is dependent on the structure and composition of the films; as a result a
wide range of values have been reported, from 2,000 to 9,000 H,. Like diamond it has a
low coefficient of friction (x) in air, though this is dependent on the humidity: u is seen
to increase with increasing relative humidity. In contrast to diamond, some DLC

coatings continue to display low frictional behaviour, even under vacuum.

DLC coatings have found use in a variety of applications and not limited to the field of
tribology. These have included bearing surfaces, gears, internal combustion engine
components (notably piston rings), measuring instruments, high-density magnetic
recording discs, hip joints and high-power laser windows. Gillette’s new Mach 3 razor
blade features a coating of DLC, which it is claimed will enable vastly increased life
over conventional blades. On a larger scale, the materials used for domes on the new
Cathedral of Christ the Redeemer, in Moscow, are coated with a 1um layer of DLC to

confer enhanced protection against erosion from both rain and airborne dust particies.



Diamond 54
Property Single-crystal CVvDD PCD* | PCBN# DLC WC-6Co
diamond
Hardness (GPa) 57-104 [35] 84-122 50 [29] | 32[36] | 20-90 [4] | 15.5[37]
[31]
Density (kg m™) 3,520 [35] 3,520 [31] 4,120 3,420 1,800- 14,970
[29] [36] 2,800 [4] [37]

Fracture toughness 3.4-5.0 [35] 53+1.3 8.81 [29] 10.0 Not 10.4 [37]
(MPavm) [31] [36] known
Young’s Modulus 1,141 [35] 910-1,250 | 776 [29] 680 120 [31] | 624 [37]
(GPa) [31] [36]
Tensile strength (MPa) | 1050-3000™ 400" - 1260 Not Not Not

[38] 800% 38} [38] known | known known
Compressive strength 9.0 [38] 8.68 [36] | 7.60 [36] 2.73 Not | 4.88 [37]
(GPa) [36] known
Transverse rupture 2.9 {38] 1.3 [38] 1.26 [36] 0.57 Not 2.07 [37]
strength (GPa) [36] known
Poisson’s ratio 0.07 [35] 0.07 [35] | 0.07[29] 0.22 0.3[39] { 0.21 [37]
(dimensionless) [36]
Thermal Conductivity 2,000-2,300 1,300 — 560 [36] 100 400- 100 {37]
at 25°C (W m™ K™ [38] 2,100 [38] [36] 1,000

[31]

Thermal expansion 1.5-4.8 [25] 1.21 [38] 421[36] | 4.9[36] Not 6.0 [37]
coefficient @ 25- known
200°C

Table 3.1: Summary of CVD diamond properties and comparison with related
materials. Key: * = Syndite 010; # = Amborite; +# = Orientation dependent; ++ =

Growth surface in tension; ## = Nucleation surface in tension.

One of the disadvantages of DLC is that, owing to high levels of residual stress, they
are limited in thickness to less than approximately 3um. There are few reports of
erosion studies of DLC in the literature. Chandra et al [32] used solid particle erosion
to evaluate the adhesion of DLC on AISI 304 stainless steel and Ti-6Al-4V substrates
following exposure to a number of biological fluids. The coating thickness was not
given. Telling et al [33] examined the erosion performance of 1-3pm DLC coatings on
Ge substrates when eroded by 40-63um silica particles at 23 m s. The results showed
that the best performing coating was a 3pum Si-DLC multiplayer, which remained

adhered and exhibited only a moderate reduction in LR. transmittance from 55% to
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45% over the course of the test (800 sec). The Ium DLC coating offered protection up
to ~100 sec after which its performance declined rapidly until 400 sec when its
transmission was little better than uncoated Ge (20%). Wood [34] tested 3-5um DLC
coatings deposited on WC-6Co. The erosion test conditions employed were 135um
sand at 16.5 m s”'. He found that those coatings were too thin and were too highly
stressed to be useful for use in erosive applications. As DLC coatings form no part of

this project, they will not be discussed further.

3.6 Conclusions

This section has considered the methods in which CVD diamond is produced as well as
other materials which can be considered to be related to diamond, notably PCD and
DLC. In many categories the properties of CVD diamond approach, and in some cases
match, those of natural diamond. The major properties of the various types of diamond
and other related materials are summarised in Table 3.1. Figure 3.8 shows a selection of

industrial diamond products [40-42].

The last 15 years has witnessed improvements in deposition rates of CVD diamond of
more than 3 orders of magnitude from 0.005 to 20 carats hr' [43] over the period 1987
to 1997. These improvements have enabled corresponding reductions in costs to be
achieved, from $5,000 carat™ to $5 carat™ [43]. As these developments continue, CVD

diamond will find new applications where its unique properties can be exploited.

CVD diamond has found use in many applications including radiation detectors, field
emission displays, fibres for composites, as well as micro-mechanical devices and
sensors. In the electronics industry, the high thermal conductivity of CVD diamond has
led to its use as a substrate material for the dissipation of heat by high power micro- or
opto-electronic devices such as laser diodes. Mechanical applications include wheel
dressing and tools for machining metal matrix composites, where they have exhibited
lower wear rates and produced better surface finishes than PCD. CVD diamond has
also been used in surgical blades in ophthalmology, where they generate lower cutting
forces than stainless steel, which leads to less tissue damage. It has also been the
subject of development programmes to use it for mechanical seals, I.R.-transmitting
windows and domes for aircraft and (of particular relevance to the present project) in

choke valves, where its high erosion resistance has the potential to significantly
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increase valve operating life. Over the last decade a number of investigations of the
erosion behaviour and mechanical properties of CVD diamond have been reported in

the literature: these are described in Chapter 4.
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