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Abstract
Diamond-like carbon (DLC) coatings are becoming increasingly popular in the automo-
tive industry due to their high hardness, resistance to wear and low friction coefficient.
Additionally, they have seen more recent use in the oil and gas industry as protective
coatings for flow control devices such as gate and ball valves. They can suffer from poor
adhesion at high loads and impact stresses. Well characterised coatings will enable the re-
lationship between mechanical properties and tribological behaviour under different wear
regimes to be studied.

To this end, three DLC variants have been produced; amorphous hydrogenated car-
bon, silicon-doped amorphous hydrogenated carbon and tungsten-doped amorphous hy-
drogenated carbon (a-C:H, Si:a-C:H and a-C:H:W) on two different substrates (316L
stainless steel and hardened M2 tool steel) using the Hauzer Flexicoat 850 system lo-
cated at the University of Leeds. Total thickness of the coating was varied from 1–5 µm.
For the a-C:H coating, the substrate roughness was varied between 0.01 and 0.08 µm Ra.
A Cr + WC/W-C:H interlayer is present in all coatings to aid adhesion to the substrate.

Mechanical characterisation has been performed using nanoindentation on the Micro
Materials Nanotest Platform using a partial loading technique. Structural characterisa-
tion of the DLC was performed using Raman spectroscopy to measure graphitisation and
disorder and electron energy loss spectroscopy (EELS) to determine sp2/sp3 ratio respec-
tively. Throughout the testing, scanning electron microscopy (SEM) has been used to
observe the deformation and failure mechanisms of the coatings.

Following this nano-scale fatigue resistance of the coatings was measured by compar-
ing nano and micro-scale impact testing with solid particle erosion. Erosion testing was
performed with a bespoke air powered flow system. Depth reached and relative depth in-
crease with load during impact testing was compared with the amount of substrate visible
(measured using optical pixel threshold method) after time-steps of erosion testing. For
this application it was found that a lower H/E ratio and less severe cracking is beneficial
as seen with a-C:H:W. Cross-section focused ion beam scanning electron microscopy was
used to observe the coating-interlayer cracking phenomena.

Nano-scratch testing was performed to investigate the interfacial contribution to fric-
tion of various probe radii (4.5 µm, 8 µm, 72 µm and 170 µm) compared with one DLC
coating, a-C:H on 316L stainless steel. All the DLC coatings were subsequently tested
using the 4.5 µm probe to observe critical load failures of each coating architecture. Sub-
critical load scratch tests were also performed to investigate the number of passes to fail-
ure.

Fretting tests have been performed on two length scales. Larger length-scale utilised
a 5 mm radius 52100 steel ball and a displacement amplitude of ±50 µm with 20 N and
40 N loads. Both dry and lubricated conditions were employed to assess the coating’s
performance in the gross slip regime. Nano-wear fretting testing with a displacement
amplitude of ±1 µm was performed to match the contact pressures of the larger scale
fretting using the Nano-Fretting module of the Nanotest Platform.

Finally, DLC coatings previously studied, sharing similar architecture to the main
DLCs produced for this study, have been tested using the NanoTriboTest module recently
developed by Micro Materials Ltd. This module has allowed frictional tests to be per-
formed on the nano-scale in the reciprocating sliding regime to compare with the fretting
results. A 25 µm radius sphero-conical diamond probe was used giving larger contact
pressures than typical tribological contacts (> 10GPa) to model accelerated wear.
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Chapter 1

Introduction, Project Background

and Research Objectives

“The worthwhile problems are the ones you can really solve or help solve,

the ones you can really contribute something to.. . . No problem is too

small or too trivial if we can really do something about it.”

Richard Feynman [1]

1.1 General background and Motivation for research: Cli-

mate Change

In science, problems are often pursued for their interest alone with thought to application
given much later in the development and pursuit of the research. However, in engineering,
more thought must be given to the practicalities of the problem and the implementation of
the solution. The main driving force of much engineering research is the creation or opti-
misation of systems for increased efficiency or allowing components to survive in extreme
environments not possible previously. To achieve this, the scale on which challenges are
pursued in engineering varies widely. In more recent years, the prevalence has been to-
ward the micro/nano-scale to understand the underlying mechanisms of phenomena. This
will allow larger scale effects to be understood and optimised.

The motivation of much work in engineering is to reduce the effects of climate change
as it is seen as predominant challenge affecting mankind in the present day. Though some-
times referred to as global warming, the effect is that which humans have on the climate
due to the burning of fossil fuels (such as coal, oil and gas) and large scale deforestation
[2]. The increase in atmospheric trace gases resulting from this activity such as carbon
dioxide (CO2), methane, nitrous oxides and chlorofluorocarbons (CFCs or ”Freons”) are
primarily the cause of the temperature increase. They are referred to as ”greenhouse
gases” as they allow incoming solar radiation while restricting outgoing thermal radiation
to space, in effect increasing the surface temperature of the planet. This is similar to a
greenhouse’s glass wherein it has the property of absorbing infrared radiation while being
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transparent to visible light [2, 3].
This effect was first recognised by French scientist Jean-Baptiste Fourier in 1827.

John Tyndall, a British scientist, measured the absorption of infra-red radiation by CO2
and water vapour around 1860 and suggested ice ages may result from a decreased green-
house effect. A Swedish chemist, Svante Arhenius calculated the effect of increasing the
concentrations of greenhouse gases in 1896, estimating that doubling the concentration
would increase global average temperature by 5–6 °C [2].

A simple model of how greenhouse gases function is to consider a surface modelled
as a black body (an ideal emitter of radiation at every frequency that emits isotropically).
The radiative power of the object is defined by the Stefan-Boltzmann law [2, 4]:

Pr = εσAT 4 (1.1)

where Pr is the power radiated, A is the area of the object, σ is the Stefan-Boltzmann
constant 1 and ε is the emissivity of the object. We can consider a surface of temperature
Ts receiving radiation in the visible spectra equal to σT 4

0 . In the absence of any blanketing
Ts = T0. If an absorbing layer is introduced at temperature Ta that is visible radiation
transparent but absorbs infra-red at a fraction k of the radiation of the surface beneath.
The layer will emit radiation equal to kσT 4

a upwards and downwards equally. Therefore
its temperature would be T 4

a = 0.5kT 4
s . Surface temperature can therefore be expressed

as:
T 4

s = (1−0.5k)T 4
0 . (1.2)

For k = 0.5, T 4
s = 1.3̇T 4

0 . A layer that absorbs half the thermal radiation received will
increase the absolute temperature of the surface beneath by ≈ 7.5%. If we take a quanta
of radiative power equal to 25 °C, this equates to a surface temperature of ≈ 26.9°C, a
temperature increase of 1.9 °C.

If the absorbing layer in introduced near instantaneously, before any warming can oc-
cur, an immediate reduction in outgoing radiation is seen in the upper atmosphere equal
to 0.5kσT 4

0 . This quantity is known as radiative forcing and the larger it is, the more se-
vere any warming effect will be. Under circumstances where the planet isn’t experiencing
an increased warming phenomenon, a fine balance exists in the absorbance, reflectance
and emission of radiation that maintains the surface temperature of Earth in a reasonable
range to support life [2].

The Intergovernmental Panel on Climate Change’s report entitled Climate Change
2007: The Physical Science Basis [5] identified CO2 as the most severe in radiative forc-
ing of the long lived greenhouse gases. Methane, nitrous oxides and halocarbons are seen
as the next most severe followed by ozone (both stratospheric and tropospheric). The
global increase in CO2 is primarily due to fossil fuel use whereas methane and nitrous
oxide are primarily due to agriculture.

Greenhouse effects are also seen on our nearest planetary neighbours: Mars and
Venus. Venus, though about the same size as Earth, has approximately 100 times the
atmospheric pressure. Therefore it generates a large greenhouse effect giving it a surface
temperature of about 500 °C. This is a good example of a runaway greenhouse effect
where, being closer to the sun, water vapour would have been a large constituent of the
atmosphere and a large positive feedback loop occurred where water boiled away from
the surface increasing the water vapour in the atmosphere. Thankfully, this cannot occur
on Earth [2].

Figure 1.1 shows the global temperature measured from 1850–2019 relative to the

1σ = 5.6703×10−8 W/m2K4
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average temperatures from 1961–1990. Though there is some variance on temperature
year on year. From 1980 onward, it can be clearly seen that average global temperature
anomaly has trended upwards reaching approximately 0.7 °C higher in 2019 as compared
to the 1961–1990 baseline. This is referred to as a temperature anomaly due to its unex-
pected deviation from the normal heating and cooling trends of the planet. If this trend is
extended back to 1850, the average temperature rise is 1.1 °C [6].

Figure 1.1: Global temperature anomaly from 1850–2019. Upper and lower confidence
intervals are shown in light grey with the median line shown in red. From [6, 7].

This rise in global temperature is attributed to the increase of greenhouse gas emission,
particularly CO2 as this link has been seen throughout history [6]. Figure 1.2 shows the
variation of atmospheric CO2 concentration (in parts per million) as measured over the
last 800,000 years. The periodic fluctuations in CO2 concentration coincide with ice ages
(low concentration) and interglacials (high concentration) and are caused by changed in
the Earth’s orbit around the sun; this is known as Milankovitch cycles. We can see that
over this period, the concentration did not rise above 300 ppm but in the most recent
reading, it has now exceeded 400 ppm [3, 6].
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Figure 1.2: Global average long term atmospheric CO2 concentration up to 2018. From
[6, 8].

This increase in CO2 concentration can almost entirely be attributed to human activity.
Figure 1.3 shows the total annual CO2 emissions by world region. Global emissions were
2 billion tonnes in 1900 which has increased to 36 billion tonnes in 2017 [6]. Data from
2014–2017 suggested that global emissions had stabilised however the Global Carbon
Project has reported increases of 2.7 % and 0.6 % in 2018 and 2019, respectively [9].

Figure 1.3: Annual CO2 emissions in tonnes by world region. From [6, 10]

In 2015, 196 countries of the United Nations came together under the Paris Agree-
ment to change their national development strategies to pursue sustainable development
to thereby limit global warming to 1.5–2 °C above pre-industrial levels. To help achieve
this goal, appropriate financial flows, a new technology framework and an enhanced ca-
pacity building framework will be put in place to aid developing countries. All parties are
required to put their best efforts through nationally determined contributions. The agree-
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ment came into force on the 4th November 2016, 30 days after which at least 55 Parties
to the Convention accounting for approximately 55 % of the total global greenhouse has
emissions deposited their instruments of ratification, acceptance, approval accession [11].

Current predictions show that the world is not on track to meet its agreed target of
limiting warming to 2 °C with current trends and policy implementations showing that
the expected warming will be in the range of 3.1–3.7 °C [6]. A Nature Climate Change
article by Peters et al. [12] in 2020 showed that despite significant progress in low carbon
technologies and reduced energy usage in some countries, fossil fuel use is continuing to
grow suggesting that the full selection of policy options isn’t being effectively deployed.
The European Environment Agency report in 2019 [13] showed that most EU member
states are not on track towards their climate and energy targets in 2020 with only 11
countries meeting all goals and only 3 countries on track currently to meet their 2030
goals. The COVID-19 pandemic has resulted in significant change in the energy demand
around the world due to the closing of international borders and the lockdown restrictions
to travel within countries. By early April of 2020, the daily CO2 emissions decreased
by 17 % compared to average levels in 2019. Overall emissions in 2020 are predicted to
have decreased in the region of 4–7 % depending on how long restrictions remain in place
worldwide [14].

A report by the RAC Foundation [15] showed that from 1971–2007 the number of cars
in the UK grew by 3 % per annum to over 31 million in 2007. Over 77 % of households
had access to a car with a significant increase in multi-car households with approximately
20 % having two cars and 5 % having 3 or more cars. A paper by by Ahn et al. [16]
in 2008, predicted that gasoline fuelled cars would continue to be the first choice for
most consumers but alternative fuel 1 vehicles will compete and their further presence in
the market would lower petrol and diesel consumption. The Department for Transport
noted that 599,000 vehicles were registered for the first time in Great Britain during the
first quarter of 2020 which is a 30.1 % reduction on the first quarter of 2019. Diesel car
registrations decreased by 45 % and petrol cars decreased by 34 %. These statistics can
largely be attributed to the COVID-19 pandemic. Despite this, 33,696 ultra low emission
vehicles 2 were registered for the first time (a 113 % increase on 2019) and these made up
5.6 % of all new registrations contributing to the increase of alternative fuel cars registered
(65 %) [17].

Ruiz et al. [18] performed a study on climate change perceptions as it has been iden-
tified that one of the main issues with the implementation with climate change polices
is the community perception as well as the poor understanding of the impact caused by
these policies. Perceptions in the USA and in international cases were studied with nu-
merous factors considered. In the international case, the largest positive influences are
socio-altruistic values, observation of changed weather, support of liberal values and self
perceived knowledge of climate change. In the USA, the influence of corporations is
seen to be a much larger negative influence as compared to international perceptions.
Education and awareness of scientific work is seen to be a far larger positive influence
internationally as compared to the USA. Additionally, far smaller weighting is seen to be
given to personal experience and perception in the USA compared to internationally.

1Vehicles powered by sources other than petrol or diesel.
2Vehicles that emit less than 75 g of CO2 for every kilometre travelled.
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1.2 Significance of Tribology and Surface Engineering

Tribology, as the study of interacting surfaces in relative motion [19], is a vitally important
field to many branches of industry. Though the formalisation of tribology as a dedicated
field of study is relatively new, having been introduced as a term in 1966 with the Jost
report [20]. There is evidence of some knowledge of tribology being applied by the
ancient Egyptians [21]. Jost and co-workers predicted that approximately £515 million
(1.36 % of gross national product (GNP)) could be saved with the implementation of new
tribology in machines and equipment across the country; this would equate to £9,000
million in 2017 as seen in Figure 1.4. In 2016, 50 years after the Jost report Holmberg
et al. [22] reviewed the potential savings in the present day economy and concluded
that approximately £12,600 million could be saved (1.39 % of GNP of the UK). In 1966,
95 % of the savings were related to wear, component breakdown and failure, maintenance
and lifetime costs. Machines and equipment are much more reliable today with much
less breakdown and failure with lower maintenance costs. The 5 % savings of friction
reduction grew to 74 % in 2017 with a huge decrease in lifetime savings. Wear out of older
products is no longer the main reason for the acquisition of new products; the adoption of
new functions and designs plays a much larger role in purchasing now.

Figure 1.4: Potential savings by the implementation of new tribology in machines and
equipment in 1966 vs 2016. From [22].

In a global context, Holmberg et al. [22] estimated that∼ 23% (119 EJ) of the world’s
total energy consumption originates from tribological contact. An area that quickly demon-
strates the possible tribological energy savings (and therefore monetary savings) is the
optimisations of passenger cars with 25 % of the potential short term savings [22]. Fig-
ure 1.5 shows the breakdown of energy consumption in a typical passenger car. Frictional
losses are seen to account for 33 % of the energy converted from fuel which can be further
broken down into engine losses (11.5 %), transmission (5 %), rolling resistance (11.5 %)
and brakes (5 %). Though each of these areas represent relatively small amounts of en-
ergy for the vehicle, the reduction of even fraction of a percentage of any of these areas
increases the the amount of energy available to move the car and reduces the ”useless”
energy losses. When this is stratified across the huge number of cars on the road, the
cost savings both in monetary value and reduction of harmful effects on the environment
speaks for itself. In comparison, global aviation (domestic and international passenger
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and air freight) accounts for 1.9 % of greenhouse gas emissions and 2.5 % of CO2 which
is relatively small in comparison to automotive emissions worldwide. Air travel is noted
as being particularly difficult to decarbonise and reduce energy losses from [23].

Figure 1.5: Breakdown of passenger car energy consumption. From [24].

Surface Engineering is the design of surface/substrate composite systems to achieve
performance unable to be achieved by either the surface composition or substrate alone;
by engineering the surface, the appearance can be improved, protection from environ-
mental damage can be given and mechanical and physical performance of the surface can
be enhanced [25]. In 2004, Artley and Matthews estimated that the value of products
that incorporated surface engineering was $50 trillion per year worldwide [26]. Estimates
put the UK industry’s current turnover at £11.2 billion and directly affecting over £140
billion in associated goods with a compound annual growth of over 11 %. By 2025, it
is estimated that the turnover will exceed £25 billion and to affect over £313 billion of
associated goods. Over 46,000 people are employed in the sector in more than 2000 com-
panies, 86 % of which are small-to-medium enterprises (SMEs) and supporting a further
150,000 jobs in the UK supply chain [27, 28].

A 2014 report by the Surface engineering and advanced coatings (SEAC) Special In-
terest Group reviewed the UK’s surface engineering industry to evaluate how it can meet
increasing demands in the coming years. Surface engineering is seen to add value to
products in such varied industries as aerospace, consumer electronics, healthcare, food
and drink. It was noted that some perceive SEAC technologies to be an add-on or af-
terthought to enhance product performance but this undervalues the potential added value
of properly integrating these technologies. Furthermore, a vulnerability was identified to
meet the digital gap to increase efficiency in the technology which could result in a 10–
30 % loss. The report concluded with the recommendation that the UK SEAC sector must
radically change to remain competitive in the global market by adapting a ”design for
manufacture” model and including more participants in the early prototyping and manu-
facturing stages [28].

The German Society for Tribology produced a report in 2019 [29] summarising the
importance of tribology and the use of surface engineering in reducing economic losses
and optimising technology to reduce emissions and energy losses. Lower CO2 emissions
realised by friction reduction was noted as being a key factor. The German government
predicts that in total 22 million tons (6.4 % of the CO2 reduction projected for 2030) could
be saved by friction reduction alone without affecting utility value [29]. The economic
importance of tribological savings was identified with 1 % of the GNP as potential sav-
ings by the German Ministry for Education and Research in 1976 [30]. This equates to
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C32.7 billion in 2017. Frictional losses in the automotive powertrain are highlighted in
the report, with the piston module highlighted as producing approximately 50 % of the
friction of a combustion engine. Both low viscosity oils and high viscosity index oils (to
maintain viscosity stability at high temperature) were identified as important development
pathways to reduce friction and wear. The application of thin films such as Triondur© CN
and Triodur© DLC are seen to reduce friction up to 75 % with a further 20 % achievable
with low viscosity oils. Additional important areas identified in the report are hybrid
drivetrains [31], alternative fuels (such as hydrogen or methane) [32] and synthetic or
bio-lubricants [33].

1.3 Rationale for research: on the significance Of DLC

as a coating

DLCs are an important class of coating material for many industries with varied uses be-
yond its tribological ones. In referring to it as a class of coating material, we are talking
about the many coating structures available by tuning the structure of amorphous car-
bon with deposition conditions. This will be explored further in Chapter 2. At present,
this section will provide a brief overview of the coatings importance in its many varied
applications. Figure 1.6 shows the annual publications on DLC from 1970-2012. We
can note a massive increase in the interest in this coating in the 1990s with annual pub-
lications exceeding 500 in the years 2004–2009 [34]. This in itself is a major signifier
of the importance of DLC coatings. The great strength of DLC coatings is their ability
for properties to be tailored based upon their deposition mechanism and deposition condi-
tions to suit varied applications [35]. The proportion of graphitic bonded carbon, diamond
bonded carbon and hydrogen thereby varies in the coating structures. The most exploited
properties are high wear resistance and low friction coefficient, chemical inertness, infra-
red transparency high electrical resistivity and low dielectric constant. DLCs have been
seen in numerous applications such as wear and corrosion protection for magnetic storage
media (where nano-smooth and thin coatings are required) and protection for biological
implants such as artificial heart valves (also due to their biocompatibility) [35]. Proper-
ties can be further modified by doping with various light and heavy element to give such
properties as fluorine for altered surface energy, silicon for thermal stability and titanium
for enhanced adhesion [36].
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Figure 1.6: Publications on Diamond-like carbon from 1970-2012. From [34].

1.4 Nano-Tribology as a method to assess

fundamental mechanisms

The length scale of work in tribology is important as it is fundamentally linked to the
phenomena that can be investigated at each scale. In macroscale tribology, the real area
of contact is obscured and instead we must work with an estimation of this area. As we
move to the micro and further to the nano-scale, the real area of contact and apparent area
of contact converge. Once the nano-scale is truly reached, single asperity interactions are
possible with the scale of the interaction approaching that of the natural length scale of
features on the surface [37].

This allows for the fundamental elements of tribological contact to be determined
such as the tribo-chemical adhesion between two surfaces without the tribo-mechanical
ploughing component of friction and wear that can be dominant on the macroscale. The
great difficulty lies in uniting the behaviour seen across length scales due to different
scales being dominated by different mechanisms. However the aim is that, eventually,
this fundamental understanding will allow for a prediction of macroscale behaviour. In
addition to a desire to understand fundamental mechanisms for tribological interactions,
increasing understanding at the small scale allows for new applications such as micro-
electromechanical devices (MEMS) to be exploited [37]. Figure 1.7 shows the scales
of study in tribology and the phenomena that can be studied using each methodological
approach.

10



Figure 1.7: Scales of study in tribology and associated phenomena. From [38].

1.5 Aims and Objectives

This section details the aims and objectives as they were established for the completed
project. The initial project plan consisted of six distinct work packages, these being:

• DLC Coating Production and Characterisation

• Nano-scratch for the Determination of Interfacial Friction

• Development of an Electrochemical Cell for Nano-scale Tribocorrosion Studies

• Nano-scale Fatigue and Fretting Testing

• Nano-scale pin-on-disk (POD) testing

• Macro-scale POD testing

As the project progressed some changes were made to the original plan which are talked
about further in Section 10.1. In brief, however, POD testing was not performed, in its
place multi-scale fretting testing and nano-scale reciprocating testing was performed. The
development of the electrochemical cell was dropped from the project aims due to the time
requirements to fully investigate the other work packages. This change in work packages
was linked with product development at Micro Materials Ltd. with a high emphasis being
placed on impact testing and the development of the new NanoTriboTest module allowing
the nano-scale reciprocating wear testing.

1.5.1 Aims

The primary motivation of this research as described in detail in Section 1.1 is to reduce
the effects of climate change however the use of coatings to combat such a large and
pervasive problem seems like it would have little effect. The adoption of well optimised
coatings across industry and particularly the automotive sector (where DLC has numerous
applications) can have an additive beneficial effect whereby small energy savings can
cumulatively reduce emissions.

Many studies focus on a few primary analytical methods to study coatings however
each of these methods only captures a partial picture of the full coating performance.
Practically, for many studies, it is simply not feasible to include the full roster of possible
test methodologies, but the length of this project has allowed for use of multiple test
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methods to produce a fuller picture of the performance of the coatings. Testing across
length scales also presents difficulties as the mechanisms between the macro and nano-
scale are fundamentally different; this is an ongoing research area and it will be explored
throughout this thesis.

Therefore, the further study of the fundamental mechanical, structural and tribologi-
cal properties of a series of DLC coating designs can expand upon the base of knowledge
in literature. The coatings in this study were produced using the Hauzer Flexicoat 850
system at the University of Leeds. 3 primary DLC variants were produced with varying
thickness and substrate roughness (changing the top layer coating roughness) on two sub-
strates giving a wide range of properties to affect the coating’s tribological performance.

The Micro Materials NanoTest platform is a modular system allowing a variety of
tribological modes of testing to be carried out. Nanoindentation, as the core function of
the system, was used to determine the whole coating structure mechanical properties in a
partial load-unload method. This was used to show its benefits over standard indentation
methods. Fretting, impact and scratch techniques were performed on two length scales to
show the capabilities of the measurement platform and the results on each scale. Finally,
a new module, the reciprocating sliding head designated the NanoTriboTest was tested to
evaluate its efficacy.

As DLC coatings are amorphous, elemental proportions, carbon bonding and level
of amorphization within the coating are commonly used to characterise their structure.
This data, when combined with the mechanical properties, gives context to the coating’s
mechanical and tribological performance.

Each of these techniques will give some information on the performance of the coat-
ings, depending on the number of dimensions of testing and load applied. By analysing
the results with respect to the information provided by each technique and the length-scale
being investigated, a more complete picture of the coating can be built. This will be used
to show that a combination of characterisation methodologies is best for defining coating
performance. The collected methodologies can also be applied to other architectures be-
yond DLC.

1.5.2 Objectives

The objectives of this project are:

• To perform partial load/unload indentation tests and scratch test experiments to
determine the mechanical properties and adhesion of the coating structures.

• To use cross section SEM, energy dispersive x-ray spectroscopy (EDX), Raman
spectroscopy, transmission electron microscopy (TEM) and EELS to determine the
structure of the coatings.

• To use calotesting and correlate cross section SEM to determine the deposited coat-
ing thickness.

• To determine the difference in tribological performance of each of the coating vari-
ants depending on the top layer DLC, substrate, substrate roughness and coating
thickness.

• To use instrumented impact and air-based erosion to link the fatigue effects of these
processes on DLC coatings.

12



• To use nano-scratch testing with varying probe radii to investigate the interfacial
friction contributions and assess the relation between probe radius, contact pressure
and critical load failure.

• To perform micro-fretting tests at high contact pressures in both dry and lubricated
conditions and compare and contrast the results to that of the same contact pressure
in nano-scale fretting.

• To use Micro Materials newest module, the NanoTriboTest, to record the nano-scale
reciprocating sliding friction.

• To produce a number of publications detailing the pertinent results acquired.

1.5.3 Project Structure

The structure of the project is summarised in Figure 1.8 beginning with the coating de-
sign parameters that are used in the production of the coating matrix. The coatings are
produced using the Hauzer Flexicoat System at the University of Leeds. The coating de-
signs and layer thickness are verified with the Calotest technique and SEM. As they are
based on pre-existing designs 1, no repeated cycles of production and verification were
required. Mechanical properties are determined with nanoindentation and scratch testing.
The structure of the coatings is analyse using Raman spectroscopy and TEM/EELS. The
information gained using these methods can be utilised to discuss the results gained by the
nano-scale fatigue, quantitative adhesion assessment, multi-scale fretting and nano-scale
reciprocating sliding studies. The techniques will be fully described in their respective
sections throughout the thesis.

1Some modifications were made to the recipes such as the deposition time to achieve the various
thicknesses in this study however no further design changes were made.
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Figure 1.8: Flowchart of the main parts of the project and the associated experimental
methods/parameters.

1.6 Thesis Structure

This thesis will first cover the relevant literature and theory applicable in the surface en-
gineering and tribology of diamond-like carbon and the wear processes studied in this
project. This can be found in Chapter 2. Following this theoretical overview, the produc-
tion of the DLC coatings and the substrates that they are applied on in this study will be
detailed in Chapter 3.

The chapters proceeding will detail each of the categories of experimental work used
in the characterisation and testing of the coatings. These chapters will be written with their
own standalone introduction, methodology, results and discussion (where appropriate) to
allow for the results to be detailed fully in the context of that study alone. This will be as
follows:

• Chapter 4: Mechanical Characterisation of DLC Coatings.

• Chapter 5: Structural Characterisation of DLC Coatings.

14



• Chapter 6: Nano-Scale Fatigue Determination by Comparison of Erosion and Im-
pact Testing.

• Chapter 7: Nano-Scratch for the Determination of Interfacial Friction.

• Chapter 8: Multi-scale Fretting Testing of DLC Coatings.

• Chapter 9: Frictional Performance of DLC Coatings under Nano-Scale Reciprocat-
ing Sliding.

Chapter 10 will present an overall discussion and collected conclusions of the thesis.
The effect of coating mechanical properties and structure on the tribological performance
of DLC taking all the wear conditions into consideration will be addressed. Limitations
of the project and recommendations for further experimental techniques (for anyone pur-
suing similar research) are discussed in section 10.4. Finally recommendations for future
work, in reference to the possible further investigations of this work as well as rising
themes in tribology and surface engineering, are presented in Chapter 11.
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Chapter 2

Literature Review

This literature review covers the fundamentals of tribology, its history and more recent
applications on the nano-scale. As this project is primarily focussed on the characteri-
sation and application of coatings for improved tribological performance, discussion of
fundamentals will reference coated applications as these are most relevant. Surface En-
gineering will be explored in its application to tribology in the production of coatings,
particularly DLC.

2.1 Fundamentals of Tribology

Tribology is the science and technology of interacting surfaces in relative motion and
of related subjects and practices [19] or, as is sometimes defined, the study of friction
wear and lubrication [39]. “Tribology” is derived from the Greek word “tribos” meaning
rubbing or sliding and “ology” meaning the study of. The term itself was introduced in
1966 in a landmark report by Jost and his associated working group formed to investigate
the then current state of lubrication education and research [20, 39].

Much of tribology research is dedicated to increasing the reliability of components
in large industrial systems. By analysing the operating conditions, failure of older com-
ponents and assessing historical data, a model of current component performance can be
established. New materials and designs alongside new monitoring methods allow im-
proved performance alongside better prediction of failure probability and lifetime. This is
accomplished by a combination of scaling down and simplifying contact geometry to test
in the lab and analysing real world failures [40]. Numerical modelling methods are being
used more regularly in tribological studies. An energy approach can be used at the macro-
scale and when scaling down, reduction to a one dimensional problem is common. On
the nano-scale, a movable cellular automata method can investigate fundamental friction
and wear and changes in surface topography. This method, however, uses a large amount
of computing power due to the simulation requiring small time-scales [41].

Much tribology research is concerned with industrial problems and therefore we often
forget the influence that the field has on our everyday lives. Dowson [42] identified the
tribological issues present in our everyday lives, this included the bio-tribology of joints
and joint replacements to the tribology of teeth, clothing and shaving. Many tribological
processes are understood at the macro-scale however once we progress down to smaller
scales to investigate the fundamentals, the true complexity of friction and wear becomes
apparent. Some fundamental questions still to be answered include why static friction is
universally observed between solids, how are friction and wear related and how can we
control them in practice [43].
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Contact mechanics is an essential underlying component of all tribological studies
as it defines the interactions between two surfaces. The peaks on surfaces are known as
asperities. When two surfaces are in contact, only the highest asperities are touching. This
results in the real area of contact being much lower than the apparent contact area and the
stresses at these contacts being high. The stresses of contact asperities are dependent upon
the shape of the asperity and the elastic and plastic properties of the contacts [19, 44].

The elastic properties of contacting materials are described by their elastic modulus
(E) and the Poisson’s ratio (ν). When two surfaces are in contact their combined contact
elastic modulus (E ′) is:

1
E ′

=
1−ν2

1
E1

+
1−ν2

2
E2

(2.1)

where E1, ν1 and E2, ν2 are the elastic moduli and Poisson’s ratio of each surface respec-
tively.

Plastic properties are usually described by their hardness (H). Indentation hardness is
the most useful way to describe hardness in a tribological context. This will be detailed
later in this review. Hardness measured under indentation is related to the yield pressure
of the material and this is also closely related to the uniaxial yield stress (σy or sometimes
simply known as Y ) [19, 44]. This is because the indenter reaches equilibrium in the
hardness test when the load is just supported elastically. Therefore we can write the
relation:

H ≈Cσy (2.2)

with C = 2.8 where C is the constraint factor, which holds for most metals. Fischer-Cripps
[45], in his “Introduction to Contact Mechanics”, notes that the relation is sometimes
taken as C ≈ 3 for metals (where E/σy is large) from Tabor [46]. For lower values of
E/σy (such as glasses), C ≈ 1.5 . Chudoba et al. [47] used a combined modelling and
indentation approach to analyse the H/σy (maximum von Mises stress) and found that
C can vary depending upon the material properties namely H/E which will be detailed
further in Section 2.5.8. The constraint factor arises as the mean contact pressure in hard-
ness testing is greater than that required to initiate yield compared to uniaxial compressive
stress [45, 48]. In effect, this coefficient accounts for adding the additional dimensions of
yield as present in indentation.

For DLC, Chudoba et al. [47] found C to be 1.57. For higher H/E materials, C
can approach unity, for example sapphire was found to have a C of 1.10. Therefore, the
limiting elastic strain (εp) (strain for the onset of plastic deformation) is given by:

εp =
H

CE
(2.3)

These relations are important for friction and wear [44]. In the contact between two
hard surfaces, the most common contact mechanics formulation is that established by
Hertz. Hertzian contact mechanics deals with the pressure between two elastic bodies
placed in mutual contact [45]. In assigning a shape to the surface in a contact, certain
boundary conditions are given:

• The displacements and stresses must satisfy the differential equations of equilib-
rium for elastic bodies, and the stresses must vanish at a great distance from the
contact surface.

• The bodies are in frictionless contact.
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• At the surface of the bodies, the normal pressure is zero outside and equal and
opposite inside the circle of the contact.

• The distance between the surfaces of the two bodies is zero inside and greater than
zero outside the contact circle.

When modelling asperities, we assume that the tips have a spherical curvature so that
contact is between two spheres of radii R1 and R2. This can be further simplified still by
assuming that one surface is flat so the model becomes contact between a sphere of radius
R and a plane. An equivalence relation can be written [19, 44, 45]:

1
R
=

1
R1

+
1

R2
(2.4)

Under a normal load (P), the sphere and plane deform and approach each other by a
distance (δ ) to give a circular contact of radius (a):

a =
3

√
3PR
4E ′

(2.5)

δ =
a2

R
=

1
2

3

√
9P2

16RE ′2
(2.6)

The maximum pressure (Pmax) is given by:

Pmax =
3P

2πa2 =
3

√
6PE ′2

π3R2 (2.7)

Hardness is related to the mean contact pressure (Pmean) under an indenter. The mean
pressure varies dependent upon the load and geometry of the indenter 1. Information of
the elastic and plastic properties of a material can be obtained with spherical indenters by
plotting Pmean against a/R (this ratio is known as indentation strain). Three regimes can
be identified [45, 48]:

1. Pmean < 1.1Y – Fully elastic response with no permanent or residual impression left
in the specimen after load removal.

2. 1.1Y < Pmean < CY – Plastic deformation exists beneath the surface but is con-
strained by the surrounding elastic material. The constraint factor (C) depends on
the material and indenter geometry.

3. Pmean = CY – The plastic region extends to the surface of the specimen and con-
tinues to grow in size such that the indentation contact area increases at a rate that
gives little to no increase in the mean contact pressure for further increases in in-
dentation load.

In region 1, during the initial application of load, the response is elastic and therefore the
mean contact pressure (Pmean) can be predicted from a Hertzian relation:

Pmean =
P

πa2 =

(
4
3

E ′

π

)
a
R

(2.8)

1Sharpness of indenter (face angles in contact with sample) changes the maximum plastic zone in
terms of shear stress distribution. In combination with the relative ductility of samples being indented and
the measurement of contact area, the permanent deformation (hardness) measured can vary [48, 49].
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Many researchers have advanced these fundamental contact mechanics methods. Pers-
son [50–52] has performed several analyses of contact mechanics to extend it further
in looking at randomly rough surfaces and with more complex materials like rubber.
Dongfeng and Koji [53] used finite element methods to analyse the contact pressure distri-
bution in hard coatings, taking into account the effects of substrate hardness, coefficient
of friction and ratio of coating thickness to contact width, to find a critical maximum
contact pressure of yield. Schwarzer et al. [54] performed similar analysis to find the
exact solution for the displacement and stress distribution for a coated half-space under
Hertzian contact conditions.

Under the ideal contact of two surfaces, we can visualise a rough surface (as shown
in Figure 2.12 on page 44) making contact with a smooth plane. In this scenario, only
some asperities will make contact with the plane in different states of deformation (elastic,
elasto-plastic and fully plastic). In general, as more load is applied, more asperity contact
will be made such that the actual contact area is proportional to the load [44]. Greenwood
and Williamson [55] established the plasticity index (ϕ), this gives an indicator of the
relative amounts of elastic and plastic deformation in a system. This is dependent upon
the ratio of hardness to elastic modulus, roughness and asperity ratio. Under normal
contact load, finite element analysis shows [56]:

• when ϕ < 0.5, the contact is entirely elastic;

• when 0.5 < ϕ < 1.4, the contact is elasto-plastic;

• when ϕ ≥ 8.0, the contact is entirely plastic. Between 1.4 and 8.0, the contact is in
transition between elasto-plastic and fully plastic.

More information on this can be seen in Section 2.5.8.

2.1.1 History of Tribology and Potential for the Future

Though the formalisation of tribology and unification of its aspects only occurred in the
1960s, the field itself has existed for far longer. Dowson [57], in his book ‘History of
Tribology’ identified evidence of tribological knowledge as far back as Ancient Egypt in
the movement of a large statue. Further evidence of tribological knowledge can be found
in stone age fire making equipment, drilling machines and door sockets [58]. Leonardo
Da Vinci famously made initial formalisations of tribology in his study of the sliding and
rolling of bodies on horizontal planes [59]. The industrial evolution saw rapid technolog-
ical expansion with Robert Hooke’s work on friction and wear reduction in bearings and
Isaac Babbitt developing low friction metals [58].

An important metric for the development of tribology throughout time is the gradual
reduction of film thickness as noted by Dowson [60] in 1992. This is also noted by Spikes
[61] in his 2001 review of tribology research in the twenty-first century.

Popov [62] postulated that tribology was reaching a ’Golden Age’ in 2018. Despite the
relative obscurity of the field new technologies such as fast Fourier transform boundary
element methods have the potential to allow for direct calculation of contact conditions.
Furthermore, contact mechanics theories have improved greatly looking at more complex
materials. Classical tribology of bearing and gears is well understood but the field now
looks towards nano- and bio-tribology for new advances. This was echoed by Stachowiak
[63], in that new advances come by analysing the fundamental processes using nano-
tribology.
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Table 2.1: Changes in tribological film thickness with technological development. From
[60].

Time Period Development Film thickness (m)

Late nineteenth century (1900) Plain bearings 10−4–10−5

Mid-twentieth century (1950) Steadily loaded bearings 10−5

Late twentieth century (1980) Dynamically loaded bearings 10−5–10−6

Late twentieth century (1990) Elastohydrodynamics (gears; rolling bearings; cams; synovial joints) 10−6–10−7

End of the twentieth century (1990-2000) Asperity lubrication; low-elastic-modulus solids; magnetic recording; plasto-elasto-hydrodynamic lubrication 10−7–10−9

2.1.2 Friction

Friction is the resistance to motion as one surface moves over another. Essentially, this
can be stated as the resistive force encountered when asperities interact in dry contact;
the theories of adhesion and ploughing define this in different ways [19, 64]. The studies
of Leonardo Da Vinci and Amontons led to the development of the first two fundamental
laws of friction with the third being derived from the work of Coulomb [19]. These dry
friction laws are:

• The friction force (F) is directly proportional to the applied load (W ).

• The friction force (F) is independent of the apparent area of contact (A).

• The friction force (F) is independent of the sliding velocity (V ).

Generally these laws are only true under ideal conditions that are not representative of
common tribological contacts. The ratio of the friction force to the normal load is ex-
pressed as the COF:

µ =
F
W

(2.9)

where µ is the coefficient of friction, F is the friction force and W is the normal load.
These laws of friction are seen to break down at the nano-scale where instead roughness
is seen to dominate [65]. Nanotribology is characterised by a light load (µN to mN) and
subsequently produces little to no wear. The interaction is typically confined to the first
few atomic layers [66, 67]. As a result of this, the wear mechanisms (as defined in the
next section) are not applicable as they were constructed for the macro-scale. The real
area of contact is vastly different between the two length scales also with macro-scale
only having a fraction of the real contact of asperities [68]. A nano-scale tribological
interaction can therefore be viewed as a single asperity interaction which will change the
level of adhesion of asperities. On the nano-scale other mechanisms can be be present
to affect the tribological interaction; these can be electronic effects, thermal effects and
molecular deformation [69]. The differences in interaction between the macro and nano-
scale will be investigated in this thesis.

2.1.3 Wear

Wear is the progressive damage of a material resulting in material loss. Wear rates vary
hugely depending upon the material selection. Generally, there is no way to accurately
predict wear from first principles therefore this is generally performed by lab and field
tests [19, 44].
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2.1.3.1 Wear Mechanisms

Wear can be broken down into five basic wear mechanisms, these being abrasion, adhe-
sion, erosion, corrosion and fatigue.

2.1.3.1.1 Adhesion Bowden and Tabor established adhesive wear was due to cold
welding of asperities and that shear must take place for sliding to occur [70]. Archard
formulated a theoretical expression for adhesive wear [71]:

Q =
P

3H
(2.10)

where Q is the total wear volume per unit distance and P = nπa2H with n being the
number of contact spots of radius a. From this we find the three laws of adhesive wear
[19, 44]:

• The wear volume is proportional to the sliding distance.

• The wear volume is proportional to the load.

• The wear volume is inversely proportional to the hardness of the softer material.

In general, these laws are true over a limited range of conditions however the wear equa-
tion is based on the assumption of every asperity producing a wear particle. This is not
the case therefore it is adapted into:

V = k
Px
3H

(2.11)

where V is the total wear volume, x is the sliding distance and k is the dimensionless
wear coefficient. This can be adapted into the more general form: V = KPx. K is the
dimensional wear coefficient.

2.1.3.1.2 Abrasion Abrasive wear consists of two types: two-body and three-body
abrasion [19, 44]. In two body abrasion, a hard surface rubs against a softer one. In
three body abrasion, hard particle trapped between the two surfaces abrade on one or both
surfaces accelerating wear. We generally think of this in terms of a hard conical asperity
(of angle θ ) ploughing into a softer surface:

V =
2P tanθ

πH
(2.12)

2.1.3.1.3 Erosion Erosion is the removal of material due to the impingement of liquid
or solid particles on a solid surface. Liquid impact generates momentary stresses that
can be high enough to cause cracking. This can then proceed to form chips. Cavitation
damage can also occur wherein bubbles in liquid implode on a surface [19, 44]. Sand par-
ticles, suspended in water or entrained in airflow, can cause expensive erosion damage to
both the internal and external surfaces of valves, pumps and pipework [72]. It is well un-
derstood that the erosion rate of a material is dependent on its relative brittleness/ductility
in addition to the velocity and angularity of the erodent material [73]. Additionally, the
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impingement angle of the jet changes the erosion rate dependent upon the relative brittle-
ness/ductility of the material [72, 74]. Material chipping, cracking and removal are not the
only considerations in erosion wear as the large number of particle impacts is a fatigue
process [75–77]. Coatings for erosion applications such as for gas turbine blades typi-
cally consist of carbide or nitride metal ceramics however high velocity oxy-fuel (HVOF)
coatings are also seen in marine applications where corrosion resistance is required too
[78–82]. Metal nitrides are seen in use for aerospace applications, erosion rate is seen
to decrease with surface hardness for these coatings and multi-layers are beneficial [76].
The shear stress maps modelled by Zhang et al. [83] support this with higher numbers of
sandwich layers lowering the maximum shear stress and Von Mises stress. Work by Shen
et al. [84] has shown that extremely thick DLC layers (≈ 50 µm) do possess the necessary
wear resistance to provide good anti-sand erosion performance.

Bull [85] showed that indentation experiments can mimic processes observed in ero-
sion and can be reasonable for the development of models. It was additionally noted that
coating thickness should be chosen to match the energy of the erodent particles. A single
indentation (with quasi-static loading), however, cannot mimic the high strain rates pro-
duced during impact or erosion testing [86].

2.1.3.1.4 Corrosion Corrosive wear occurs as the result of chemical reactions thereby
removing material. A good example is the formation of oxide layers which and subse-
quently removed and reformed [19, 44]. Tribo-corrosion is the synergistic interaction
between mechanical wear processes and an electrochemical and/or chemical response.
Often synergistic effects occur between corrosion and other wear processes leading to
increased wear rate [87]. Wood [87] defined an equation determining the synergistic rela-
tions between mechanical wear and corrosion:

S = T − (E +C) = (∆Ce +∆Ec) (2.13)

where T , C and E are gravimetric terms relations to wear-corrosion, electrochemical cor-
rosion without tribo-influence and mechanical wear mechanisms, respectively. ∆Ce and
∆Ec are the corrosion-enhanced wear and wear-enhanced corrosion respectively.

2.1.3.1.5 Fatigue Fatigue is the process by which cracks form resulting in failure
when a material is subjected to cyclic stresses well below the tensile strength (σT S) and
often below the yield strength (σy) [88]. Uniaxial fatigue testing is a standard technique
to measure the fatigue strength of engineering materials. With a fixed loading ratio, the
relationship between the amplitude of the fatigue load (σa) and the number of cycles to
failure (N f ) (also known as the S−N curve) can be expressed as the power law relation-
ship [89]:

σa = σ f
(
N f
)n (2.14)

where σ f and n are the fatigue strength coefficient and exponent respectively. These
are related to the material and its microstructure along with the testing environment and
conditions. Under quasi-static loading, σ f relates to the uniaxial fractures strength. Many
tests are required to produce accurate results as each test specimen yields one data point.
This type of testing is normally employed for high-cycle fatigue tests

(
' 104). Under

these conditions where the component is uncracked, Basquin’s law can be applied [88]:
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∆σNa
f =C1 (2.15)

where a is a constant (between 1
8 and 1

15 for most materials) and C1 is also a constant. In
this regime, stresses are below the yield of the component.

The Coffin-Manson Law is used to describe low cycle fatigue of uncracked compo-
nents [88, 90]:

∆ε
plNb

f =C2 (2.16)

where ∆ε pl is the change in plastic strain, N f is the number of cycles to failure and b
and C2 are constants. With low cycle fatigue, stresses are above the general yield of the
component. The data is generally plotted on a logarithmic graph.

2.1.4 Synergistic Wear Mechanisms

In real engineering component interactions, wear is complicated and more than one mech-
anism can occur at the same time. resulting in a greater overall effect [19]. The following
are examples of such mechanisms.

2.1.4.1 Fretting

Fretting wear is the small amplitude oscillatory wear occuring between two surfaces in
contact, generally under some kind of vibration [91, 92]. Depending upon the conditions
seen within the fretting contact, we can observe synergism between adhesive, abrasive
and corrosive wear [93]. Fretting wear typically displays 4 modes of motion: tangen-
tial, radial, rotational or torsional movement[94]. This movement can exist in different
regimes dependent upon the tangential load and displacement. The partial slip regime dis-
plays the lowest movement and is typified by slight abrasive wear and fatigue. Mixed and
gross slip extend the displacement displaying oxidative wear and delamination is addition
to abrasion [94]. Fretting maps can be drawn of the tangential force and displacement
of the moving surface to identify the regime of fretting, this is an additional method em-
ployed alongside the more traditional fretting logs of tangential force and displacement
changing with numbers of cycles [95, 96]. Numerous papers by Fouvry and co-workers
[97–99] have taken an analytical approach to assess the fretting damage, coefficient of
friction evolution and transition criteria in different regimes. The simplest criteria is the
energy ratio followed by the sliding ratio. Others also exist but they are much harder to
implement [97, 100].

Wear in the gross slip fretting regime typically produces wear debris. As the test pro-
ceeds, the larger wear particles are oxidised and fragment. Below this debris layer, there
exists a tribologically transformed structure (TTS) from which the debris originated. This
structure is nanocrystalline in nature. A global energy approach allows the input energy
required to form the TTS before the onset of wear to be predicted [101]. Liskiewicz et
al. [102] performed nanoindentation mapping to assess the TTS, showing that it formed
very quickly within the initial cycles. Kubiak et al. [103] found that surface roughness
has a significant effect on the friction and activation energy for the onset of wear in fret-
ting. Rougher surfaces see a lower coefficient of friction but higher wear rate. Using
an wear energy approach the wear volume can be related to accumulated dissipated en-
ergy. By analysing the energy input over different displacement amplitudes and number
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of cycles to failure, a chart of energy required to reach the substrate can be constructed
[104]. Dynamic fretting friction can be calculated using an energy dissipation approach
as performed by Liskiewicz and Fouvry [105]:

µ =
Ed

2Fnd
(2.17)

where Ed is the energy dissipated during a cycle, Fn is the applied normal load and d is the
track length. Wear depth in fretting can be estimated from the cumulative energy density
found by similar analysis. This can be extended to a coating endurance ranking system
by analysing the number of cycles to decohesion of the coating [105].

Newer studies by Wade and co-workers have identified novel numerical methods to
parametrise fretting contact and monitor regime transition in real time using acoustic
emission [106, 107]. Lubrication is sometimes used to minimise wear in fretting. Grease
is most commonly applied though a liquid lubricant can also be useful as it restricts ox-
idative wear [108].

2.1.4.2 Impact

Impact testing can be used to assess multiple parameters such as fatigue strength, creep,
adhesion, residual stresses, toughness, erosive wear resistance and dynamic hardness of
coatings [109–113]. Knotek et al. [114] performed some of the earliest work on assessing
the impact loading of thin films. This was specifically performed to analyse the coating’s
resistance to dynamic loading as experienced in interruptions in machining. Bantle and
Matthews [115] also investigated impact but for the wear behaviour of ceramic coatings
finding that the CrN and electroless nickel-phospherous interlayers required optimising.
Repetitive impact can assess fatigue resistance under repetitive loading like the impacts
of erosive particles [110–112, 116–118]. Micro- and nano-impact allow for high strain
rate testing and its repetitive nature is more representative of erosion under repeated par-
ticle impingement, which is particularly important as strain rate has been seen to affect
the fatigue failure of thin PVD coatings [119]. Both sharp and blunt probes can be used
depending on fracture and fatigue conditions being assessed [118]. Cracking evaluation
and delamination assessments has also been used in the larger scale impact tests as per-
formed by Fu et al. [120] in which 2.5 mm radius punch ball was used in a cyclic impact
test. Due to the larger scale of the tests, cracking was generally centralised in the crater
with some edge cracking seen. No severe delamination was recorded. Alongside physical
testing of impact wear, finite element modelling (FEM) and classical mechanics models
are being used to assess the dynamics of impact in varying orientations [109, 121]. Coat-
ing performance is seen to vary with architecture with ordered coatings benefiting from
higher resistance to plastic deformation (H3/E2) [86] whereas amorphous DLC coatings
benefiting from higher toughness (E/H) [122].

2.1.5 Lubrication

Lubrication is the effective interposition of a solid, fluid or gas between two bodies to
reduce friction and /or wear during motion. Typical engineering lubricants can come in
various forms; mineral oils, synthetic oils, grease, air or solids. Liquid lubricants can have
a range of viscosities (resistance to shear). Dynamic viscosity varies with both pressure
and temperature. At very high pressure the density can vary also. Other physical and
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chemical properties are important to lubricant performance depending on the operating
environment, these range from thermal conductivity and flashpoint to oxidation stability
and pouring point [19].

The performance of oils can be further modified with additives to reduce friction and
wear, maintain fluid properties and minimise contamination. Zinc dialkyldithiophos-
phates (ZDDPs) are common additives that have anti-oxidant and anti-wear properties.
molybdenum dialkyldithiocarbamate (MoDTC) is incorporated into modern engine oils
as a friction modifier. Other additives can include viscosity modifiers, anti-foaming agents
and emulsifiers. Where the oil and additive combination is tailored to the operating en-
vironment, these are known as fully formulated oils [19]. Films can form on the surface
on materials in tribological contact, these are known as tribofilms and are the result of
physical or chemical adsorption, or chemical reaction.

There are 4 lubrication regimes that define the expected coefficient of friction de-
pending upon the surface materials, surface texture, lubricant properties and operating
conditions. With no fluid separation, the surfaces will be in dry contact giving a large
coefficient of friction, this is known as boundary lubrication. [19].

Figure 2.1 shows a typical Stribeck diagram which relates the friction coefficient in
different lubrication regimes to the relation between the speed (U), dynamic viscosity (η)
and the load (p). The x axis is sometimes labelled as the specific film thickness (λ ) which
is equivalent to hmin/σ where hmin is the minimum separation between two surfaces and
σ is the root mean square roughness. In this representation, it should be known as the
modified Stribeck diagram.

Figure 2.1: Stribeck curve noting the typical lubrication regimes of key engine compo-
nents. From [123].

The identification of the mechanisms of additives in lubricants is an ongoing research
area. Additives such as ZDDP and MoDTC have complex interactions with surfaces.
MoDTC is generally understood to break down into MoS2 and further into other Mo con-
taining species with various intermediate compounds depending upon the chemical and
mechanical wear interactions [124, 125]. ZDDP breaks down to form glassy phosphate
pads and ongoing research is showing that shear stress can affect the rate of tribofilm
formation by reducing the thermal activation barrier [126, 127]. Solid lubricants are also
extensively used such as MoS2, its basal plane orientation leading to extremely low coef-
ficient of friction. It is typically employed for aerospace applications due to low friction
at high temperatures and in vacuum conditions [128].
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The use of 2D materials such as graphene or MoS2 can produce extremely low coeffi-
cients of friction in sliding contacts [69]. A coefficient of friction below 0.01 is considered
in the superlubricity regime in which there is effectively near zero friction. The applica-
tion of small amounts of graphene to 440C stainless steel reduced the coefficient of fric-
tion to around 0.15–0.30 and reduced the wear wear volume by 2 orders of magnitude in
ball on disk testing [129]. Various other carbon nanostructures (carbon nanotubes, nanodi-
amond and onion-like carbon) have also been seen to provide super lubricity [130]. Zhao
and Duan [131] proposed that the application of nanodiamond between a SiO2 surface
and DLC could reduce friction via a nanoscrolling effect of graphene wrapping around
nanodiamond though the introduction of nanodiamonds themselves also reduced friction.
The nano-scrolling effect was seen to reduce friction by 72 % compared to nanodiamonds
alone. The predicted contact area was also smaller for the nanoscrolls and they also in-
creased the friction dissipation of the system leading to less frictional heat. Graphene
nanoscroll formation was noted by Berman et al. [132], to allow for superlubricious be-
haviour at the macroscale.

2.2 Nano-Tribology

Nano-tribology has emerged over the past 25 years due to our improving ability to mea-
sure frictional forces and phenomena at the sub-micron scale. Nano-tribology is impor-
tant to our understanding of tribology as a whole as it allows a deeper understanding of
macroscopic tribological phenomena. Differences between the length scales are observed
primarily by adhesion dominating at the nano-scale compared to plastic deformation and
mechanical wear at the macro-scale. Analysis of lateral force microscopy data shows that
on smaller length scales friction is due to a single asperity sliding over a multi-asperity
surface. At the macro-scale, friction instead occurs due to collective asperity interactions
and is dependent on the surface roughness. The frictional mechanisms seen in the scale up
are not well understood and addressed in literature [133]. Though wear is seen at the nano-
scale (generally in a reduced capacity), the energy dissipation mechanisms due to surface
interaction are far more complicated. Some of the possible mechanisms were identified
by Berman et al. [69] as molecular deformation, thermal effects, electronic effects, bond-
ing, phonons, environmental or chemical interactions and structural/interlocking effects.
several mechanisms may occur at once and there is the possibility of synergistic effects
between them. The differences in the scale of interactions are shown in Figure 2.2.

Some of the most important work in nano-tribology has been performed in relation to
measurements of coating adhesion, measurement of lubricant film thickness and magnetic
forces for applications in magnetic recording media [67]. More recently nano-tribology
has been used in the studies of boundary lubrication additives for aluminium [134], the
study wear behaviour of single crystal silicon [135] and the characterisation of ultrathin
dual-layer ionic liquid lubrication films [136].
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Figure 2.2: Scales of tribology with their associated asperity interactions. From [37].

2.2.1 Atomic force microscope nano-tribology

Atomic force microscopy (AFM) typically allows for relatively high contact pressures
(several GPa) at low Hertzian contact areas (10−5 µm2) due to low normal loads (nN).
This allows for ultra-sensitive friction measurements [133]. This use is being seen more
frequently in the literature as more fundamental interactions are being explored instead of
its more typical use in topography measurements alone [137].

Much recent work is devoted to increasing the capabilties of AFM units. Such ex-
amples include the work of Bosse et al. [138] in high speed friction microscopy and
nanoscale friction coefficient mapping of heterogeneous surfaces. The work of Tao et al.
[139] has also extended the sliding speed capabilties of AFMs up to 200 mms−1. Other
innovative work in extending AFM capabilities lies in allowing them to perform nanoin-
dentations by increasing tip stiffness (and decreasing compliance) [140, 141], this has
been performed by Tranchida et al. [142] to characterise the elastic properties of poly-
mers.

Though AFMs are improving, some considerations must be made in the analysis of
friction data due to artifacts in the measurements. Some of these are due to variation in the
normal load at different locations, changes in topography and contact area during scanning
and wear of the tip [138]. Some of the most innovative recent work using AFMs has been
performed by Dorgham et al. [143] in their analysis of the kinetics of phosphate based
tribofilms. They showed that for ZDDP the growth of phosphate glass had an exponential
dependence on temperature and contact pressure whereas in the absence of zinc, a linear
temperature dependence is found.
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2.2.2 Nano-impact

Nano impact testing can be used to test the mechanical properties of thin films due to
its smaller energy per impact. This is particularly useful for fatigue assessment as many
repeated tests can be performed is a small amount of time [110, 112, 144].

2.2.3 Nano-fretting and Micro-wear

One of the first reports on nano-fretting was by Yu et al. [145] who studied the inter-
action of monocrystalline silicon against diamond using an AFM. Nano-fretting refers
to the cyclic movements of contact interfaces with the relative displacement amplitude
in the nanometre scale with the contact area and normal load being smaller accordingly.
Differences in the tribological interaction will be due to the single asperity interaction.
Liskiewicz et al. [146] developed a module for the Nano-Test Vantage Platform that uses
a piezo stack to drive wear. This initial characterisation analysed several coatings on Si.
DLC coating performance in the nano-fretting regime was analysed by Chen et al. [147]
who found adhesion was a large factor in the interaction and the coating was excellent in
resisting damage due to its mechanical properties. Further nano-fretting tests have been
performed by Beake and coworkers [148–150] though little has been performed recently.

2.3 Triboemission, Triboplasmas and the Triboelectric

effect

In addition to the more tangible tribological effects such as friction and wear, there are
other surface effects that result from tribological contact. This section will briefly detail
the triboemission and generation of triboplasma in addition to the triboelectric effect.

2.3.1 Triboemission and Triboplasma generation

A number of different types of particles are emitted from a sliding contact and its vicinity
[151]. These particles are electrons, ions, photons, radicals and molecules. These particle
emissions can be classified into three broad categories:

• triboemission from inside the contact

• triboemission from the triboplasma generated in the rear outside gap of the sliding
contact

• post-emission from outside the contact

These types of particle emission are deeply connected with tribo-charging so the three
types of phenomena above are termed triboelectromagnetic phenomena. Figure 2.3 shows
a recent model of the triboelectromagnetic phenomena.
In a sliding contact, friction causes a temperature rise in the surface and counterface and
wear is induced on both of these surfaces. Due to this heating, thermoelectrons and ther-
mally stimulated electrons are emitted in the vicinity of the sliding contact dependent
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Figure 2.3: Conceptual model of triboeletromagnetic phenomena. From [151].

upon the frictional temperature rise. Additionally, chemically induced electrons are emit-
ted due to the interaction between the newly worn surface and active molecules surround-
ing it. The electrons, produced by cosmic rays and other energetic events, are accelerated
by the tribocharing-induced electric field. Discharge of ambient gas molecules is caused
generating a triboplasma through an electron avalanche process. This triboplasma emits
electrons, ions and photons. Photons are also emitted from inside the sliding contact.
Post-emission electron emission is often chemically induced whereas the photon emis-
sion is theorised to be caused by surface attack by charged particles originating from the
triboplasma [151].

2.3.2 Triboelectric effect

Beyond the creation of triboplasmas and emissions of charged particles, the rubbing two
surfaces can transfer charge between them causing contact electrification, this is known
as the triboelectric effect [152]. This is a complex phenomena due to small number of
electrons transferred even on a highly charged surface, the difficulty of predicting the
exact charge transfer and the number of processes occurring simultaneously. [153]. This
makes it difficult to decouple all of the effects to parametrise which has the most affect.

The triboelectric process is seen to be affected by a number of factors including sur-
face microstructure, composition, interface configuration, load, humidity and temperature
[153–156]. The dependence on humidity however, has allowed for a self powered humid-
ity detector to be created [157]. The frequency of oscillation is also seen to affect the
charging characteristics [158].

The triboelectric effect has attracted a great deal of interest lately due the effect’s use
in the manufacture of triboelectric nanogenerators (TENGs) [159]. These devices are
intended to allow for energy to be harvested to reduce power losses in systems and also
to allow for microscale electronic devices to have an independent and maintenance free
power source [158, 160]. The combination of thin polymers and metal sputter coating has
allowed for a flexible TENG to be produced [160].
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Zou et al. created a standard methodology to quantify the triboelectric charge density
(TECD) to allow the materials for TENGs to be quantified. This method involves a linear
motor and a 2 axis tilt and rotation platform within a Faraday cage to allow for the height
and surface contact to be adjusted. The samples are oscillated against each other and the
charge build up is measured by electrodes connected to an electrometer [159]. The newly
established series can be seen in Figure 2.4.
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Figure 2.4: Quantification of the triboelectric series [159].
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2.4 Determination of Mechanical Properties

Multiple methods exist to determine the mechanical properties of materials. The elastic
modulus, tensile strength and yield strength of bulk materials is generally quantified by
extension in a tensometer at constant strain rate until sample failure [161]. Hardness is
assessed by indentation into a sample to determine the load for a certain indenter contact
area at which permanent deformation of the sample is achieved [162].

2.4.1 Instrumented indentation

The advent of instrumented indentation has allowed for the standardisation of precise
measurement of the hardness and elastic modulus of materials. Nanoindentation will be
discussed in the most detail due to its use in this project.

2.4.1.1 Nanoindentation

The main goal of nanoindentation is the determination of a material’s hardness and elastic
modulus by experimental readings of the indenter load and penetration depth into the
material. The interest in load and displacement sensing in the measurement of mechanical
properties dates back to the 1970’s when it was recognised that both properties could be
measured by a single test [163–165]. Figure 2.5 shows a model nanoindentation load-
displacement curve.

Figure 2.5: Nanoindentation load-displacement compliance curves from an experiment
at maximum load. From [48].
Pmax - Maximum load.
hmax - Maximum depth beneath the specimen free surface.
hc - Depth of the contact circle.
ha - Depth of contact circle measured from the specimen free surface.
hr - Depth of the residual impression.
he - Displacement associated with elastic recovery during unloading.

The first part of the analysis begins with the fitting of the unloading curve to the
power-law relation:
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P = B
(
h−h f

)m (2.18)

where P is the indentation load, h is the displacement, B and m are empirically determined
fitting parameters and h f is the final displacement after complete unloading. The unload-
ing stiffness (S), is determined by differentiating Equation 2.18 at the maximum depth of
penetration into the sample, i.e. where h = hmax. Therefore we obtain:

S =
dP
dh

(h = hmax) = mB
(
hmax−h f

)m−1 (2.19)

The contact depth is estimated from the load-displacement data with:

hc = hmax− ε
Pmax

S
(2.20)

where Pmax is the maximum indentation load and ε is a constant dependent upon the
indenter geometry. For a Berkovich indenter which is most commonly used for nanoin-
dentation, ε ∼= 0.75.
Hardness (H) is determined by:

H =
Pmax

A
(2.21)

where A is the projected contact area for a specific indenter. Hardness is determined by
the residual area impression when the indenter at applying the maximum load. Reduced
elastic modulus (Er) is determined by:

Er =
1
β

√
π

2
S√
A
=

1
2

√
π√
A

dP
dh

(2.22)

where β is is a constant dependent upon the indenter geometry (β = 1.034 for Berkovich).
The gradient of the unloading curve,

(dP
dh

)
, is equivalent to the unloading stiffness (S):

S =
dP
dh

=
2√
π

Er
√

A (2.23)

Reduced modulus is converted to a full Elastic modulus (E) by:

1
Er

=
(1−ν2)

E
+

(1−ν2
i )

Ei
(2.24)

where ν is the Poisson’s ratio for the specimen and Ei and νi are the respective indenter
parameters.

Diamond is primarily used for room temperature indentations due to its high modulus,
thereby giving it a elastic modulus difference from most samples ensuring a large stress
before plastic deformation. A Berkovich geometry indenter is commonly chosen over
other available geometries (such as Vickers) because it can be more readily fashioned into
a sharper point [166]. The sharpest of diamond tips have a radius in the 10–100 nm range.
More detail on these geometries can be found below. The predicted contact area for a
Berkovich indenter is given by:

A = 3
√

3h2
c tan2

θ (2.25)

For a Berkovich indenter is equivalent to θ = 65.27◦, this is the face angle. Therefore the
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projected contact area:

A = 24.494h2
c ≈ 24.5h2

c (2.26)

Therefore we can use Equations 2.21 and 2.26 to find the hardness as measured by a
Berkovich indenter:

H =
P

24.5h2
c

(2.27)

This method of determination of mechanical properties is known as Oliver-Pharr analysis
[48, 163, 167–169]. Figure 2.6 shows the characteristic indentation cross-section during
an indentation, the physical depth measures can be seen to match with those in Figure 2.5
to provide a physical understanding of the indentation depth parameters.

Figure 2.6: Schematic of an indentation cross-section with material ”sink-in”: a – in-
denter. b – surface of residual plastic indentation in a test piece with ”perfectly plastic”
response. c – surface of test piece at maximum indentation depth and load. θ – maxi-
mum angle between test piece surface and indenter. hc – depth of contact circle. hmax –
maximum indentation depth at maximum load. hp – permanent indentation depth. From
[162].

Despite the main aim of nanoindentation being the determination of a materials mechan-
ical properties, there is qualitative information to be gained from the shape of the load-
displacement curve of a particular material. A fully elastic solid’s load-displacement
profile will follow the same pattern on both the load and unload, thereby displaying no
hysteresis. Recovery of residual deformation, giving a small hysteretic area, shows that a
material has a visco-elastic response. The larger the area of hysteresis for a load displace-
ment curve, the more plastic work has been required to deform the material. A changing
hysteretic rate shows that the material is experiencing elasto-plastic deformation. Sudden
compliance changes generally present as a pop-in event which indicates that a material
is brittle. Pop-out events are also seen, showing that the material has undergone a pres-
sure induced phase change. Non-recovering residual deformation presents as viscous-
elastic-plastic behaviour and demonstrates the material experiences a creep phenomenon
(whereby a material experiences irreversible deformation resulting from constant load ap-
plied over a sufficient time period) [48, 170, 171]. Rabe et al. [172] performed in-situ
SEM observations of the various features of indentation curves to observe the fracture
and plastic deformation. Figure 2.7 shows some of the characteristic features of different
material’s load-displacement curves in nanoindentation.

The behaviour of different materials is time dependent thereby making the unloading
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time or unloading rate an important parameter that must be tailored to each material re-
sponse. In general however, nanoindentation experiments are performed with relatively
large unloading times or small unloading rates to create a quasi-static unloading test [48].
Indentation is not the only technique able to evaluate hardness. Impact testing can also be
used to evaluate a “dynamic hardness” [48, 113].

Figure 2.7: Schematic examples of load-displacement curves of different material re-
sponses and properties: (a) elastic solid, (b) brittle solid, (c) ductile solid, (d) crystalline
solid, (e) brittle solid with cracking during loading, (f) polymer exhibiting creep. From
[48].

A further consideration for indentation tests is the effect of material pileup around the
indenter. This is particularly important for indentation into soft films on harder substrates
wherein the film properties may be enhanced by substrate effects. This was investigated
by Tsui and Pharr [173] in their analysis of soft aluminium films. For harder films, such
as DLC, pileup is less prominent. Bharathy et al. [174] did however note that the effect
was noticeable in Ti doped DLC which were softer than pure DLC (12 GPa compared to
25 GPa).

2.4.1.2 ISO 14577 Standard for Instrumented Indentation

The ISO 14577 standard defines the parameters and methodologies that should be adopted
during indentation to ensure that materials can be compared in terms of the force and
displacement during elastic and plastic deformation. The data analysis is performed as
described above. The standard specifies the ranges of loads (F) and depths (h) in different
ranges [162]. These are:

• macro range: 2N 6 F 6 30kN

• micro range: 2N > F ;h > 0.2µm

• nano range: h 6 0.2µm
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In the micro and nano ranges, the forces are adjusted as appropriate to give the re-
quired indentation depth. Most commonly a diamond Berkovich indenter is used for
indentation but the standard makes allowances for other shapes and materials; these being
[162]:

• diamond indenter shaped as an orthogonal pyramid with a square base and a angle
of 68° between the axis of the pyramid and one of the faces (Vickers pyramid)

• diamond pyramid with a triangular base and an angle of 65.27° between the pyra-
mind axis and one face (Berkovich pyramid)

• hard metal ball (used specifically for the determination of the elastic behaviour of
materials)

• diamond sphero-conical indenter

Two methodologies of feedback control can be employed in the measurement of the
data, either force-controlled or depth-controlled. The force and displacement are to be
monitored continuously throughout the test. The machine compliance and correct in-
denter area function should be able to be calculated by the indenter platform. The surface
should be cleaned before any indentations are performed; either a dry, oil free, gas stream,
the application of subliming particle stream of CO2 or rinsing with a chemically inert sol-
vent and leaving to dry [162].

The temperature at which the test takes place in should be monitored, typically in the
range of 10–35 °C is allowable however temperature stability generally more important
than the actual test temperature (unless specifically testing the hot hardness of a material).
In the nano and micro range the temperature and humidity should be controlled and re-
main in the range 23±5 °C and 45±10 %.

Surface roughness affects the scatter of indentation experiments such that when the
roughness value (Ra) approaches the same value of the indentation depth, the contact area
will vary relative to the peaks and valleys of the surface. The surface finish should be
as smooth as facilities permit with the ideal Ra value being less than 5 % of the maxi-
mum penetration depth. For indentation into thin films the maximum depth of indentation
should be no more than 10 % of the film thickness [162]. Details on roughness parameters
and film thickness measurement methods will be provided in Section 2.5.

The 10 % film thickness “rule” is is something of an oversimplification for instru-
mented indentation testing. For hard coatings on softer substrates it provides a reasonable
rule of thumb however there are many caveats to its use. Fisher-Cripps [48] noted that it
doesn’t strictly apply for nanoindentation where the objective is modulus determination
as this value is less depth sensitive than hardness. Furthermore, he stated the physical
basis of the rule is dubious; its application is mainly with sharp indenters as with blunt in-
denters when increasing the load in successive indentations no plateau in hardness would
be observed as part of the extrapolation technique [166]. Indeed in older papers such as
those of Bückle [175], the ratios of the hardness values of the coating and substrate are
identified as being key. Bückle summarises that this method is an approximation with de-
batable physical meaning. For thin coatings, we can refer to the work of Pollock and Ross
and co-workers [176, 177], who found than in their development and analysis of ultra-low
load hardness tester that for films less than 1 µm the plasticity of the film is difficult to
estimate (particularly with soft films). Furthermore, for this case quantitative mechanical
characterisation over a continuous depth range is highlighted as a using methodology as
substrate effects are seen at a greater relative indentation depth (penetration depth in rela-
tion to the total film thickness) than that predicted by macroscopic theory. In the case of
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hard films, the effect can be as great as 2.5 times the film thickness. This paves the way
for partial load-unload indentation in Section 2.4.1.3.

The standard is extremely thorough in its specification of the abilities of the indenter
platform and therefore it is recommended that the standard itself is consulted for further
details. The summary provided in these paragraphs is enough to give the reader a brief
overview without retreading all the details of the standard.

2.4.1.3 Partial Load-Unload Indentation

The single indentation methods used by the ISO 14577 standard are not the only method
available for nanoindentation. Partial loading/unloading indentation allows for the as-
sessment of mechanical properties with change in contact depth by performing a series
of increasing load indentations to probe to larger contact depths with each cycle. This is
particularly useful for mapping the effects of multiple layers in the coating structure and
for the effect of the substrate [178]. This technique is not applied often in literature as
the analysis of data is more involved that typical single indentation. Elastic modulus must
be extrapolated back to zero contact depth to correct for the value dropping off due to
substrate effects. Hardness usually sees a low value measured in the initial indentations
(at low contact depth and low load), this is often ascribed to ISE however it is instead due
to the roundness of the tip of this scale of testing resulting in an initial elastic contact. At
larger loads, a more developed plastic zone will form causing the hardness to plateau. It is
at this value that the hardness should be taken. At larger loads, the hardness will decrease
due to substrate effects being seen [166].

Feng et al. [179] used this technique and developed a portable hand-held load-depth
sensing micro-indentation system that does not require the load-induced indentation con-
tact area and depth. Klapperich et al. [180] applied partial unloading indentation to
study industrial polymers, allowing them to investigate how the polymer structure affects
the mechanical properties and visco-elastic behaviour. Figure 2.8 shows where partial
unloads may occur in a full indentation cycle. The labelled AC ripple is used in the con-
tinuous stiffness method in which a small sinusoidally varying signal is imposed upon the
DC signal that drives the indenter. This allows for measurement of the contact stiffness
at any point in the along the loading curve instead of being limited to the unload. This
technique is ideal for nanometre thin films due to its sensitivity [181].
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Figure 2.8: Difference in the load-displacement curve between partial unloading and
single indentation. From [48].

Cyclic indentations into a material could result in some level of fatigue or work hard-
ening. Xu et al. [89] proposed an indentation fatigue law similar to equation 2.14:

Fa = Ff
(
N f
)m (2.28)

where Ff and m are the indentation fatigue strength coefficient and exponent respectively.
Multi-cycle indentation was utilised by Chicot et al. [171] to investigate the visco-elasto-
plastic properties of magnetite on the elastic modulus; finding that the same bulk modulus
value was found each time with repeated cycles at increasing indentation depths. Chicot
et al. [90] also performed fatigue reliability analysis of solder joints using a cyclic in-
dentation micro-indentation technique. They found that the indentation strain could be
mapped to the Manson-Coffin fatigue law.

This methodology of indentation has the potential to better explore the coating and
substrate behaviour of multi-layered systems (explored in Section 2.4.1.5) in a more el-
egant single test technique. ISO standard indentation can be performed in either load
controlled and depth controlled modes however depth sensitivity is required in both cases
as the 10 % limit with respect to total coating thickness must be respected. Partial load-
unload indentation can be performed entirely in a load controlled mode (with depth sens-
ing maintained through testing) which simplifies the experimental set up. Knowledge of
the coating thickness is not required before indentation further simplifying the full coating
analysis. A downside is that multi-step indentations will take longer than a complete set
of individual indents but it will allow for the full coating architecture to be studied rather
than the coating alone. As the indenter remains in contact with the sample surface for
an extended period of time, a greater level of atmospheric control is required within the
indenter system.

The lower depths probed by this indentation technique will show an undeveloped plas-
tic region that grows to the full plasticity thereby measuring the surface hardness. The
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hardness will decrease with increasing indentation depth as more substrate effects are
seen [166]. As the hardness value falls with respect to depth, the level of load support
can be evaluated by analysing how quickly the substrate hardness is reached relative to
the total coating thickness. Modelling techniques such as those of Nix and Gao [182] and
Korsunsky et al. [183] can then be applied to analyse the entire coated system mechanical
properties. This method requires a more in depth understanding of the nanomechanics of
indentation but can ultimately be a more information-rich technique. These factors will
be explored in this study to show the overlooked importance of this indentation method.

2.4.1.4 Macro/Microindentation and Indentation Geometries

Though microindentation can refer to adapting the same methodologies detailed in ISO
14577 and applying them to thicker coatings using a larger load, it is a term more often
used to apply to alternative hardness measurement methods such as Vickers and Rockwell
indentation [184]. These methodologies also have their macro-scale corresponding ver-
sion, the difference is the load applied. These methods will be the focus of this section.
Though they are generally limited by collecting their data post-indentation by analysis of
the plastic deformation of the surface, they should be detailed to provide a more complete
picture of the methodologies available.

The Vickers indenter is a square based pyramid whose opposite sides meet at the apex
with an angle of 136°, the edges at 148° and the faces at 68°. The Vickers diamond
hardness number (HV ) is calculated by:

HV =
L
Ac

=
2L
d2 sin

136°
2

= 1.8544
L
d2 (2.29)

where L is the indenter load (measured in kgf) and d (mm) is the length of the diagonal
measured corner to corner on the residual impression. Vickers can be converted into more
standard hardness units (MPa) by considering that the Vickers method uses the surface
area of an ideal pyramid not with projected contact area. This results in a geometrical
scaling factor of 0.927. Further due to the use of kgf and mm, the final relation becomes
HV = 0.094545HIT to convert to MPa. GPa is seen more in scientific publications as it
allows for better comparison with the elastic modulus [185].

The Rockwell indentation is performed with with either a sphere or a cone depending
upon the scale used. Hardness is determined by measuring the depth of penetration of an
indenter under a large load compared to the penetration made by a smaller preload. The
Rockell hardness (HR) is calculated by:

HR = N−500h (2.30)

where h in mm is the difference between the two penetration depths and N is dependent
upon the indenter (100 for sphero-conical and 130 for a ball). Other indentation method-
ologies exist such as the Knoop or Buchholz test [184].

2.4.1.5 Length Scale Effects in Multi-layered Systems

The load and size of indenter used for any particular test can affect the measured hardness
of a polycrystalline material. At the macro-scale, the contact region of an indentation will
sample from multiple crystalline regions therefore any inhomogeneity across the sample
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is averaged. As we progress to lower length scales, this effect is seen to a lesser degree.
At the micro-scale, the microstructure of a material can be examined in more detail. Once
the nano-scale is reached, the experimental parameters used for indentations allow for
thin films to be indented or for individual crystallites to be sampled [184]. Figure 2.9
demonstrates this.

Figure 2.9: Schematic of indentations into a polycrystalline material at (a) macroscale;
(b) microscale and (c) nanoscale. From [184].

These differences, depending on the length scale of testing selected, give rise to a dif-
ference in the measured hardness at low indentation load. If a fully developed plastic zone
is present, the indentation hardness is seen to be greater at low load as shown in Figure
2.10. This is known as the indentation size effect (ISE) and has been attributed to several
things such as high elastic recoveries, pileup, work hardening and the presence of grain
precipitates [166, 184]. Zhang et al. [186] explored both modelling and experimental
methods to examine the effect of roughness on ISE, finding that a rougher surface will re-
quire more energy dissipated into the surface to induce plastic deformation and therefore
have a more prominent ISE.

Figure 2.10: The indentation size effect. From [184].

The relation between micro-indentation hardness (H) and indentation depth (h) is
shown in this model by Nix and Gao [182]:(

H
H0

)2

= 1+
h∗

h
(2.31)

where h∗ is the characteristic length (dependent on the indented material properties and
angle and is on the order of microns) and H0 is the indentation hardness for a large in-
dentation depth (h� h∗). This model is used by many authors to explain ISE at the
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micro-scale [184] but it is not valid at the nano-scale (h < 100nm) because it only ac-
counts for sharp indenters. On the nano-scale the effect of tip radius is greater at low
indentation loads and depths. It also assumes that all dislocations are in a hemisphere
equal to the contact radius of the indentation [187]. Recent reviews by Gouldstone et al.
[188] and Pharr et al. [189] have examined work explaining the ISE at the nano-scale and
found that the effect appears when the length scale of deformation approaches the critical
microstructural length of the dislocation spacing. There is, however, no agreement on the
prediction of ISE and much work is dedicated to modelling the behaviour.

As an indenter penetrates into a thin film, the measured mechanical response will be
affected by the mechanical properties of the substrate material and it’s relative penetration
depth. With greater depth of penetration, the measured mechanical properties will be more
proportionate to that of the substrate [184]. Several models have been proposed to model
the substrate effects seen at deep penetrations into coated systems. The first to attempt this
was Bückle [175] who modelled the hardness of the system (H f s) as a linear interpolation
of the substrate hardness (Hs) and the film hardness (H f ):

H f s = αH f +(1−α)Hs (2.32)

where α is a coefficient defined by:

α =

[
1− e(h−t)

∆t

]−1

(2.33)

t is the film thickness, h is the indentation depth and ∆t is the dimension of the transition
region (not well defined by Bückle). This work also established the general practice of
indentations being no more than 1/10 of the film thickness that was later adopted into the
ISO 14577 standard.

Korsunsky et al. [183] presented a model of fitting indentation hardness data with
the relative indentation depth based on the expansion of the elastically and plastically
deformed volume underneath the indenter during loading in nanoindentation [48]. The
model is presented as:

H f s = Hs +
H f −Hs

1+ k
(

hc
t

)2 (2.34)

where k is a fitting parameter and hc is the contact depth seen in the Oliver-Pharr method
[163].

2.5 Surface Engineering

2.5.1 The nature of surfaces

Before detailing the various methods of surface modification, surfaces themselves must
be defined. Though this may initially seem like an odd statement, surfaces have com-
plex structure and complex properties dependent upon the nature of the solid, method of
surface preparation and interaction between the surface and environment (whether it be a
solid, liquid or gas interface) [64]. Figure 2.11 shows the typical composition of a solid
surface.
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Figure 2.11: Composition of a typical solid surface structure with magnified surface tex-
ture. From [64].

Further to the composition and structure of surface layers, their topography must be
addressed as well. All surfaces contain irregularities on various length scales from larger
scale shape deviations to that on the order of inter-atomic distance [64]. Figure 2.12 shows
a schematic of roughness, waviness and lay of a surface as part of the typical surface tex-
ture. Lay refers to the prominent directional machining marks. Waviness is the texture
upon which the roughness is superimposed. Roughness itself is the irregularities in the
production process left by some machining agent [44]. Numerous parameters exist to de-
fine the roughness of a surface, in fact there about 59 that are commonly used. Roughness
can be defined in both two-dimensional or three-dimensional forms. The most common
is the arithmetic mean height (Ra) as it is easy to define, easy to measure and gives a good
general description of height variations. No information is given about the wavelength in
this metric and it is not sensitive to small changes in profile. Its mathematical definition
is [190]:

Ra =
1
l

∫ l

0
|y(x)|dx (2.35)

Ra =
1
n

n

∑
i=1
|yi| (2.36)

Amusingly, many researchers have complained over the past 40 years that there are a
profusion of roughness parameters and that many of them are redundant. More parameters
have appeared over this time and not all are related to functional properties [191].

2.5.2 Defintion of Surface Engineering

Surface engineering can be defined as the application of both traditional and innovative
surface technologies to produce a composite material with properties unattainable in ei-
ther the base surface materials individually [19]. These alterations can improve the ap-
pearance, provide protection from environmental damage or to enhance the mechanical or
physical performance of the surface [25]. It is a multi-disciplinary subject concerned with
the manufacturing process of surface layers for both technological and end use purposes,
their connected phenomena and the performance effects obtained [193, 194]. With proper

43



Figure 2.12: Schematic of surface patterning (lay, waviness and roughness). From [64,
192].

implementation of these technologies, entirely new products can be created to serve in
extreme environments or increase the efficiency of pre-existing designs.

The field dates back to the mid 1900’s with first efforts focused on modifying surface
properties to reduce wear, reduce friction and improve appearance [195]. As with tribol-
ogy, the formalisation of the study can relatively late; the term first appeared in late 1970s
and was pioneered in the UK with the introduction of the journal Surface Engineering
by Tom Bell of Birmingham University in 1985 [27, 196]. Multiple processes exist to
modify surfaces. These can include methods of modifying the surface chemistry (e.g.
carburizing), methods without altering the surface chemistry (e.g. flame hardening) and
the coating of surfaces [197].

The application of coatings to improve the surface properties is now a well established
technology however the whole coating/substrate system must be optimised to ensure the
desired properties are achieved. A coating cannot be applied to a low quality bulk ma-
terial with the expectation that it will perform significantly better. The substrate must
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be designed for appropriate strength and toughness to avoid catastrophic failure [198].
Matthews et al. [75] expanded on this in their work on analysing the contact mechanisms
and selection of particular coatings to meet the needs of the system. For example, DLCs
were suggested to be excellent for fretting and lubricated contact but sub-optimal for im-
pact and fatigue loading without the correct structural design. Dearnley [199] noted that
surface engineered materials have a high potential to make high impact and meet tribolog-
ical challenges across several sectors including automotive (with wear resistance coatings
for piston rings, roller bearings and cam followers), tools (metal carbides and nitrides for
cutting steels and cast iron) and joint replacements (TiN for Ti-6Al-4V and CrN for Co-
Cr-Mo). Schwarzer [200] expanded upon previous numerical methods to provide a set of
analytical tools for future coatings and surface optimisation. Beake et al. [201] detailed a
series of nanomechanical test methods to aid in the optimisation of high speed machining
tools. These methods included nanoindentation at room temperature and up to 500 °C
and nano-impact. Some of the latest innovations in coating design lie in the application
of chameleon coatings which are able to adapt to their environment by changing their
chemistry and structure as required to control friction and wear in extreme environments.
This makes them perfect for aerospace applications [202, 203].

2.5.3 Plasmas in Coating Technologies

Before addressing the specifics of the different coating technologies commonly applied in
industry, it would be beneficial to review the fundamental theory surrounding plasmas as
they are used widely in (plasma-assisted) physical and chemical vapour deposition pro-
cesses. Plasmas occur throughout nature, in fact the majority of the universe exists in
an ionised state. Colloquially, plasmas are known as the fourth state of matter because
of this. A plasma is an ionised gas; when a gas is given enough energy such that the
constituent atoms collide with each other with sufficient energy to knock electrons out of
their orbitals to the continuum. This creates a gas with a mix of electrons and positively
charged ions. The degree of ionisation can vary from 100 % (fully ionised) to low values
(10−4–10−6 for partially ionised gas). Plasmas have unusual properties compared to other
states of matter. The separation between ions and electrons creates electric fields and flow
of charged particles further creates currents and magnetic fields. The concept of local
thermal equilibrium is often used to define the type of plasma, plasmas formed in labo-
ratory conditions are generally in thermal equilibrium whereas for expansive interstellar
plasmas the temperature can vary throughout the cloud. Laboratory (process) plasmas can
have their parameters varied by changing the precursors gas/gases, the pressure, the elec-
tromagnetic field structure, discharge configuration and temporal behaviour (by pulsing)
[204, 205].

The creation of plasmas can occur by multiple methods. Though it is possible to cre-
ate a plasma by heating up a container of gas this is inefficient or generally not possible
as the temperature required for the plasma exceeds that achievable by the container. Typ-
ically, in a laboratory a smaller amount of gas is heated and is ionised by some form of
electric current or by a pulses of radio or microwave radiation [204, 205]. Several specific
discharge methods [205] Table 2.2 shows the properties of a variety of different plasmas
found throughout the universe. For deposition technologies we use process plasmas.

The electric discharge of plasmas is defined by multiple regimes depending on the
voltage and current of the plasma thereby defining whether there is a dark discharge, glow
discharge or arc. Most commonly glow discharge plasmas are used for process plasmas
wherein the voltage is almost independent of the current over several orders of magnetude
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in the discharge current. The characteristic glow is caused by excitation collisions as the
electron energy is high enough [205, 206].

Table 2.2: Typical parameters for various types of plasmas. From [204].

Length scale (m) Particle density (m−3) Electron temperature (eV) Magnetic Field (T)

Interstellar gas 1016 106 1 10−10

Solar wind 1010 107 10 10−8

Van Allen belts 106 109 102 10−6

Earth’s ionosphere 105 1011 10−1 3×10−5

Solar corona 108 1013 102 10−9

Gas discharges 10−2 1018 2 –

Process plasmas 10−1 1018 102 10−1

Fusion experiment 1 1019–1020 103–104 5

Fusion reactor 2 1020 104 5

Plasmas have multiple uses beyond the deposition of thin films including the sur-
face activation and functionalisation of polymers, cleaning surfaces and surface hardening
[204, 205]. Throughout the universe, regions of high plasma concentration are responsi-
ble for the creation of stars [207]. Figure 2.13 shows an image of the Orion Nebula which
contains multiple dense molecular clouds which are the birth sites of high mass stars in
ionised hydrogen clouds called HII regions.

2.5.4 Physical Vapour Deposition and Chemical Vapour Deposition

Coatings

Thin film coatings can be applied by either physical vapour deposition (PVD) or chemical
vapour deposition (CVD). PVD consists of atomistic vaporisation by which material is
vaporised from a solid or liquid source in the form of a vapour through a vacuum or
low pressure/plasma environment after which it condenses. Coating thickness can range
from a few nanometres to thousands of nanometres. A multitude of PVD methods exist
including vacuum evaporation, sputter deposition and ion plating. CVD consists of the
deposition of atoms or molecules by high temperature reduction or decomposition of a
chemical vapour precursor [194, 209].

Plasma enhanced chemical vapour deposition (PECVD) (sometimes known as plasma
assisted chemical vapour depositionn (PACVD)) uses reactions activated by a plasma
thereby bringing the temperature of the deposition down substantially. This combination
of a chemical and physical process effectively bridges the gap between PVD and CVD.
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Figure 2.13: The Orion Nebula. From [208]

Two types of plasma are used in CVD, either glow discharge or arc. Glow discharge
plasmas can also be generated using microwaves [209]. The plasma flow of a magnetron
sputtering source can be seen in Figure 2.14.

Figure 2.14: A magnetron sputtering source. From [210]
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Thornton was a prolific author in the prediction of the structure formed by thin films.
In 1974 he published a paper [211] detailing how the geometry of the deposition system
and the deposition conditions affects the structure and topography of sputtered coatings.
His 1977 paper [212], further expanded on this establishing a structural zone model de-
pendent upon the argon pressure and substrate temperature. Thornton and Hoffman [213]
explored the stress effects in thin film deposition establishing a contribution of intrinsic
growth stress and thermal stress in film deposition. Issues are encountered when high
melting point coatings with low thermal expansion are deposited on polymers as the ther-
mal expansion of the substrate will cause cracking. This can be overcome by depositing
intrinsic compressive stress into the coating. The hyperthermal species responsible for
film growth are affected by a multitude of factors. The subplantation model is affected
by the angle of incidence of the species, crystallographic orientation of the substrate, sub-
strate properties and temperature [214]. Ordered coatings have crystal orientations that
can be assessed using electron back scatter diffraction (EBSD), this technique can also
be utilised to assess the substrates themselves to provide a deeper understanding of the
deposition mechanisms [215].

2.5.5 Diamond-Like Carbon

DLC is used to describe a class of mechanically hard amorphous metastable carbon ma-
terials [35, 216, 217]. Properties of DLC can vary with the ratio of sp2 (threefold pla-
nar carbon-to-carbon bonding) to sp3 (fourfold tetrahedral carbon-to-carbon bonding) hy-
bridised bonding and hydrogenation of the film [216, 218, 219]. In addition to high hard-
ness, DLC films are characterised by chemical inertness and low coefficients of friction
making them ideal wear resistant coatings [217, 220]. High residual internal compressive
stresses are common in harder DLC coatings, methods to reduce these stresses include
the inclusion of metal doping into the DLC layer and presence of a functionally graded
metallic to carbide interlayer [221–225]. Measurement of residual internal stress is typ-
ically performed by measuring the curvature of the substrate materials by applying the
Stoney equation [226]. Measurement of the curvature is typically performed by a surface
profilometer [227–230].

Newer methods of reducing the internal stress include the application of multilayer
coatings such as that performed by Baba et al. [229] in their application of using a bi-
layer coating. This circumvents the issues of metallic doping wherein film properties such
as hardness or roughness can change. Renzilli et al. [231] used a combination of mod-
elling and experimental methods to tailor the residual stress profiles of Cr-CrN coatings.
The application of multiple designed layers allowed for the reduction in von Mises stress
throughout the multi-layer structure. Matthews et al. [232] also investigated this phenom-
ena with the application of beam bending a multi-layered material (with the addition of
FEM) to show that alternating hard and soft, or high and low modulus layers can better
accommodate surface deformation.

The initial developments on DLC films were almost accidental. In 1953, Schmellen-
meier was the first to note the formation of a hard black film on the cathode of his glow
discharge apparatus in the study of the influence of ionised acetylene (C2H2) gas on the
surfaces of tungsten-cobalt alloys. [233]. In a later paper he noted that these micron thick
films were amorphous and using x-ray diffraction, identified some regions were diamond
crystallites [234]. The major initial advance came in 1971 with the work of Aisenberg and
Chabot [235], they were the first to coin the term ”diamond-like carbon” in their work on
forming carbon films by ion-beam deposition. Since then there were a few publications
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on DLC with a huge uptake in popularity in the 1990s that has continued to present day
[34, 236].

The next section will detail the terminology used to refer to DLC coatings as the
initialism refers to a relatively broad class of materials. Additionally, some elements of
carbon’s structural chemistry should be reviewed to clarify the structures present within
amorphous carbon and its various bonding types.

2.5.5.1 Terminology

It is first important to note that the term DLC can be a misnomer, the mechanical prop-
erties of amorphous carbon coatings can vary greatly depending upon their carbon com-
position and presence of elemental dopants and therefore the properties can vary a great
deal from diamond. Some can have greater graphitic content and are sometimes referred
to as graphitic-like carbon (GLC) [227]. The following classifications can be applied to
the family of amorphous carbon compounds [217, 237]:

• a-C - Hydrogen free amorphous carbon films with a greater proportion of sp2 bond-
ing. The “a” donates an amorphous coating.

• a-C:H - Amorphous hydrogenated films containing a modest sp3 fraction. “H”
denotes an amount of hydrogenation in the coating. Several subtypes of this coating
exist:

– a-C:H films with the highest H content (40–50 %) can have up to 60 % sp3

however the bonds are hydrogen terminated resulting in a soft material with
low density; these films are known as polymer like a-C:H (PLCH).

– a-C:H films with intermediate H content (20–40 %) have lower sp3 content
compared to polymer like a-C:H (PLCH) but more C-C sp3 bonds; this results
in better mechanical properties. These films are called diamond like a-C:H
(DLCH).

– a-C:H with low H content ( <20 %). These films have high sp2 content and
sp2 clustering and are commonly known as graphite-like a-C:H (GLCH).

• ta-C:H - Tetrahedral amorphous hydrogenated films possessing a significant sp3

bonding fraction (> 70%). These films can have ∼25 % hydrogen content. These
properties results in a high density (up to 2.4 gcm−3) and higher Young’s Modulus
(up to 300 GPa).

• ta-C - Tetrahedral amorphous carbon. These films lack hydrogenation and have
high sp3 content giving them a high hardness (40–90 GPa).

Table 2.3 gives an overview of the amorphous carbons discussed in this section as well as
their typical composition ranges and properties.

2.5.5.2 Carbon Chemistry

Carbon is able to form a variety of crystalline and disordered structures due to its ability
to exist in three bond hybridisations. Hybridisation refers to the overlapping of electron
orbitals [216]. The different physical forms (crystalline structures) that carbon can be
assembled into is called its allotropes (or polymorphs). It should be clarified that the

49



capability of an element to assemble itself into different forms is not unique to carbon and
other group 14 elements in the periodic table can also do this [238]. Figure 2.15 shows
some of the various allotropes of carbon.

Figure 2.15: Carbon allotropes: a) diamond, b) graphite, c) lonsdaleite, d) C60 (buck-
minsterfullerene or buckyball), e) C540, f) C70, g) amorphous carbon, and h) single-
walled carbon nanotube (buckytube). From [239].

In sp3 bonding, as found in diamond, the carbon atom’s four valence electrons are
each assigned to a tetrahedrally directed sp3 orbital. This forms a strong σ bond to an
adjacent atom. For the three-fold configuration seen in graphite, three of the four valence
electrons enter trigonal sp2 orbitals forming σ bonds in the plane The fourth electron of
the sp2 is in a pπ orbital, orientating normal to the σ bonding plane In the sp1 config-
uration, two of the four valence electrons enter σ orbitals, each one forming a σ bond
in the ±x-axis with the other two electrons entering pπ orbitals in the y and z directions
[216, 240]. Carbon bonded in the sp2 configuration has strong σ bonds with the plane
but weak Van der Waals bonding between layers [241, 242]. This gives graphite strongly
directional mechanical properties with each layer able to be easily sheared [217]. Di-
amond’s structure and mechanical properties are derived from its strong, directional σ

bonds (with short bond length and high bond energy) [217, 243]. Figure 2.16 shows the
bonding structure of the various hybridisations.

Figure 2.16: The three carbon bond hybridisations with varying numbers of π bonds.
From [216].
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2.5.5.3 Mechanical Properties And Structure Of DLC

DLC consists of sp2 and sp3 bonded carbon atoms and can also contain large amounts
of hydrogen within its structure. Their mechanical and tribological properties vary due
to their microstructure, composition and chemistry [217, 244, 245]. Due to DLC films
nature as hard coatings, they will generally display brittle behaviour however this can
change with differences in the sp2/sp3 ratio [216, 218, 219] and dopants [36] affecting the
mechanical properties for varying coating structures. This allows DLC to be tailored to
required properties to a greater degree than other coatings.

The amorphous nature of DLC films is length scale dependent. At a small enough
scale it can be seen that DLC is composed of small crystallites with a local configuration
of either sp2 or sp3 [238]. This results in a random stable network but the cluster size is
sufficiently small that electron diffraction techniques show an amorphous material. DLC
has no long range order [238]. The structure of an a-C:H film is shown in Figure 2.17.
An sp2 cluster can be seen highlighted and the lack of long range order can be readily
observed.

Figure 2.17: Structural model of an a-C:H film with a density of 1.7 gcm−3, 30 % hy-
drogen, 65 % sp2, 20 % sp3 and 15 % sp1 bonds. A cluster consisting of graphite-like
rings is highlighted. From [34]

.

Figure 2.18 shows the various types of DLC formed when the sp2/sp3 ratio and level
of hydrogenation is varied, this phase diagram was first proposed by Jacob and Möller
[246].

The range of mechanical properties can be seen in Table 2.3 (located on page 52).
H/E ratios over 0.16 suggesting excellent wear rates [216] but this is rarely seen in prac-
tice [244, 247]. DLCs have been shown to have an optimum range of H/E [248] partic-
ularly under impact wear where E/H can be more important [122] as opposed to other
coatings such as AlTiN and TiAlCrN [118]. This relation will be explored further is Sec-
tion 2.5.8.

51



Ta
bl

e
2.

3:
A

co
m

pa
ri

so
n

of
th

e
pr

op
er

tie
s

of
di

ff
er

en
tD

L
C

s
w

ith
di

am
on

d
an

d
gr

ap
hi

te
.F

ro
m

[2
17

].

Ty
pe

s
sp

3
co

nt
en

t

(%
)

H
yd

ro
ge

n
co

nt
en

t

(%
)

D
en

si
ty

(g
cm
−

3 )
Po

is
so

n’
s

R
at

io
Y

ou
ng

’s
M

od
ul

us

(G
Pa

)

Fr
ac

tu
re

To
ug

hn
es

s

(M
Pa

m
1/

2 )

R
es

id
ua

lS
tr

es
s

(G
Pa

)

H
ar

dn
es

s

(G
Pa

)

D
ia

m
on

d
10

0
0

3.
51

5
0.

07
11

44
3.

4
–

10
0

G
ra

ph
ite

0
0

2.
26

7
0.

2
9–

15
–

–
0.

2

a-
C

:H
(H

ar
d)

40
30

–4
0

1.
6–

1.
22

0.
4

14
0–

17
0

1.
2–

1.
6

1–
3

10
–2

0

a-
C

:H
(S

of
t)

60
40

–5
0

1.
2–

1.
6

0.
25

50
2.

9–
3.

3
∼

1
<

10

ta
-C

80
–8

8
0

3.
1

0.
12

75
7
±

47
.5

–
<

12
40

–9
0

ta
-C

:H
70

30
2.

35
0.

3
±

0.
09

30
0
±

49
–

8.
4

6
50

W
D

L
C

50
20

2.
5–

16
.3

0.
2

10
0–

15
0

1.
0–

2.
5

0.
9

13
.2

Si
D

L
C

60
–8

4
15

1.
85

–
10

0–
17

5
–

1.
0–

2.
5

20
–2

5

52



Figure 2.18: Ternary phase diagram showing the bonding present in types of diamond-
like carbon [216].

2.5.5.4 Structural Characterisation Of DLC

Multiple characterisation methods can be used to determine the structural properties of
DLC films. One of the most common methods is Raman spectroscopy [249]. The typical
Raman frequency range for DLC is 1000–2000 cm−1. In this frequency range, we observe
a primary dual peak phenomenon. The D peak is around 1350 cm−1 and the G peak is
around 1580–1600 cm−1 [250, 251]. The G band peak is due to the stretching of all
bond pairs in sp2 atoms (present in both chains and rings) and the D band is caused
by the breathing modes of sp2 atoms in rings [252, 253]. A smaller T peak is present
around 1060 cm−1 and is caused by C-C sp3 vibrations, this peak is not present in highly
hydrogenated films [237]. Two main peak fittings are used for Raman spectra: Gaussian
(for both peaks) and Breit-Wigner-Fano (BWF) for the G peak and Lorentzian for the D
peak. Generally BWF+Lorentzian fittings use the peak height ratios whereas Gaussian
fittings use the area ratio [250].

The ratio of the peaks gives us the amount of sp2 hybridised bonding located in rings
[254] with higher values indicating higher sp2 content. From this, we can infer that in
coatings with higher ID/IG ratio there is less sp3 content. It should be noted that Raman
spectra does not depend on just the sp2/sp3 ratio but also on the clustering of the sp2 phase,
bond disorder and presence of sp2 chains or rings [250]. This is shown in Figure 2.19.
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Figure 2.19: Schematic of the dual peak phenomena of carbon in Raman spectroscopy.
From [250].

In general, Gaussian fittings are preferred for disordered materials and Lorentzian fits
are used for crystalline materials due to its finite lifetime broadening 1 [250]. Newer
Raman analysis techniques involve the use of multiple D and G peak fitting methods as
it has been theorised that simple two-symmetric-line fits are not substantial enough to
deconvolute the Raman spectra [255].

Electron microscopy can provide a wealth of information on the structure and com-
position of materials. Figure 2.20 shows a diagram of the interaction volume alongside
the phenomena and information gained when an electron beam interacts with matter. The
bulbous region is the electron beam excited interaction volume which can range from
0.1–10 µm in diameter [256]. scanning electron microscopy (SEM) uses an electron beam
(which scans across the surface of a sample) to excite atomic electrons to be released as
secondary electrons to give topographical information. transmission electron microscopy
(TEM) instead uses short wavelength focussed electrons to pass through a thin sample
allowing it to be imaged [257].

1No state has an infinite lifetime. The shorter the lifetime, the broader the spectral lines.
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Figure 2.20: Electron matter interaction phenomena. From [258].

Multiple diffraction techniques exist to ascertain the crystallographic phase composi-
tion, grain size and lattice defect structure of a surface. X-ray diffraction (XRD) is a tech-
nique which scans x-rays over a range of angles to determine the crystal orientation and
lattice spacing and thereby resolve the structure of ordered materials [259]. Transmission
electron microscopy selected area diffraction (TEM-SAD) is a technique used within the
TEM that diffracts the electrons depending on the structure of the material. Rings formed
indicates many crystallites and spots indicate single crystals [257]. For amorphous mate-
rials, such as DLC [238], these techniques will not give a result typical of materials with
a defined crystalline structure. Therefore, these techniques are typically used to confirm
an amorphous structure (either entirely amorphous or a collection of smaller crystallites).

Electron energy loss spectroscopy (EELS) is a technique that involves analysing the
energy distribution of mono-energetic electrons (typically of low energy in the range of
100–1000 eV) as they pass through TEM samples. This is an inelastic scattering process
[260]. energy dispersive x-ray spectroscopy (EDX) involves analysing the energy of a
characteristic x-rays produced by electron beam interaction in solids [256]. EDX is more
sensitive to heavy elements as they produce more continuum intensity than light elements
[261, 262]. EELS is preferable for light elements though it can be used for heavy elements
with a higher energy electron beam [263].

EELS is the preferred method of determining the sp3 fraction because it is also able
to give the sp2 content from the relative size of the π peak on the carbon K edge but
also the valence plasmon peak (26–34 eV) giving the mass density. EELS is however a
destructive and time consuming technique [264, 265]. X-ray photoelectron spectroscopy
(XPS) can also be used to determine the sp2/sp3 ratio [266–268]. Figure 2.21 shows the
deconvoluted core excitation speaks used to identify the composition of carbon films.
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Figure 2.21: Deconvoluted core excitation peaks of carbon. From [265].

2.5.5.5 Dopants In DLC

The inclusion of dopants into DLC structures can modify properties such as the hardness,
tribological properties or internal stresses to tailor it for different operating environments
[36]. Doping with silicon gives improved corrosion resistance and humidity and temper-
ature stability [269]. Si doping has also been seen to alter the sp2/sp3 ratio of the coating
and increase adhesion to the substrate and non-lubricated performance is seen to be better
than non-doped DLCs [270]. The use of metal such as tungsten as a dopant can reduce in-
ternal stresses and improve film adhesion [267, 271]. Adhesion of DLC is noted as being
poor at high loads and under impact stresses [272]. In lubricated contacts, both dopants
are seen to increase the wear rate however [270, 273]. Figure 2.22 shows the range of
typical dopants and their effects on the structure.
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Figure 2.22: Schematic of typical doping elements and the altered properties in DLC.
From [274].

2.5.5.6 Deposition Methods

DLC can be deposited by various methods and precursors such as radio fequency (RF)
or direct current (DC) chemical vapour deposition (CVD), magnetron sputtering, vacuum
arc and ion beam deposition [220, 245]. The use of hydrocarbon precursor introduces a
level of hydrogenation into the coating structure [216, 217]. PECVD deposited films ha
typically have greater levels of hydrogen content (up to 60%) [217, 220]. The ion energy
(dependent upon the bias voltage and precursor gas) affects the character of the film as
seen in Figure 2.23 [275, 276].

Figure 2.23: Schematic of the variation in film character depending on ion energy. From
[275].

Figure 2.24 displays multiple deposition methods (PVD and CVD) specifically for the
deposition of DLC.
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Figure 2.24: Schematics of various DLC deposition mechanisms. From [216].

2.5.5.7 Coating Growth

The coating growth and the nature of the coating is determined by an ion subplantation
process. An optimum range of ion energy (which also varies depending upon the precur-
sor hydrocarbon) exists for the maximum sp3 content. The hydrogen content of a-C:H
is always lower than the precursor hydrocarbon molecule as hydrogen is lost due to ion
bombardment. Generally, ions will subplant, causing sp3 sites initially. Some diffusion
will occur as movement occurs towards the lowest energy position. If an ion has enough
energy will pass through the outer layer of the growing film and cause subsurface growth.
This creates a locally denser area. Ion bombardment causes the loss of H, displaced from
C-H bonds to form H2 molecules which leave the network [275, 276].

Baba et al. [229] noted that the deposition rate of their DLC coatings depended upon
the precursor gas, DC voltage, application of high voltage pulses and use of RF power.
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2.5.5.8 Interlayers In DLC Structures

Residual stresses in the coatings can compromise their integrity and adhesion to sub-
strates, to improve their lifetime for tribological applications interlayers of various metals
are often deposited (Ti, Zr, W, Si, Cr or WC) [277]. Initial research by Bentzon et al.
[278] used a copper pretreatment on stainless steel after which depositing a carbide-metal
intermediate layer. This improved the adhesion greatly. It is common to have several
interlayers, these being Cr layer deposited by magnetron sputtering followed by either W
or WC. Ti/TiN and Ti/TiN/TiCN has also seen to be effective [277].

2.5.5.9 Tribology Of DLC

Generally DLCs are noted for having low coefficients of friction and low wear. This is
however dependent upon the structure and humidity. At low humidity, H-free DLC is
seen to have a relatively high friction coefficient of approximately 0.8. Hydrogenated
DLC has a much lower coefficient of friction of approximately 0.15. This is determined
by the surface interactions whether it be σ or π bond dangling interaction or hydrogen
terminated bonds respectively. At high humidities, H-free DLC has a much lower friction
coefficient whereas that of hydrogenated DLC is seen to rise slightly [279, 280].

An increase in substrate roughness was found to increase the wear rate in ball-on-disk
sliding tests in air. Increased substrate roughness changed the dominant wear mechanisms
from adhesion to chip/flake and fragmentation [281]. Beake et al. conducted a study on
the behaviour of DLC coatings finding a correlation between the mechanical properties
and tribological behaviour in nano- and micro-scratch testing of multilayer DLC coatings
[282]. A higher plasticity index was found to increase DLC crack resistance and simple
modelling found failure occurs when maximum stresses are centred on the interfaces in
the multilayer system. Figure 2.25 shows the typical friction coefficients of DLC variants
and the effect of humidity.

Figure 2.25: Frictional performance of DLC as a function of humidity and dominant
mechanism. From [274].

Further enhancing the tribological behaviour of DLC is the formation of a carbona-
ceous transfer layer which reduces the friction coefficient. A high normal load and high
sliding speed is seen to be most beneficial in formation, giving a thick and compact layer.
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This layer tends to be graphitic in nature and have lower values of hardness and elastic
modulus compared to the original coating [220, 245, 279, 283, 284].

In lubricated interactions, DLC has been found to to have an adverse reaction with oils
containing MoDTC. Kosarieh et al. [125] found that the formation of an MoDTC tribofilm
reduced friction but increased wear in the presence of iron. Topolovec-Miklozic et al.
[285] found that when ZDDP and MoDTC were present in the lubricant a nanometre thin
friction reducing film was formed. The MoDTC was seen to break down into a structure
similar to MoS2. Haque et al. [286] found that, in boundary lubrication conditions, high
contact pressure will induce graphitisation and accelerate wear causing the coating to
thin. Ren et al. [230] found that the addition of ZDDP to engine oil at normal operating
temperatures (180 °C), caused the wear rate to decrease by two orders of magnitude and
graphitisation was prevented.

2.5.5.10 Optical And Electrical Properties Of DLC

DLC coatings can have a range of electrical properties depending upon the deposition con-
ditions and film structure. The amorphous structure of DLC allows for the adjustment of
properties over a large range however the disordered structure leads to poor semiconduct-
ing properties. This allows it to be tailored to a range of applications such as protective
coatings for optical devices (as they are typically transparent in the infra-red), commu-
tators and brush assemblies and plasma switches (due to its high dielectric breakdown)
[287, 288]. Grill et al. [289] noted that PECVD films display non-ohmic behaviour with
their resistivities being dictated by substrate bias and the precursor used in deposition.
Honglertkongsakul et al. [290] used pulsed laser ablation to investigate the electrical and
optical properties of DLC and found that the properties were dependent upon the sub-
strate temperature and laser fluences. Semenenko et al. [291] formulated DLC for coated
field emission cathodes. One possible future use is to design a coating to optimise the
triboelectric effect. Additionally, the coating could be used as an in-situ sensor.

2.5.5.11 DLC Applications

DLC coatings have seen wide use in engineering and medical applications where their
inherent properties in dry sliding contacts have shown to be very useful [280, 292, 293].

DLC films see many practical applications across industry including razor blades,
MEMs devices, cutting tools and as protective coatings for mechanical combustion en-
gines [35, 217, 248, 294]. More recently, DLC coatings have been seen as a potential pro-
tective coating of flow control devices in oil and gas pipelines [295]. In this application,
fatigue resistance is key due to repetitive stresses of hard particle impacts, particularly,
sand particle impacts.

Diamond-like carbon is now seen to be deployed in extreme environments that involve
high temperatures such as protective and friction reducing coatings in automotive engines
[280, 296]. DLCs thermal stability is dependent on its structure with non-hydrogenated
and more sp3 rich ta-C remaining stable up to 600 °C; whereas a-C:H films only remain
stable up to 400 °C [280]. In any use beyond these temperatures, the addition of dopants in
thermally optimised architectures should allow it to serve in more extreme environments;
titanium doping [297] and various light elements have been seen to be effective [36].
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2.5.6 Coating Thickness Determination

Multiple method exist for the determination of the thickness of any applied coating as
seen in Figure 2.26. Mechanical methods such as grinding or scraping can be used to
partially remove a coating [298].

Figure 2.26: Methods of measuring coating thickness. From [299].

Cross-sectional imaging by SEM/focussed ion beam (FIB) can measure the coating
thickness with a great deal of accuracy. Less common methods include ultrasonic scatter-
ing, x-ray fluorescence and capacitance sensing.

Calotesting is a ball and crater technique that wears into a coating to reveal the sub-
strate or interlayers present beneath. The technique involves rotating a large diameter steel
or tungsten carbide ball against the coating surface until the top layer of coating is worn
away. Several drops of nano-crystalline diamond or SiC suspension are used to aid in the
wear as the coatings are typically hard. Optical microscopy is then used to measure the
dimensions of the crater [298]. Figure 2.27 shows a schematic of the Calotest apparatus
and the crater profile.
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Figure 2.27: Schematic view of Calotest ball and crater apparatus and crater profile.
From [299].

Figure 2.28: Diagram of Calotest wear scar geometry. From [300].
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Considering the geometry of the wear scar shown in Figure 2.28, the coating thickness
(T) can be calculated by:

s = T − t (2.37)

An idealised spherical cap can be used to approximate the ball-crater volume. By analysing
the geometry of the crater, we can see that T can be calculated by:

T = R− 1
2

(√
4R2−D2

)
(2.38)

where R is the radius of the ball.
The depth reached into the substrate can be approximated by a similarly derived formula:

t = R− 1
2

(√
4R2−d2

)
(2.39)

Therefore we can derive the coating thickness as:

s =
1
2

(√
4R2−d2−

√
4R2−D2

)
(2.40)

On the condition that d� R and D� R the expression can be simplified to [298]:

s =
xy
2R

(2.41)

with Figures 2.27 and 2.28 showing the physical dimensions measured to obtained the
coating thickness.

Diameter of the ball can be varied to test coatings of different thickness with larger
ball being used to test thicker coatings. Rotation speed of the ball and wear time are varied
dependant upon the hardness of the coating being tested.

2.5.7 Coating Adhesion Determination

Multiple methods of coating adhesion determination exist across the field of surface en-
gineering, the type chosen is done to reflect the thickness of the coating being examined
and the types of failures

2.5.7.1 Scratch testing

One of the first documented uses of scratch testing was by Friedrich Mohs who, in 1822,
used a scratch test to rank material hardness. The relative ability of a material to leave a
permanent scratch in another determined its position on the 10 point scale, the maximum
hardness was set by diamond with the maximum value of 10 [48, 67].

Progressive loading scratch testing is a common technique to evaluate the adhesion
of thin films. This involves the evaluation of well defined failure characteristics (such as
tensile cracking, compressive spallation or gross spallation) at typical loads [301]. The
primary development work in scratch testing was carried out in the 1980s. Perry [302]
produced some of the first work detailing the scratch test as as applied to thin hard ce-
ramic coatings such as TiN. This work covers the, now typical elements of scratch testing
such as the measurement of critical loads and acoustic emission to detect failure. Hin-
termann [303] further developed the acoustic emission sensing during scratch testing,
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using a piezoelectric detector fixed next to the indenter. The work of Valli, Mäkelä and
Matthews contributed with further work on the adhesion of TiN to M2 tool steel and the
development of a robust scratch test platform [304, 305]. The general design of modern
macro-scale scratch testers are extremely similar to this platform. M Burnett and Rickerby
[306] took an analytical approach to the types of failure observed on PVD deposited TiN.
Their work analysed the interfacial stresses, the scratch adhesion failure modes and the
various coating design factors that affect the critical load. This led to the development of
the DIN-Fachberict 39 [307] which has much more detail on the failure modes involved
in scratch analysis compared to the scratch test adhesion ASTM standard [308].

For a sphero-conical probe a scratch hardness (HSp) can be calculated [67, 309]:

HSp =
2Pn

Ap
(2.42)

where Pn is the normal scratch load and Ap is the projected contact area. Pöhl et al. [309]
used a scratch method to evaluate pile up and scratch resistance of soft metallic materials.

Zhang et al. [310] defined a Scratch Crack Propagation Resistance term (LC1(LC2−
LC1), sometimes referred to as scratch toughness). This term represents the resistant to
crack initiation and propagation throughout the scratch test thereby giving a metric for the
toughness of the film.

CPRS = LC1 (LC2−LC1) (2.43)

Fox-Rabinovich et al. [311] used this term to explore the resistance to crack propa-
gation with elevated temperature on TiAlN and AlCrN coatings on a cemented carbide
substrate.

2.5.7.2 Nano-Scratch testing

Nanoscratch testing is used in the assessment of the mechanical failure and it is able
to discern many properties of a coating system. Beake et al. [312] concluded, in their
2013 review that the critical load for thin film adhesion can be influenced by intrinsic
and extrinsic factors, friction force can be de-convoluted into interfacial and ploughing
components and that film thickness is a key parameter influencing critical load in this type
of testing. The exact nature of this relationship is complex however. The link between the
interfacial and ploughing components can be seen in this equation [70, 312, 313]:

µtotal = µinter f acial +µploughing (2.44)

The ploughing component of a spherical indenter can be expressed as [313, 314]:

µploughing =
Ap

As
=

R2 cos−1 (1− h
R

)
− (R−h)

√
2Rh−h2

1
2π (2Rh−h2)

(2.45)

where Ap and As are the projected contact areas between the indenter and the contact
surface and horizontal direction. This is similar to the model proposed by Goddard and
Wilman [314]. R is the tip radius and h is the penetration depth. Lafaye and Troyon
[315] discuss the applicability of this modelling with respect to the transition between
sphere and cone. When the contact radius (a) is greater than the contact radius of the tip
(a0 = Rcosθ ), further considerations must be made taking into account the conical shape
as opposed to the spherical contact when only the spherical extremity is in contact.
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Several methods exist to determine the interfacial friction component [312]:

• By performing constant load friction tests at very low loads where the contact is
completely elastic and the ploughing component is negligible.

• By performing repetitive scratches to eliminate the ploughing contribution.

• By performing a progressive load scratch and extrapolating the low load friction
data to zero load.

At the yield point of the coating, the coefficient of friction is typically of the order of 0.05
using a diamond indenter [312]. This was also noted by Dryda et al. with their scratch
testing of a range of TiN coatings [316].

The repetitive progressive load scratches present the most viable method for the deter-
mination of this friction component as they present the fewest issues with sample prepa-
ration (obtaining the optimal surface roughness) and also setting up an instrument with
sufficiently low thermal drift and low external vibrations. With a well prepared surface,
the load-displacement curves of nanoindentation and nano-scratch can be surprisingly
similar. For a thin film, the critical load is sensitive to the film thickness [149]. Schiff-
mann [317] compared nanoindentation (considered as 0 dimensional testing with respect
to lateral movement on the surface) with linear increasing and constant load load scratch
(1 dimensional) and scanning wear (2 dimensional) noting that the physical mechanisms
of these modes of wear are expected to be different. Under indentation, the elastic and
plastic deformation will determine the residual depth whereas when this is extended to 1D
additional shear forces and ploughing effects will be seen. For 2D testing, the distance
between lines will influence the wear alongside the interactions with wear debris. The 2D
tests were seen to perform differently due to the cross overs of the same wear path due
to the scan line density and that wear debris must be transported across the whole wear
crater with each scan before ejection.

The contact pressure in nano-scratch testing can be calculated in a method described
by Beake et al. [312]. The contact depth (hp) is given by:

hp =
(ht +hr)

2
(2.46)

where ht is the on-load scratch depth and hr is the residual depth from the final scan. The
contact radius (a) is determined by:

a =
√

2Rhp−h2
p (2.47)

The contact pressure (Pm) can then be calculated by:

Pm =
L

πa2 (2.48)

where L is the applied load. Several assumptions are required for this:

• The presence of the tangential load does not influence the pressure distribution too
greatly such that the coefficient of friction is below 0.3. Above 0.3, the pressure
distribution becomes non-Hertzian.

• The radius of the indenter is constant.

• The sliding speed is sufficiently low and the contact is sufficiently close to elastic
that the load is supported on the rear of the indenter.
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• The indenter can reach the bottom of the scratch track in the final topographic scan.

No standard yet exists for the nano-scratch technique but the methodology is broadly
similar to larger scale testing. The geometry of the tip used in this type of testing much
smaller than in macro-scale scratch testing though a sphero-conical tip is used, analogous
to the Rockwell C tip used in macro-scratch testing. The radius of this tip is generally 5 µm
as it promotes film failure within a reasonable load range in line with several commercial
instruments [318].

Due to the scales of testing in this technique standard microscopy is difficult to imple-
ment to assess the crack phenomena. Often, SEM is used once the test has concluded as
performed by Beake et al. [282] in the comparison of a-C:H. Si-a-C:H and a-C:H:W. To
gain further information on the sample profile, the Micro Materials nano-scratch module
uses a 3 pass technique (topography-scratch topography) to assess the pre-scratch topog-
raphy, scratch depth and post-scratch topography [312].

2.5.7.3 Indentation as a Method to Assess Adhesion

The Rockwell indentation method is traditionally used to assess the hardness of steels but
it has seen use as a method to determine the adhesion of relatively thick coatings. For this
application a Rockwell C 120° cone with a tip radius of 200 µm is used. Other geometries
such as Brinell or Vickers test can also be used. For thinner films, a Berkovich or conical
indenter should, instead, be used [67].

The cracking and delamination phenomena are key in determining the adhesion in
comparison to other coatings. This method does not give a quantitative value for adhesion
unlike scratch testing. Sivitski et al. [319] noted the various types of cracks in indentation
such as radial cracking up to delamination. Lan et al. [320] used Rockwell indentation to
assess the adhesion of DLC coatings on duplex nitrided Cr12MoV steel.

2.5.8 Mechanical Properties in the Prediction of Coating Performance

In the prediction of the wear performance of coatings two main metrics are often used,
these being H/E and H3/E2 [321–323]. Leyland and Matthews [322] were instrumental
in popularising the use of H/E (the ratio of hardness to elastic modulus) in the predic-
tion and ranking of coating wear performance. Though this was recognised by previous
authors for alternative materials, this paper introduced the concept for coating studies.
H/E physically relates to the elastic strain to break (or strain to failure) [322, 324]. This
parameter was previously used by Oberle [325], Halling [326] and Matthews [327] fro
predicting the wear of materials. H/E appears in the plasticity index as defined by Green-
woood and Williamson [55]:

ϕ =
E
H

(
σ

β

) 1
2

(2.49)

where σ is the surface roughness and β is the asperity radius. The plasticity index is
used as a measure of the limit of elastic behaviour in the design of sliding and rolling-
element bearings, making it important in the minimisation of wear [322]. Contacts with
small plasticity indices must have a larger contact stress to induce significant plastic de-
formation. At a constant surface roughness and asperity radius, H/E is inversely propor-
tional to the plasticity index. Therefore, a coating with a larger H/E less likely to deform

66



plastically at a given stress and will have a higher toughness where there is no plastic de-
formation [321]. Furthermore, H/E is used as a metric for fracture toughness (Kc) using
pyramidal as seen in the work of Lawn, Anstis and Pharr [328, 329]:

Kc = χr
P

c
3
2

(2.50)

Where P is the peak load, c is the distance from the centre of the indent to the radial crack
end and χr is a constant. This constant depends upon the square root the ratio of Young’s
modulus to hardness (E/H):

χr = §R
V (E/H)

1
2 (2.51)

where §R
V is a material-independent constant cracks produced using pyramidal inden-

ters.
For a Vickers indentation, the fracture toughness can be specifically expressed as [330]:

Kc = 0.016
(

E
HV

)0.5

Pc−1.5 (2.52)

A dimensionless plasticity index (PI) also exists from the work of Cheng and Cheng
[201, 331] using finite element analysis relating the plastic work done during indentation
(Wp) to the total elastic (We) and plastic work done during the indentation:

PI =
Wp

(Wp +We)
= 1− x

(
H
Er

)
(2.53)

where x is a constant. H/E can also relate to frictional performance [332]. We assume that
multi-asperity contacts can be modelled locally by either conical or spherical indentations.
It is well known that the deformed surface around the indenter can exhibit pile-up or
sink-in dependent upon the mechanical properties of the surface and indenter geometry
[331]. For materials with a large ratio of yield strength over elastic modulus, sinking in is
expected and the tendency of sink in increases with H/E [332].

As friction is widely considered to consist of two main components: an interfa-
cial/adhesive component and ploughing component [312]; the ploughing component is
needed to deform materials in the direction of sliding. The ploughing force is expected
to be smaller for sinking in than for piling up, therefore the ploughing contribution to
friction is expected to decrease with increasing H/E [332].

H3/E2 has been seen to relate to tribological performance in its relation to contact
yield pressure and fracture toughness from Hertzian contact analysis [321, 333]. Rear-
ranging Equation 2.7 with the condition of no significant plastic deformation (Pmax < σy):

0.578
(

PE2

R2

) 1
3

< σy = αH (2.54)

where α is some constant. Therefore we can write:

P < 5.168α
3R2 H3

E2 (2.55)

This tells us that for a given load, a coating with a larger H3/E2 is less likely to be
plastically deformed and should therefore have higher fracture toughness.
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These parameters are generally used to rank coating performance though care must be
taken as some coating architectures behave differently depending on the amount of load
support, an example being coating thickness affecting the load support of coated silicon.
A harder and stiffer film is also more likely to have a more dramatic fracture due to the
release of stored elastic strain energy per unit volume resulting in a larger delaminated
area [149, 150, 318, 334, 335].

Beyond the “traditional” wear ratios of H/E and H3/E2, H2/E presents an interesting
alternative wear ratio to explore as discussed in the work of Eyre [336, 337] and Smart
[338]. They noted that there is good correlation between erosion resistance and ultimate
resilience of a material. H2/E represents the amount of energy a material can absorb
before cracking occurs. Thereby making a higher H2/E material more erosion resistant.
This can be thought of in terms of the area beneath a linear load-extension graph (P on the
y axis and x as extension on the x axis), as represented by 1

2Px. We can derive the energy
absorbed (equivalent to 1

2 σAεl) from σ = P
A (stress) and ε = x

l (strain). Energy absorbed
per unit volume is related to σε allowing us to form 1

2σεV where V is volume. Using
E = σ

ε
we can derive the form 1

2
σ2

E V which is proportional to H2/E. We can therefore see
that a high hardness is important in terms of resilience but also a low modulus especially
if the substrate modulus is low.

2.6 Summary: State of the Art

Tribology is now a well established field of study with multiple avenues of viable re-
search both in terms of physical experimentation and computational and mathematical
modelling. Due to the complexities of many areas studied a combined approach is of-
ten employed combining both theoretical approaches and studying physical phenomena
across length scales. Surface engineering for tribological performance offers many tan-
gible benefits by creating composites with friction and wear performance that cannot be
achieved with single monolithic materials.

As can be seen from the literature, considerable work has been completed on the
study of nano-tribology, nanoindentation and DLC coatings. The various properties of
DLC have been well studied but there is more work to be completed on minimising the
effects of internal stress with multi-layer approaches [229], exploring the properties of
graphene based materials [339] and the addition of nanoparticles between DLC and other
surfaces [131]. Most work has focused on the tribological effects of varying few coating
parameters or the study of a particular commercial coating. Examples of this include the
work by Field et al. [283] on the tribological properties of Graphti-iC™ and Dymon-iC™

from Teer Coatings and Viana et al.’s [340] work on the properties of a-C:H deposited
from methane and heptane precursors. Few studies undertake a more complete and com-
prehensive study in a similar way that this PhD project aims to do. This is partly due to
the complexity and expense of coating studies but also that many coatings are deposited
in smaller university systems or provided by companies, making it difficult to scale up to
testing more parameters.

Previous studies have identified the need in combining several techniques (such as
nanoindentation, scratch and impact testing) to characterise a coating’s mechanical prop-
erties to assess performance. [122, 248]. Further to this, coatings should be designed
and optimised for their environment to avoid premature failure [198], the use of multiple
techniques to build a more complete picture of coating performance will aid in this. Re-
search is trending towards the measurement of dynamic hardness of surfaces and the use
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of different length-scales in testing to understand behaviour at each scale and drive failure
faster [86, 110, 118]. Additionally, the use of nanoindentation mapping to assess the dy-
namic changes in surface hardness has been seen particular with fretting wear [102, 341].
Partial unload nanoindentation has been used in a limited capacity and could stand to be
used to a greater degree in materials testing as it provides more information than a single
indentation method as long as the material does not experience a large degree of fatigue.
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Chapter 3

DLC Coating Production

3.1 Introduction

As covered in Chapter 2, numerous methods exist to deposit PVD and PECVD DLC
coatings and the possible substrate materials are varied. The deposition system used to
produce the coatings for this study is equipped with numerous technologies allowing for
the production of many different types of DLC. The coating variants and substrates were
chosen to allow for a large array of properties on substrates that cover a multitude of use
cases to allow for the results gained in the study to be applied to many industries.

This chapter will provide an overview of the production of the DLC coated steel
coupons used throughout this study. The substrate materials will be detailed first fol-
lowed by the techniques used to prepare them for deposition. The architectures of the
coatings will be discussed and compared with the achieved coating thickness.

3.2 Materials

This section will detail the materials used as substrates for the DLC coatings in this study.
The measured mechanical properties of the substrate materials is shown in Chapter 4.

3.2.1 316L Stainless Steel

316L is the low carbon version of grade 316 stainless steel. This grade of steel is one of the
standard molybdenum-bearing grades of austenitic stainless steels, after 304. The addition
of molybdenum gives enhanced corrosion resistant properties, especially to pitting and
crevice corrosion in chlorinated environments. In comparison to other chromium-nickel
austenitic stainless steels, 316L offers higher creep resistance, fracture toughness and
tensile strength at elevated temperatures [342].

Typical applications for this grade of steel include food preparation equipment, marine
applications, pharmaceuticals and architectural applications [342]. Though it is regarded
as the standard marine grade stainless steel, it is not entirely resistant to corrosion in
warm sea water, exhibiting brown staining. The composition range of 316L stainless steel
is detailed in Table 3.1a. 316L stainless steel is used for various projects throughout the
School of Mechanical Engineering, as such the coupons used in this study were cut from
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existing stock. Throughout this thesis, this substrate material will be addressed as SS
(stainless steel).

3.2.2 M2 Tool Steel

M2 tool steel belongs in the class of high speed steels designated as Group M steels
under the AISI classification system. Tungsten is present in all of this class of steels,
apart from M6 and cobalt is completely absent from the composition. M2 tool steel
is notable for its high carbon content and better wear resistance than M1 molybdenum
high speed tool steel. Molybdenum based high speed steels have similar performance
compared to tungsten high speed steels however the former is more cost effective. As
the name implies, this grade of steel is used for making cutting tools [343]. The Mo and
W content promotes toughness and aids in cutting performance however more precise
hardening is required [344]. The round bar was sourced from J. Boyd Laurie and Son Ltd
of Bradford. Vacuum hardening, hot straightening and triple tempering was performed
achieve a hardness range of 62–64 HRC. The hardening temperature is in the range of
1190–1230 °C and the tempering temperature is in the range of 540–595 °C [344, 345].
Table 3.1b details the composition range of M2 tool steel. This material will be addressed
as HTS for the rest of this thesis; though this material is generally referred to as HSS
(high speed steel), this alternate initialism will be used to reflect the additional hardening
procedures used.
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Table 3.1: Composition range for 316L stainless steel and M2 Tool Steel.

(a) Composition range for 316L stainless

steel. From [342].

Element Composition Range (%)

C 0.03

Mn 2.00

Si 0.75

P 0.045

S 0.03

Cr 16.0–18.0

Mo 2.0–3.0

Ni 10.0–14.0

N 0.10

Fe 62.045–69.045

(b) Composition range for M2 tool steel.

From [343].

Element Composition Range (%)

C 0.78–1.08

Mn 0.15–0.40

Si 0.20–0.45

Cr 0.20–0.45

Ni 0.30

Mo 4.50–5.50

W 5.50–6.75

V 1.75–2.20

Cu 0.25

P 0.03

S 0.03

Fe 82.59–86.31

3.3 Methods

3.3.1 Coating Architecture Design

Three types of DLC were produced for this study on the two substrate materials presented
above. The matrix of coatings produced for this study can be seen in Table 3.2 (located
on page 75). The substrate materials for DLCs can vary hugely depending on the ap-
plication. Some examples include alumina [346], Ti6Al4V [228] and silicon [112]. To
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allow the results of this study to be applied across different areas of industry, the choice
of 316L and M2 tool steel is important. Biomedical applications typically utilise 316L as
well as CoCr and Ti6Al4V [318]. M2 tool steel is used in cutting tools due to its high
hardness, thermostability and fatigue resistance [347]. This also allows for a range of
applications relating to the substrates to the tested. Various substrate roughness values
were considered by Siu et al. [348] and Peng et al. [349]. It was decided that 0.01 µm
and 0.08 µm Ra would allow for good adhesion of the coating while still allowing the
effects of higher roughness to be determined. It would also remain simple to polish to the
required roughness. The coating archetypes were chosen as this project was intended to
provide further tribological investigations to those performed previously by Beake [282]
and Austin [324]. A range of coating thickness values are chosen for DLCs however
thicker coatings are seen to increase the critical yield load (the point on a scratch track at
which plastic deformation begins) [53, 350]. The choice of 1 µm and 2–3 µm allowed for
enough of a difference in the thickness while maintaining reasonable deposition times.

The same coating processes was utilised for coating on both SS and HTS, the only
difference is the deposition time of the final step to achieve a different top layer thickness.
The process details will be shown in Section 3.3.3. Therefore the other variations in
coating parameters would be achieved by the selection of substrate and preparation of the
substrate roughness as described in Section 3.3.2.

3.3.2 Coupon Preparation

Substrate coupons were initially cut from cylindrical steel bars (�= 25 mm) to a standard-
ised thickness of 6 mm per coupon. Six coupons per coating variant were produced to give
enough surface area for all the required testing. Due to the cutting process, the surfaces of
the substrates were heavily textured requiring polishing to obtain a flat surface as well as
producing the required surface roughness. A circular grinder with varying grades of sili-
con carbide polishing paper was used for polishing under water lubrication. Sequentially
finer grit sizes (120, 300, 450, 600, 800 and 1200) were used to remove the machining
marks and achieve the correct surface finish. Grinding paper polishing leaves circular lay
marks on the substrate surface that that will be present on the coating due to the nature of
the coating growth and could affect DLC coating adhesion. Jiang and Arnell [281] noted
that the coating roughness would be approximately half that of the substrate however care
must still be taken in their preparation. Therefore, to obtain the optimal surface roughness
(Ra = 0.01 µm), samples are further polished with sequential fibre polishing cloths (Ver-
duTex and MicroFloc) and polycrystalline diamond suspension in sequence (9 µm and
3 µm VerduTex and 0.25 µm with MicroFloc). This process removes the majority of the
patterns of lay on the substrates surface to give a smooth mirror finish.

To achieve the rougher surface finish (Ra = 0.08 µm), the same methodology was
employed however the polishing with grit paper was stopped earlier in the process (800
grit). Polishing cloths were employed as before to give the mirror shine to the surface. It
was found to be much easier to polish to reach the smoother finish as this is essentially the
limit of what is achievable with this laboratory equipment. Measurement of the surface
roughness was carried out with the Taylor-Hobson Talysurf 120L to ensure uniformity.
The Talysurf 120L is equipped with a 2 µm radius diamond tip and a scan distance of
2 mm was used. An average of 3 scans across multiple coupons was used to confirm the
surface roughness.
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3.3.3 Coating Preparation

Coating deposition was performed with the Hauzer Flexicoat 850 PVD and PACVD sys-
tem located in the School of Mechanical Engineering at the University of Leeds (as seen
in Figure 3.1).

Figure 3.1: Hauzer Flexicoat 850 system in the School of Mechanical Engineering at the
University of Leeds.

PVD was used to deposit the adhesive and gradient interlayers on the substrates.
PACVD was used with acetylene (C2H2) as the precursor gas for the top DLC layer.
Hexamethyldisiloxane (HMDSO), vaporized in the chamber during deposition, was uti-
lized for silicon doped DLC. The engagement of a magnetron sputtering WC target was
used for tungsten doped DLC. This will be fully detailed later in this section.

The Hauzer Flexicoat 850 was commissioned at the University of Leeds in December
2010 and upgraded to include new features in 2019. The coating system is equipped with
a number of capabilities, those being [351]:

• Unbalanced magnetron sputtering

• Cathodic arc evaporation (CARC+)

• High power impulse magnetron sputtering (HiPIMS)

• High powered pulsed microwave source

• PECVD with multiple precursor sources (additional sources added in the upgrade)

• Radio-frequency bias (added in the upgrade)

• Nanoparticle source (added in the upgrade)

• Plasma diagnostics (added in the upgrade)
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The Flexicoat 850 has an effective coating volume of�500mm x 500mm height. Four
cathode positions are available, their arrangement can be seen in Figure 3.2.

Figure 3.2: Schematic of the cathode arrangement of the Flexicoat 850 system located at
the University of Leeds. From [324].

The substrate table itself with coupons mounted on it is shown in Figure 3.3.

Figure 3.3: Coupons mounted on the substrate table in the Hauzer Flexicoat 850.
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The production of the coatings was broken down into multiple deposition steps for each
design:

• Coating A:

(i) Chamber heating

(ii) Target cleaning

(iii) Plasma surface etching

(iv) Cr layer deposition

(v) Cr/WC deposition

(vi) a-C:H deposition

• Coating B:

(i) Chamber heating

(ii) Target cleaning

(iii) Plasma surface etching

(iv) Cr layer deposition

(v) Cr/WC deposition

(vi) Si-a-C:H deposition

• Coating C:

(i) Chamber heating

(ii) Target cleaning

(iii) Plasma surface etching

(iv) Cr layer deposition

(v) WC/a-C:H:W deposition

The process parameters themselves are summarised in table 3.3 (located on page 79). The
chamber is pumped to 4×10−5 mbar (pressure is otherwise uncontrolled throughout the
coating process) and heated to 200 °C in the first step. The heaters are engaged again in the
plasma surface etching step otherwise the temperature is not controlled during deposition.
The pump was maintained at low power throughout deposition to evacuate waste gases
from the chamber. The bias voltage utilises DC current during the target cleaning step, low
pulse current (PLS low) in the plasma surface etching step and high pulse current (PLS
high) in the a-C:H and Si-a-C:H deposition steps. A substrate bias voltage of −100 V is
applied during the deposition steps. C2H2 and HMDSO flow rates have a time ramp as
specified in the relevant columns. The time column shows the times for both the thin and
thick coating variants. These times were chosen as the standards for each of the coatings
as programmed into the coating system.

3.3.4 Naming Designations

Due to the large subset of coatings being produced for this study, a naming convention
was established to allow for easier reference to a particular coating architecture design.
This can be seen in Table 3.2. The three DLC coating types will be referred to as:
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• a-C:H – Coating A

• Si-a-C:H – Coating B

• a-C:H:W – Coating C

The nominally 1 µm thick layer will be referred to as the thin variant and the 2–3 µm
thick coating will be referred to as the thick variant. A coating with the substrate polished
to 0.01 µm Ra will be referred to as the smooth variant and inversely those with 0.08 µm
Ra will be the rough variant. To give an example, to refer to the first coating variant in
Table 3.2 (top row), we would call it SS-Coating A-thin-smooth. Coatings B and C will
not utilise the smooth and rough labels as their substrates all consist of the lower surface
roughness.

3.3.5 Coating Thickness Measurement

Measurement of coating thickness was performed by several methods. The top layer coat-
ing thickness was primarily determined by the Calotest technique (using the Tribotechnic
Millennium 200 as seen in Figure 3.4). In this method, a 30 mm diameter stainless steel
ball is rotated against the surface of the coatings to wear into the layer structure. The
diameter of the ball can be varied depending on the thickness of the coating. Nanocrys-
talline diamond solution is applied between the ball and coating surface to increase the
wear.

Figure 3.4: The Tribotechnic Millennium 200.

Times of between 1–10 min were used depending on the thickness of the coating.
Times must be chosen carefully to wear away the material without abrasively scuffing
the surface. The geometry of the wear scar is measured using optical microscopy as
described in Section 2.5.6. The thick variants of Coating A on HTS and SS could not
have their thickness determined using this method as the large periods of wear caused
scuffing without enough wear as to determine the layer thickness. Figure 3.5 shows a
failed Calotest and properly measured Calotest result for Coating B on SS.
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(a) Calotest with scuffing. (b) Correct Calotest wear morphology.

Figure 3.5: Failed Calotest and correct morphology for Coating B on SS. Both pictures
are captured at the same magnification.

The interlayer thickness (and top layer thickness of the Coating A thick variants) was
determined by cross-section SEM using focussed ion beam (FIB) SEM in a FEI Helios
G4 CX Dualbeam SEM located in Leeds Electron Microscopy And Spectroscopy centre
(LEMAS). Platinum is deposited on the surface on the sample to protect it during material
removal. The sample is tilted and a beam of Gallium ions is used to mill into the surface
to reveal the substructure of the coating. A lower energy beam is used to polish the
milled sample face so that the layer structure in the cross-section can be observed and the
thickness of each layer measured. Figure 3.6 shows the process of cross-sectioning the
coatings.

An Oxford Instruments AZtec energy dispersive x-ray spectroscopy (EDX) system
was used to identify the composition of cross-section layers. Unworn areas were chosen
to analyse the thickness and composition of the coatings and interlayers. The results of
this methodology are seen in Section 3.4.2. This method is also applied in Chapter 6 to
investigate the cross-section of impact tests.
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(a) Unworn area chosen for cross-section. (b) Deposition of the protective platinum layer by

ion beam.

(c) Removal of material due to the gallium beam. (d) Finer polishing of the cross-sectioned area.

Figure 3.6: Cross sectioning procedure of SS Coating A.

3.4 Results

3.4.1 Measurement of Coating Layer Thickness

Table 3.4 (located on page 84) shows the thickness of each of the constituent layers of the
DLC coating structure. The adhesive (Cr) layer was, on average, 0.29 µm across all of the
coatings. In Coatings A and B the WC/a-C:H:W gradient layer was 0.89 µm. This layer
gradients directly into the top layer coating on Coating C resulting in a reduced thickness
of 0.29 µm. The majority of the top layer coating deposited thickness were larger than
intended. The only coatings seen to be close to the intended deposited thickness were
Coating B on SS and Coating C on both substrates. Coating A on SS was observed to be
0.60 µm greater than the 1 µm intended thickness and approximately 2.2–2.5 µm thicker
than the 2–3 µm variant. On HTS, the thinner variant was approximately 1 µm thicker
and 0.80–1.50 µm thicker than the designs for the thin and thick variants, respectively.
Coating B on HTS was also thicker within this same range. Overall, coatings deposited
on HTS deviated from the intended thickness more often than on SS. Substrate roughness
was not seen to adversely affect the deposition rate, instead the thicker coating designs
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had a larger DLC layer with the rougher prepared substrate.

3.4.2 Verification of Coating Design by Scanning Electron Microscopy

Figures 3.7, 3.8 and 3.9 shows the FIB-SEM cross-sections of the unworn areas. These
images were taken to corroborate the thickness measured by calotesting and to show the
substructure of the coatings and interlayer system. This was only performed on one of
the substrate’s set of coatings as it was a verifying step. The globular structure seen at the
forefront of Figure 3.8 is due to redeposition of material from the ion beam. Additionally,
a Mo and V concentration can be seen at the surface of the steel and proceeding into
the microstructure. The insert EDX map of Figure 3.9 shows the gradient layer present
in Coating C compared to the distinct interlayer structure of Coatings A and B seen in
Figures 3.7 and 3.8 respectively.

Figures 3.7, 3.8 and 3.9 show the HTS substrate microstructure from which we can
discern that the hardening process has resulted in a martensitic structure [352].

Figure 3.7: Cross-section of Coating A on HTS. Insert is an EDX map of the exposed
cross-section.

83



Ta
bl

e
3.

4:
M

ea
su

re
d

th
ic

kn
es

s
of

en
tir

e
co

at
in

g
st

ru
ct

ur
es

.

Su
bs

tr
at

e
D

L
C

R
ec

ip
e

N
om

in
al

D
L

C
C

oa
tin

g
T

hi
ck

ne
ss

(µ
m

)
Su

bs
tr

at
e

R
ou

gh
ne

ss
(µ

m
R

a)
A

dh
es

io
n

(C
r)

la
ye

r(
µm

)
G

ra
di

en
tL

ay
er

(µ
m

)
D

L
C

L
ay

er
(µ

m
)

To
ta

lC
oa

tin
g

T
hi

ck
ne

ss
(µ

m
)

SS

A

1
0.

02
6
±

0.
00

4
0.

29
±

0.
03

0.
89
±

0.
08

1.
60
±

0.
17

2.
78
±

0.
19

0.
08

60
±

0.
00

04
0.

29
±

0.
03

0.
89
±

0.
08

1.
62
±

0.
18

2.
80
±

0.
20

2-
3

0.
02

6
±

0.
00

4
0.

29
±

0.
03

0.
89
±

0.
08

5.
18
±

0.
07

6.
36
±

0.
11

0.
08

60
±

0.
00

04
0.

29
±

0.
03

0.
89
±

0.
08

5.
54
±

0.
02

6.
72
±

0.
09

B
1

0.
02

6
±

0.
00

4
0.

29
±

0.
03

0.
89
±

0.
08

1.
16
±

0.
24

2.
34
±

0.
25

2-
3

0.
02

6
±

0.
00

4
0.

29
±

0.
03

0.
89
±

0.
08

2.
88
±

0.
17

4.
06
±

0.
19

C
1

0.
02

6
±

0.
00

4
0.

29
±

0.
03

0.
29
±

0.
06

1.
10
±

0.
22

1.
68
±

0.
23

2-
3

0.
02

6
±

0.
00

4
0.

29
±

0.
03

0.
29
±

0.
06

2.
25
±

0.
12

2.
83
±

0.
14

H
T

S

A

1
0.

02
6
±

0.
00

4
0.

29
±

0.
03

0.
89
±

0.
08

2.
20
±

0.
20

3.
38
±

0.
21

0.
08

60
±

0.
00

04
0.

29
±

0.
03

0.
89
±

0.
08

2.
02
±

0.
15

3.
20
±

0.
17

2-
3

0.
02

6
±

0.
00

4
0.

29
±

0.
03

0.
89
±

0.
08

3.
82
±

0.
09

5.
00
±

0.
12

0.
08

60
±

0.
00

04
0.

29
±

0.
03

0.
89
±

0.
08

4.
47
±

0.
24

5.
65
±

0.
26

B
1

0.
02

6
±

0.
00

4
0.

29
±

0.
03

0.
89
±

0.
08

2.
17
±

0.
16

3.
35
±

0.
18

2-
3

0.
02

6
±

0.
00

4
0.

29
±

0.
03

0.
89
±

0.
08

4.
93
±

0.
17

6.
11
±

0.
19

C
1

0.
02

6
±

0.
00

4
0.

29
±

0.
03

0.
29
±

0.
06

1.
17
±

0.
12

1.
75
±

0.
13

2-
3

0.
02

6
±

0.
00

4
0.

29
±

0.
03

0.
29
±

0.
06

2.
99
±

0.
55

3.
57
±

0.
56

84



Figure 3.8: Cross-section of Coating B on HTS. Insert shows an EDX map.

Figure 3.9: Cross-section of Coating C on HTS. Insert is an EDX map.
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3.4.3 Roughness Measurements

Measurement of the smooth preparation (intended to be 0.01 µm Ra) gave a roughness
value of 0.026±0.004 µm Ra. The rougher prepared substrate was closer to the speci-
fication with a value of 0.0860±0.0004 µm Ra. This was measured for both substrate
materials. Figure 3.10 shows a Talysurf example scan as measured on SS.

Figure 3.10: Surface roughness profile of polished SS substrate.

Chapter 7 will present the roughness values of the coatings measured on both substrates
as the scan procedure, prior to a scratch, allows the roughness to be calculated.

3.5 Discussion

Table 3.4 shows that despite the standard deposition times used the achieved coating thick-
ness was generally significantly larger than the planned thickness. Only Coating C on both
substrates and Coating B on SS were within the planned thickness range. It can be seen
that overall Coating A achieved a higher coating thickness based on the deposition times
giving it the highest deposition rate of the coatings (0.023 µmmin−1) for the thin coatings
on HTS). The difference in coating thickness could be attributed to the increased hardness
of the tool steel substrate benefiting coating growth as less ion subplantation will occur
before true film growth [353]. The hardness measurements will be detailed in Chapter
4. Different electrical conductivities or substrate self-biasing could influence the coating
re-sputtering rates and therefore affect the thickness.

Some clarity in the coating structures can be found in the use of structure zone di-
agrams (SZDs). The idea of which was first introduced by Movchan and Demchishin
[354] in 1969. They showed that thick (0.3–2 mm) evaporated films could be described in
terms of the homologous temperature (Th) of the coating, T/Tm, where T is the substrate
temperature in Kelvin and Tm is the melting point of the coating material in Kelvin. Three
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zones were identified with distinct structural and physical properties. Low temperature
zone 1 (Th < 0.3) structures are made up of tapered columnar grains separated by pores
or voids. At higher homologous temperatures (0.3 < Th < 0.5), atomic mobility is higher
and the dense columnar structures of zone 2 can form. Zone 3 (Th > 0.5) occurs at yet
higher homologous temperatures where recrystallisation and grain growth create large
crystalline grains.

There have been several developments of SZDs. Thorton proposed a model specifi-
cally for sputtered metal coatings [211, 212]. Barna and Adamik set the boundaries dif-
ferently and introduced a transition zone between zones 1 and 2 [355]. Kelly and Arnell
developed a novel structure zone model for closed-field unbalanced magnetron sputter-
ing deposition [356]. Anders [357] proposed a modified SZD wherein the linear Th axis
would be replaced by a generalised temperature with the homologous temperature and
the temperature shift of particles arriving on the surface taken into account. The general
linear pressure axis would be replaced with a logarithmic axis for normalised energy de-
scribing displacement and heating effects causing by kinetic energy transfer from particle
bombardment. Finally, the unlabelled z axis would be replaced by net film thickness to
allow the maintenance of the familiar qualitative illustration of film structure while also
allowing for thickness reduction by densification, sputtering or ion etching.

DLC is amorphous [35, 216, 217] and therefore the structures proposed in the various
SZDs are necessarily applicable. Additionally, PACVD was used to deposit the DLC lay-
ers from a gaseous precursor (acetylene). However, to explore the idea, carbon’s melting
point is 3823 K [358]. With the substrate temperature of at least 200 °C (473 K), the Th
would be 0.12 for Coating A (were it to be deposited from a solid graphite source). For
the interlayer materials of Cr and WC, their melting points are 2180 K [359] and 3273 K
[360] respectively. This gives Th values of 0.22 and 0.14 for Cr and WC respectively. This
produces zone 1 columnar structures.

DLC will undergo various structural transformations at different temperatures such
as the conversion to nano-crystalline graphite at 300 °C in ambient air [361]. Depending
upon the effective ion temperature inside the chamber, some structural changes through-
out deposition may occur. The ion energy at the substrate surface (amplified by the tem-
perature in the chamber) affects the structures of all coating methodologies. Though DLC
coatings cannot be classified in the same way as polycrystalline coatings due to their
amorphous structure [35, 216, 217]. Barna and Adamik [355] noted that with high levels
of oxygen contamination Al will form an amorphous structure. This is similar to that seen
with Coatings A and B but this is due to the coating’s amorphous nature rather than con-
tamination. Thornton [212] noted that for CVD, zone 2 columnar structures are formed
when tungsten deposition was controlled by surface reactions and approximated infinite
diffusion. This is similar to the structures formed for Coating C. The measurement of ion
energies will, however, be able shed light onto the difference in coating thickness; the
only difficulty is measuring them. The structures of the coatings can be seen in Figure 5.4
for reference.

3.6 Summary

The Hauzer Flexicoat 850 PVD/PECVD system was used to successfully deposit a series
of DLC coatings on both SS and HTS. a-C:H, Si-a-C:H and a-C:H:W were deposited at
two designated thickness ranges on two surface roughness preparations on the coupons.

Coating thickness was determined using the Calotest method and cross section SEM.
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The measured coating thickness was found to be significantly higher than the intended
thickness with Coating A having the largest deviation. Coating C was seen to be within
specification. Future coatings deposited in this deposition system should have reduced
deposition times to give lower coating thickness. SEM also confirmed the deposited coat-
ing architecture showing the adhesive Cr layer, gradient WC layer and the top layer DLC
structure. Surface profilometry was used to confirm the prepared substrate surface rough-
ness. The smooth preparation was seen to be slightly rougher than the specification.
Automated polishing techniques would allow for the specified roughness to be reached
in less time therefore making the coating preparation more efficient. Zone 1 columnar
growth is predicted for the interlayer materials however the gaseous precursor (an amor-
phous structure of DLC) makes the homologous temperature unsuitable for predicting the
structure of this particular carbon based coating.

The use of the Langmuir probe plasma diagnostics system would allow for the ion
deposition energies to be monitored to aid in determining the factors that affect the fi-
nal achieved coating thickness. The distortion of the electric field would have to be
accounted for however. The engagement of the WC magnetron target and introduction
of HMDSO into the chamber, for the deposition of coatings B and C, would affect the
ion energies within the chamber (affecting the substrate ion bombardment species) and
therefore altering the coating growth and structure. The presence of additional elements
will also affect the mechanical properties by changing the atomic structure of the coating
[225, 251, 268, 273, 362, 363]. This will be discussed further in Chapters 5 and 6.
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Chapter 4

Mechanical Characterisation of DLC

Coatings

4.1 Introduction

Nanoindentation is now a widely used technique to assess the mechanical properties of
both bulk materials and thin films. Hardness, elastic modulus, fracture toughness, yield
strength and residual stress can be determined with the correct experimental set-up. In
the case of bulk materials, the test parameters can be varied to a greater degree than when
testing coatings however the response of individual material must be considered. Single
indentations can be performed with a specified loading time or loading rate. Partial load-
unload indentation consist of multiple loading steps each defined by a maximum load and
loading rate [48, 166].

ISO standard single nanoindentations and indentation using a Vickers micro-indenter
were used to characterise the hardness of the substrate materials. This allowed the micro
and nano-hardness to be evaluated for each material. A partial load-unload technique was
used to characterise the coating’s mechanical properties and subsequent change in the
properties as more substrate effects are seen deeper into the material structure.

Mechanical properties are key in defining the tribological response of materials [19,
44, 71, 322] however standard indentation will only produce a single hardness value
within the 10 % range specified by the ISO 14577 standard [162] which is sub-optimal
for multilayer coatings whose properties change with their structure. The partial load-
unload technique produces multiple indent steps within a single indent location allowing
for more detailed though more complex analysis.

Adhesion testing using scratch testing is also a standardised technique used to assess
the adhesion of coatings. This technique gives both qualitative information in the type of
failure experienced and quantitatively in the critical loads at which failures occur. As sev-
eral critical loads are measured, Fox-Rabinovich and Zhang [310, 311] have used scratch
crack propagation resistance (SCPR) to assess the adhesion of coatings in their resistance
to cracking under increasing progressive load.
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4.2 Methods

4.2.1 Single indent methods

4.2.1.1 Coating Properties

Nanoindentation following the ISO 14577 standard was used to examine the mechanical
properties of DLC deposited on SS. A depth controlled indentation with maximum of
10 % of coating thickness was used with the depth set for each coating. A maximum of
100 mN was allowed to reach this depth. An initial contact load of 0.01 mN was used with
a loading and unloading rate of 0.2 mNs−1. A dwell period of 60 s was used for thermal
drift correction post-indentation. A total of 100 indentations were performed per coating.
The area function of the indenter was found by indentation into a fused silica reference
sample. Hardness (H) and elastic modulus (E) were calculated by applying Oliver-Pharr
analysis [168]. E and ν (0.2) are Young’s modulus and Poisson’s ratio for the coating.
The Poisson’s ratio of 0.2 was taken as an approximation from the collected values of
Hainsworth and Uhure [217]. Ei (1140 GPa) and νi (0.07) are the same quantities for
diamond respectively [167].

Figure 4.1 shows a model ISO standard single indent on SS-Coating A-thin-smooth.
The contact depth can be seen to not exceed 170 nm to adhere to the specification of in-
dents being no more than 10 % of the total coating thickness. However this specification
is more valid for HTS rather than SS [48]. A pop-in event can be seen to occur at approx-
imately 150 nm of contact depth.
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Figure 4.1: Load against contact depth hysteresis graph of SS-Coating A-thin-smooth
performed using the ISO 14577 standard.

4.2.1.2 Substrate Properties

Both nanoindentation and microindentation were used to characterise the mechanical
properties of the substrates. For the nanoindentations, a maximum load of 500 mN was
used. The indenter contact velocity was 0.50 µms−1 with a load and unload time of
2 mNs−1. 60 s was used for thermal drift correction as with the other single indentations.
1 s was specified for the dwell time at maximum load. 10 indentations were performed for
each substrate material. A Poisson’s ratio (ν) of 0.27 was used to convert from reduced
modulus (Er) for SS [364] and 0.285 for HTS [343]. A Shimadzu micro-indenter was
used to measure the Vickers hardness of the substrates with a load of 0.5 kg.

4.2.2 Partial Load-unload Nanoindentation

Partial loading nanoindentation under load control was carried out using a Nanotest Van-
tage nanoindentation system (Micro Materials, UK) with a Berkovich diamond indenter.
A total of 10 indentations with 40 loading points, in a range of 0–500 mN, per sample,
was used to characterise the change in mechanical properties with depth in the coating
system. A time of 2 s was used for the loading and unloading. A dwell time of 1 s was
used at maximum load. Thermal drift correction was performed by a 60 s hold in the final
unload step. The indenter contact velocity was set to 0.50 µms−1. The same analysis
parameters for E are used as mentioned above.

Figure 4.2 shows a model partial load-unload on HTS-Coating A-thin-smooth. The
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same broad hysteresis pattern is seen as in Figure 4.1 however the ”load” section of the
graph consists of multiple load and unload steps. Oliver-Pharr analysis [168] is performed
on each of these steps to obtain the mechanical properties at the maximum contact depth
reached for that individual step. The thermal drift correction in the final unload portion of
the graph can be seen.

Figure 4.2: Load against contact depth hysteresis graph of SS-Coating A-thin-smooth
performed using the partial load-unload method.

4.2.3 Scratch testing

Progressive loading scratch testing was performed with a Tribotechnic Millennium 200
scratch tester to assess the coating adhesion. A load of 0–50 N with a loading speed
of 100 Nmin−1 and a scratching speed of 10 mmmin−1 were applied. A 200 µm radius
Rockwell C diamond indenter was used for testing. LC1 and LC2 loading points were
analysed. The larger scale scratch test was performed to assess the cracking resistance of
the total coating structure. Smaller probe radii could be used to study inter-layer cracking
phenomena [282], this will be seen in Chapter 7. Figure 4.3 (located on page 94) shows
a microscopy image (taken with the Keyence VHX-6000) of a typical macro-scratch with
the critical load positions annotated. Spallation is seen at LC1 with chevron cracking
appearing before and continuing after indicating a brittle failure. Tensile cracking is seen
at LC2. Gross spallation is seen near the maximum load of the scratch [301, 306]. Lateral
stiffness of the scratch test platform is seen to be lacking at higher loads with the track
drift observed.
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4.3 Results

4.3.1 Substrate Properties

Table 4.1 shows the comparison of the hardness data obtained by Vickers microindenta-
tion and nanoindentation methods. We can clearly note that the nano-indentation hardness
of both substrates is higher than the micro-indentation hardness. This can be explained
by the indentation size effect (ISE) [184].

Table 4.1: Comparison of micro-hardness and nano-hardness of the substrate materials.
The micro-hardness values represent the Vickers units converted into GPa for compari-
son.

Substrate Vickers Micro-hardness Micro-hardness (GPa) Nano-hardness (GPa)

SS 175.43±13.19 1.86±0.14 2.65±0.10

HTS 704.67±3.85 7.46±0.04 9.98±0.30

4.3.2 Comparing ISO Standard Indentation to Partial Load-unload

By plotting the results of hardness determined by single indent and partial load-unload
on the same axis, the relative accuracy of both methods can be analysed. Figure 4.4
shows the results of both methods on SS-Coating A-thin-smooth. We can clearly see that
the maximum values of the single indent method are higher.The average hardness using
single indent is 21.9±2.3 GPa compared to 19.4 GPa for the partial load-unload.
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Figure 4.4: Comparison of hardness using single indent and partial load-unload on SS-
Coating A-thin-smooth.

Figure 4.5 shows the results of SS-Coating B-thin-smooth by application of both in-
dentation methods. For this coating the maxima of the partial load-unload is in the up-
per range of the single indent hardness. The average hardness of the single indent is
14.1±1.9 GPa compared to 18.3 GPa for the partial load-unload.
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Figure 4.5: Comparison of hardness using single indent and partial load-unload on SS-
Coating B-thin-smooth.

4.3.3 Coating Load Support

The coating load support provided by each substrate material can be assessed by mod-
elling the normalised indentation depth as done by Korsunsky et al. [183]. By doing this,
we can analyse how far into the coating structure the hardness data propagates.

Figure 4.6 shows the fitting of the Korsunsky model on the normalised indentation
depth hardness data of HTS-Coating A-thin-smooth. The hardness data is seen to stop at
approximately 0.4 normalised indentation depth. A lack of plateau at larger indentation
depth shows that full substrate dominated hardness has not been reached.
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Figure 4.6: Hardness plotted against normalised indentation depth on HTS-Coating A-
thin-smooth.

Figure 4.7 shows the fitting on SS-Coating A-thin-smooth. The data is seen to propa-
gate through almost the entirety of the coating structure as it almost reaches a normalised
indentation depth of 1. At this high indentation depth, the data is beginning to level off
showing that substrate effects are beginning to emerge.
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Figure 4.7: Hardness plotted against normalised indentation depth on SS-Coating A-
thin-smooth.

In both Figures 4.6 and 4.7, the hardness is seen to be noticeably lower at smaller
indentation depths. This can be explained by the initial contact being elastic and lacking
a fully developed plastic zone [166].

4.3.4 Hardness Variation with Depth

The hardness change into the coating structure (with increasing contact depth) is seen in
Figures 4.8 and 4.9. By analysing the peak hardness and extrapolating to the surface,
the surface hardness can be determined [166]. We can note that the maximum contact
depth is higher for the coated SS DLCs. The hardness is seen to decrease to a lower level
within the contact depth range reached in the test. Generally, we see that Coating A has
the highest hardness, followed by Coatings B and C respectively across both substrate
materials. The rougher prepared substrate is seen to have either a slightly higher hardness
value on SS (Figures 4.8a and 4.8b) or a greater uncertainty throughout the contact depth
range as on HTS (Figures 4.9a and 4.9b).
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(a) SS thin

(b) SS thick

Figure 4.8: H varying with contact depth into coating system on SS.
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(a) HTS thin

(b) HTS thick

Figure 4.9: H varying with contact depth into coating system on HTS.
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4.3.5 Elastic Modulus Variation with Depth

Elastic modulus is less dependent upon indentation depth than hardness as the determina-
tion of stiffness is taken from the gradient of the unload curve however there is still a drop
off at higher penetration depths towards the substrate modulus [48, 166, 365]. Figures
4.10 and 4.11 show the elastic modulus variation with depth on both substrates on thick
and thin variants of the coating. On the thin variants, Coating C is seen to have the highest
elastic modulus followed by A and B respectively. On the thicker variants of SS and HTS,
Coating A-rough is seen to have a higher modulus however this could be due to errors in
the recognition of the surface due to roughness and the area function [166]. Coating C is
seen to have the next highest elastic modulus on SS-thick however Coating A-smooth is
seen to have a higher value of HTS. As with the hardness data in Figures 4.8 and 4.9, the
SS data reached a higher contact depth compared to the HTS coatings. This shows the
difference in coating thickness on this method of indentation but also the increased load
support of the HTS substrate.
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(a) SS thin

(b) SS thick

Figure 4.10: E varying with contact depth into coating system on SS.
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(a) HTS thin

(b) HTS thick

Figure 4.11: E varying with contact depth into coating system on HTS.
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4.3.6 H/E Ratio Variation with Depth

Figures 4.12 and 4.13 show the maps of H/E ratio varying with contact depth. Due
to the binning process in which the data is averaged into 50 steps across the range of
contact depth, some variance is expected, depending upon the depth reached for each
loading step, thereby resulting in SS Coating A appearing to skip the first point. This
data binning shows that on HTS (Figure 4.13a), the spacing between each point is smaller
than that on SS due to the lower penetration of each indentation step. This indicates a
greater amount of load support from the HTS substrate due to the smaller penetration
with each repetitive indentation. In indentations on both substrates, the elastic modulus
does not decrease to a large degree throughout the range of contact depth due to the
measurement of contact stiffness being less affected by surface roughness and indentation
depth [166, 365]. Thereby, we can surmise that the decrease in H/E ratio with contact
depth is due to the decrease in hardness at higher contact depths as more substrate effects
are seen [183]. Due to the thinner coatings of SS, the substrate effects are seen at lower
contact depths.

On average, Coating A is seen to have the highest H/E ratio on both HTS and SS due
to consistently higher hardness compared to the elastic modulus. However, it does appear
to have a lower H/E at lower contact depths. This is due to both the surface roughness
being higher resulting in lower measured hardness low contact depth [366] and initial
elasticity in the contact due to the mean contact pressure being lower than the hardness
of the film [166, 282]. Coating B could be predicted to have a smoother surface finish
resulting in higher H/E at low contact depth (however this is not the case as seen in Table
7.3). Lower measured hardness except at lower contact depths results in a lower H/E
values compared to Coating A. Coating C sees the consistently lowest H/E values due
to its high elastic modulus throughout the contact depth range measured. These trends
in H/E ratio follow that seen by Beake et al. [282] on similarly coated systems. The
higher measured hardness (the higher hardness is a topographical effect) of the rougher
films seen in Figures 4.8 and 4.9 is seen to give a higher H/E ratio for the same films
respectively.
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(a) SS thin

(b) SS thick

Figure 4.12: H/E ratio varying with contact depth into coating system on SS.
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(a) HTS thin

(b) HTS thick

Figure 4.13: H/E ratio varying with contact depth into coating system on HTS.
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4.3.7 Average Mechanical Properties

Surface mechanical properties of the coatings are determined by extrapolating partial
loading nanoindentation to the surface (zero contact depth). Hardness (H) is found by
extrapolating the maximum to the y-axis to give the surface hardness [166]. The standard
deviation of the hardness is seen in Figures 4.8 and 4.9; however, due to the mathemati-
cal fitting to zero contact depth, the values of mechanical properties in Table 4.2 have no
error associated with them. The elastic modulus (E) is determined by taking the mean of
the maximum range to negate surface contact effects reducing the modulus at low con-
tact depths [166]. Similar to hardness, the elastic modulus values in the table have no
error associated with the single value but the errors can seen in the graphs for individual
values throughout the contact depth range.The standard deviation of quantities produced
by mathematical operations of others (such as H/E for the substrates) can be calculated
by Gaussian error propagation, the methodologies to do this are detailed in Appendix D.
This has been used throughout this thesis.

Table 4.21(located on page 109) shows the nanoindentation data for both the coated
and uncoated substrates. The substrates show distinct differences in their mechanical
properties with HTS having surface hardness with a value of 10.0 GPa compared to
2.6 GPa for SS. The mean elastic modulus of HTS is slightly higher with a value of
229 GPa compared to 223 GPa for SS. This results in HTS having higher values of both
H/E and H3/E2 (0.042 and 0.017 GPa respectively). The mechanical properties of the
SS substrate are similar to those recorded by Ward et al.[367] prior to coating with a-C:H
with Si interlayer. The hardness of the HTS after hardening is similar to that seen by
Wilbur et al. [368] though a nitriding processing was used compared to the flame harden-
ing for this study. The thin and smooth preparation of Coating A has the highest hardness
value when deposited on both substrates with values of 19.4 GPa and 20.2 GPa on SS and
HTS respectively. The highest mean elastic modulus for the thin coating variant is seen
on Coating C on both substrates with values of 235 GPa and 218 GPa for SS and HTS
respectively. Increasing the thickness of the coating reduced the hardness and stiffness of
both Coatings B and C on both substrates. Conversely the thin and rough thick coating
preparations of Coating A saw the higher hardness and elastic modulus with the highest
values being on SS-Coating A-thick-rough with values of 26.2 GPa and 255 GPa for H
and E respectively.

HTS has a much higher value of 0.418 for H2/E (resilience) compared to 0.030 for
SS. This is due to the increased hardness of the material. Generally, the thicker coatings
show higher H2/E values due to their increased hardness. This however, is not seen
on Coating B on SS. The highest value is seen HTS-CoatingA-thick-rough (2.807). On
average across all substrate, Coating A presents the highest resilience metric, followed by
Coatings B and C respectively.

4.3.8 Scratch testing

Table 4.31 (located on page 111) shows the L1, L2 and the SCPR of the coatings. The
variance in coating thickness may play a part in the difference of Scratch Crack Prop-
agation Resistance (or Scratch Toughness as called by Zhang) (CPRS, LC1(LC2− LC1))
[310, 311] measured across all the coatings particularly on Coating C deposited on HTS

1Each of these tables are displayed on their own page in landscape orientation due to the amount of
data contained within.
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which has approximately 1 µm thinner top layer DLC for the thin variant. In general,
we see a larger CPRS for the coatings deposited on HTS versus SS on the thin variant.
On SS the highest value of CPRS is for Coating C with a value of 241 N2. This com-
pares to 71.1 N2 and 175 N2 for Coatings A and B respectively. The values for CPRS on
HTS for Coatings A-thin-smooth and B-thin are extremely similar with values of 281 N2

and 280 N2 respectively. Coating C has a slightly lower value of 206 N2. Increasing the
roughness of the film is seen to have mixed effects across Coating A on both substrates;
on the thin variant of Coating A the value increases to 214.56 N2 however for the thicker
coating the value decreased by approximately 13 N2. Little effect was seen with HTS-
Coating A-thin however the rougher variant saw a decrease in adhesion. Increasing the
coating thickness, is seen to decrease the CPRS value compared to the thinner variant of
the coating implying there may be an optimum thickness range for coating adhesion.

4.4 Discussion

4.4.1 ISE

The difference in micro-indentation hardness and nano-indentation hardness demonstrated
by Table 4.1 shows that with lower indentation loads (0.5 kgf (4905 mN) vs 500 mN), a
higher hardness is expected with Berkovich or Vickers indenters compared to a reduction
in hardness expected with spherical shapes [189]. Multiple authors have investigated nu-
merical modelling to show how hardness varies with depth (and consequently load) such
as the work of Nix and Gao [182] and more recently the work of Kim et al. [369] whose
model takes into account surface roughness. For these substrate materials, the effect of
sampling a larger number of grains in micro-indentation is mostly likely the cause of the
effect. Neither material is known to have a high elastic recovery and a high degree of
work hardening is not expected [184].

4.4.2 Comparing Single indent and Partial Load-unload

The partial load-unload technique has been used relatively infrequently throughout lit-
erature as the mechanical properties of a single layer thin film are generally determined
by the ISO 14577 standard [162]. Analysing the differences in Figures 4.4 and 4.5, we
can see that for Coating A, the partial load-unload technique underestimated the average
hardness whereas for Coating B it found a higher surface hardness. Looking at the mea-
sured film roughness in Table 7.3, we can see that there is little difference in the DLC
roughness. However Figure 4.4 does show a decrease in the surface hardness character-
istic of the lack of a fully formed plastic region at lower loads and contact depths [166].
This could indicate that the technique has extreme sensitivity to surface roughness with
it performing better on slightly rougher films or underestimating the hardness where low
plasticity is seen early in the indentation cycles. Despite this, the technique did measure
hardness within the same range as the single indentation method with the maximum hard-
ness showing less variation than the single indent. Therefore, this technique can be ruled
as being accurate but currently lacks precision and more work is required to confirm (par-
ticularly the influence of surface topography).

A possible unwanted side effect of cyclic indentations is the possibility of fatigue,
this was noted by Xu et al. [89] with the development of an indentation fatigue law.
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Chicot and co-workers [90, 171] explored the use of this technique to study fatigue and
found variations in the elastic response of magnetite as a function of dwell time. This was
thought to be as a result of reorganisation of dislocation networks during creep. Therefore,
some unintended effects may occur as a result of cyclic indentation.

4.4.3 Load Support

The increased load support of the HTS substrate can clearly be seen in comparison of
Figures 4.6 and 4.7. The hardness data points are seen to be more closely packed as nor-
malised indentation depth increases in HTS compared to SS. Additionally, the hardness
is seen to begin to decrease from its peak value to approximately 15 GPa. Whereas for
SS the Korsunsky model is seen to be be more closely followed at higher normalised
indentation depth as the measured mechanical properties are more representative of the
substrate properties [183]. The difference in penetration into the coatings structure with
coated SS (increased contact depth in Figures 4.8, 4.10 and 4.12) compared to coated HTS
also indicates that there is increased load support provided by a harder substrate material.
It’s also interesting to note that the peak hardness is seen at 0.1 normalised indentation
(Figures 4.6 and 4.7) depth corroborating the ISO 14577 specification of indentations no
more than 10 % coating thickness [162]. The effect of this load support is seen to be espe-
cially prevalent in Chapter 6 where the increased hardness of the HTS substrate, greatly
increased the coating resistance to erosive and impact wear. Some evidence of this was
also seen in Chapter 7 with fewer critical load failures seen on coatings on HTS.

4.4.4 Mechanical Properties

In an indentation test, increasing the roughness of the film will decrease the measured
hardness and elastic modulus [366]. However, depending on the methodology used by the
indenter system to detect the surface and calculate the indenter area function accordingly,
it is possible to see an increase the hardness and elastic modulus as seen in Figures 4.8
and 4.9 and Figures 4.10 and 4.11 respectively.

Though there are some differences due to coating thickness, load support and rough-
ness as seen by Figures 4.8 and 4.9 and Figures 4.10 and 4.11, the general trends of Table
4.2 can be discussed. Coating A is seen to be the hardest of the coatings followed by B and
C respectively. Coating C has a high E thereby reducing its H/E and H3/E2. The H/E
and H3/E2 are ranked in the same order as hardness giving Coating A the best predicted
friction and mechanical wear resistance [321, 322, 332]. Coating thickness is seen to be
beneficial to the mechanical properties of Coating A but detrimental to those of Coatings
B and C. This may be a result fo the growth dynamics of the coatings [275].

Hainsworth and Uhure collected the properties of several types of DLC, they found
that hard a-C:H would have a hardness between 10–20 GPa and an elastic modulus of
140–170 GPa. For W DLC, they found a hardness and elastic modulus of 13.2 GPa and
100–150 GPa respectively. Si DLC had a hardness of 14–25 GPa and elastic modulus of
100–175 GPa [217]. Lanigan et al. [270] investigated the oxidative wear in Si doped
DLCs and produced Si,O doped and Si,O,F doped variants of DLC. These coatings had
measured hardness values of 13.9 GPa and 14.4 GPa respectively. Yue et al. [273] found
hardness values between 15–19 GPa for W DLC depending upon the W content in the
film. Elastic modulus also varied from 160–230 GPa. Hasselbruch et al. [267] produced
W doped DLCs for dry rotary swaging; these coatings had hardness and elastic moduli
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between 15–20 GPa and 170–210 GPa respectively. Zheng et al. [370] studied the struc-
ture and mechanical properties of W doped DLCs for space applications. Their hardness
and elastic moduli values were between 9–15 GPa and 90–110 GPa respectively. An in-
crease in C2H2 flow rate was seen to decrease the mechanical properties with the ratio of
WC and a-C:H determining the hardness of the final coating structure.

Wei and Yen [371] noted that as film thickness increases on DLC deposited on Si
without an interlayer, hardness decreases. This was also accompanied by a structural
change i.e. increase in ID/IG ratio implying that the sp3 content decreased. This was
not the case for some of the DLC variants in this study. Coating A was seen to exhibit
increasing hardness with increased film thickness (and therefore deposition time), this
could be due to some effect of the energetics of ion bombardment affecting the sp3 content
though this process isn’t yet fully understood [275]. There could also be some effects on
the residual compressive stresses of the coatings due to ion bombardment.

4.4.5 Coating Adhesion

The SCPR proposed by Zhang and co-workers [310, 311], consists of several metrics.
The full parameter itself can be used to rank coating adhesion generally with a higher
value indicating a better adhered coating. The parameter, however, is very dependent
upon the coating thickness and radius of the indenter. This helps to explain the relative
weakness of Coating C compared to Coatings A and B. The adhesion in general follows
the pattern seen by Beake et al. [282] on similar coating architectures. Coating C, despite
being thinner than the other coatings, displays excellent adhesion. This is characteristic
of low H3/E2 coatings being able to deform more elastically prior to LC2 failure. Zhang
and co-workers [372–374] have shown that increased scratch toughness (and therefore
adhesion) came at the expense of hardness and reduced compressive residual stresses
improved adhesion.

Adhesion will be assessed on the nano-scale in Chapter 7 where the reduced probe
radius results in greater contact pressure and this focuses the von Mises stress at a lower
contact depth which will measure adhesion between the interlayers and top layer coating
[282, 312]. The radius of the larger scale scratch (200 µm) instead tests the adhesion of
the entire coating structure to the substrate. Therefore, in general, this scale of scratch test
is primarily applicable for the assessment of the coating/substrate interfacial adhesion.

4.5 Summary

The mechanical properties of the substrates and coatings deposited upon them were de-
termined by nanoindentation. Single indents were used to measure the properties of the
uncoated substrates and partial load-unload indentation was applied on the coatings to
analyse the substrate effects with increasing contact depth. A single indentation method
was also employed to compare with the partial load-unload method’s accuracy in deter-
mining the thin film mechanical properties. Macro-scale scratch testing was employed to
assess the adhesion of the coatings.

Comparing micro-indentations to nano-indentations, the ISE can be seen to affect both
SS and HTS with measured hardness increasing at the nano-scale. Partial load-unload
indentation measured mechanical properties within the same range as single indentation
however the analysis is more complex. Analysis of the mechanical properties of Coating

113



A using normalised indentation depth has shown that HTS gives more load support to the
coatings due to the reduced normalised indentation depth and less substrate contribution to
measured property values at larger contact depths. Generally, Coating A is seen to be the
hardest of the coatings followed by B and C respectively. Coating C has a higher elastic
modulus resulting is reduced H/E and H3/E2. Coatings A, B and C generally follow
a trend of decreasing H/E and H3/E2 therefore predicting that Coating A will have the
best wear resistance and lowest coefficient of friction (without tribochemical effects).
Increased coating thickness reduces the mechanical properties for Coatings B and C but
increases them for Coating A. Despite its thinner top layer compared to Coatings A and
B, Coating C displays excellent scratch adhesion characteristics. Coatings A and B are
generally better adhered to the substrate however; this is due to their increased thickness
over Coating C.

Future studies should investigate the potential of fatigue wear and elastic effects af-
fecting the measurement of mechanical properties using the partial load-unload technique
however the use of increasing load with each indentation step does reduce this as a con-
cern. However pile up and sink in are still concerns though material dependent as with
ISO 14577 indentation [166].
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Chapter 5

Structural Characterisation of DLC

Coatings

5.1 Introduction

This chapter will provide an overview of the structural characterisation of the coatings,
specifically focusing on the sp2/sp3 ratio, ID/IG ratio (level of amorphisation) and propor-
tions of the dopants in the coating. Elemental proportions were determined by multiple
methods: EDX in both SEM and TEM and stitching of EELS spectra. It is well known
that the coating properties are affected by the deposition conditions [216], those being the
ion energy, substrate temperature and deposition rate. As the previous chapter covered the
mechanical properties of the coatings, the results gained in this chapter will give context
to the properties determined for each of the coating architectures.

5.2 Methods

5.2.1 Raman Spectroscopy

A Renishaw Raman microscope was used to determine the ID/IG ratio to provide an esti-
mate of the amorphisation of the carbon within the coatings [250, 375]. A 488nm laser
was used to target a Raman shift range of 1000–2000 cm−1. In this frequency range, we
observe a dual peak phenomenon. The D peak is around 1350 cm−1 and the G peak is
around 1580–1600 cm−1 [250, 251]. Gaussian fitting with ratios of the peak area was
used for these spectra as opposed to the Lorentzian with full width half maxima [250].
In this method, the intensities of the D and G peaks (areas beneath each peak) is referred
to as ID and IG values respectively. Baseline subtraction and peak fitting was performed
using OriginPro. The diameter of the Raman laser on the surface is determined by the
Airy disk equation [376]. For a 488nm laser, we find a theoretical diameter of 397nm
using a 0.75/50x lens.

The diameter of the Raman laser on the surface is determined by the Airy disk equa-
tion [376]:

D =
1.22λ

NA
(5.1)
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Where D is the diameter, λ is the wavelength of the laser and NA is the numerical aperture
of the lens. For a 488nm laser, the theoretical diameter is 397nm using a 0.75/50x lens.
This is important as it defines the sampling area and interaction volume of the Raman
laser.

The Renishaw Raman microscope uses an optical microscope to control the focusing
of the sampling laser therefore the there is no inbuilt depth sensitivity to the spectral
measurements beyond the interaction volume of the laser. The laser is taken as either in
focus or out of focus. The interaction volume is complex to calculate (generally perceived
as not worth doing) and is normally modelled by a cylinder. True depth profiling can only
be achieved with a confocal microscope which allows the sampling volume to be precisely
controlled [377, 378]. The thin coating variants on both substrates were used for Raman
studies.

5.2.2 SEM

SEM was performed using the Carl Zeiss EVO MA15 variable pressure SEM. It has an
Oxford Instruments AZtec EDX system with mapping and linescan capability. FIB cross-
sectioning was performed with the same FEI Helios G4 CX DualBeam system as detailed
in Chapter 3.

5.2.3 TEM And EELS

TEM and EELS was performed using a FEI Titan Themis with a maximum power of
300 kV. A 200 keV electron beam was used along with a collection angle of 100 mrad and
entrance aperture of 2.5 mm. 30 s was used for the exposure and integration time. The
sp2 and sp3 proportions were found from the carbon K edge. The sp2 fraction is found
by calculating the area of a Gaussian fitting of the 285 eV peak (π states) and 290 eV due
to the σ states. This was compared to highly orientated polycrystalline graphite (HOPG)
which is 100 % sp2 [264, 379]. EELS data processing was performed with Gatan GMS 3.
TEM-SAD was also used to analyse the crystalline structure of the coatings (or apparent
lack thereof due to the size of the crystallites) [238].

The Hartree-Slater model [380] was used to stitch together the EELS spectra of Si and
C to determine the percentage composition of both elements in the coating. The Si edge
energy was specified to be 99 eV with a fitting range from 80–154 eV. The signal sum
width was 15 eV. The C edge energy was 284 eV with a fit range from 189.8–164.2 eV.
The signal sum width was 40.2 eV. This method could not be utilised to determine the
proportions of elements in Coating C as the major edges for W lie at 1809 eV and 1872 eV
necessitating the beam energy be changed [381]. EDX was utilised instead to compare
the elemental proportions for Coating C.

Preparation of the cross sections was performed using the same electron microscope
as in Section 3.4.2. Figure 5.1 shows the sequence of preparation of a cross-section for
TEM.The average thickness of the coating in cross sections removed for TEM analysis
was 68.77±16.17 µm measured across the six coating variants imaged. Due to the time
required to perform the FIB cross-sections and the cost of the TEM it was decided that
the thicker variants of coatings A, B and C on SS and HTS. By using the thicker coatings,
any depth dependence of the coating structure could be analysed.

117



(a) Deposition of the protective Pt layervia an ion

beam.

(b) Both sides are milled out around the strip to be

extracted.

(c) One side of the strip is milled away so it can be

welded to a TEM sample mount.

(d) The sample is extracted and welded to a TEM

mount.

(e) The sample is reorientated to prepare for thinning

and polishing.

(f) Two ’window’ regions are created for TEM imag-

ing and to maintain sample integrity.

Figure 5.1: Preparation of TEM samples. Coating shown is HTS-Coating A-thick-
smooth.

118



5.3 Results

5.3.1 Raman Spectroscopy

5.3.1.1 ID/IG Ratios Determined By Raman Spectroscopy

Figure 5.2 shows the fitting of the D and G band peaks of Coating A on HTS. Table 5.1
gives the calculated ID/IG ratios of all three coatings on both substrates. The lowest values
of ID/IG are seen on Coating B for both substrates (0.68 and 0.29 on SS and HTS respec-
tively) indicating the lowest levels sp2 carbons present in rings and therefore the lowest
amorphisation. The pre-test (representative unworn area) ID/IG are lower on all coatings
on HTS indicating that the increased hardness of the substrate gives a lower amorphi-
sation. The pre-test values of ID/IG on Coating C are much higher on both substrates
(3.50 and 2.96 on SS and HTS respectively) indicating a highly disordered structured
rich in sp2 carbon [362]. The difference in the Raman peak structure is shown is Figure
5.3. The ID/IG values are approaching that seen by Yong et al. [362] indicating a struc-
ture more like graphitic-like carbon (GLC). Additionally, they identified a closely packed
nano-particulate structure [362]. This would be similar to that seen by Pei et al. [363]
with nano-crystallites of WC or W2C [362] surrounded by an amorphous matrix.

Figure 5.2: Fitting of D and G band peaks on Raman spectra of Coating A on HTS.
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Figure 5.3: Fitting of D and G band peaks on Raman spectra of Coating C on HTS.

Table 5.1: ID/IG ratio of Coatings A, B and C on each substrate.

Substrate Coating Structure ID/IG

316L Stainless Steel

A a-C:H 0.79

B Si-a-C:H 0.68

C a-C:H:W 3.50

Hardened M2 Tool Steel

A a-C:H 0.48

B Si-a-C:H 0.29

C a-C:H:W 2.96
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5.3.1.2 Positions Of The D And G Peaks Calculated By Raman Spectroscopy

Table 5.2 shows the D and G peak positions of each coating. Taking Coating A on each
substrate as the baseline we can discern how the introduction of each dopant affects the
peak positions. The position of the G peak is taken to be most important as an indicator
of the change in structure [250]. The Si doping in coating B is seen to decrease the
wavelength value of the G peak position on both substrates. Conversely, the W doping in
Coating C is seen to increase the G peak position value on both substrates.

Table 5.2: D and G peak positions of Coatings A, B and C on each substrate.

Substrate Coating D Peak Position (cm−1) G Peak Position (cm−1)

316L Stainless Steel

A 1367.68 1552.40

B 1353.94 1504.84

C 1391.95 1567.04

Hardened M2 Tool Steel

A 1344.21 1545.03

B 1444.26 1505.92

C 1392.26 1570.06

5.3.2 TEM

5.3.2.1 TEM Cross-Section

Figure 5.4 shows the cross-section of the prepared DLC samples. It can be seen that
SS Coating A and HTS Coating B experienced a film rupture, this is possibly due to
weakening of the film due to the FIB thinning or as a result of a release of residual stress
energy from the film once it was thinned enough. Coating A and B are seen to have an
amorphous structure, such that no grains or crystalline structure is seen at this resolution.
Coating C has a markedly different structure with a fine grain columnar structure with
evidence of surface diffusion with periodic renucleation [212].
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(a) HTS Coating A. (b) SS Coating A.

(c) HTS Coating B. (d) SS Coating B.

(e) HTS Coating C. (f) SS Coating C.

Figure 5.4: TEM cross-sections of Coatings A, B and C on both substrates.

5.3.2.2 TEM-SAD Verification of Amorphous Structure

Figure 5.5 shows the TEM-SAD patterns of all three coatings on both substrates. No
diffraction spots are seen showing that the films lack a regular crystalline structure.
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(a) HTS Coating A. (b) SS Coating A.

(c) HTS Coating B. (d) SS Coating B.

(e) HTS Coating C. (f) SS Coating C.

Figure 5.5: TEM-SAD patterns of Coatings A, B and C on both substrates.

5.3.2.3 sp2/sp3 Ratios Determined By EELS

Figure 5.6 shows the high loss EELS spectra of highly orientated polycrystalline graphite
(HOPG) and HTS Coating A. These spectra are normalised relative to the total area of
the high loss spectra of HOPG resulting in a lower number of counts in comparison to the
low loss spectra.
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(a) High loss spectrum of HOPG.

(b) High loss spectrum of HTS Coating A.

Figure 5.6: High loss EELS spectra of HOPG and HTS Coating A.
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Figure 5.7 shows the low loss spectra of HTS Coating A. This spectra is not nor-
malised and the counts shown are the raw number from the EELS detector.

Figure 5.7: Low loss EELS spectrum of HTS Coating A.

Figure 5.8 shows the percentages of sp2 and sp3 content in the coatings with the as-
sociated errors of measuring multiple sites in the cross-section. No correlation was found
between sp2 and sp3 content and depth into the coating structure.
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(a) sp2 proportions.

(b) sp3 proportions.

Figure 5.8: sp2 and sp3 proportions of each coating with associated errors.
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The sp2/sp3 ratio can therefore be calculated as seen in Figure 5.9. In general, the
DLCs have a larger proportion of sp3 bonding with the exception of HTS Coating C
which possesses a much high proportion of sp2 bonding within its structure. The error
bars are calculated by Gaussian error propagation.

Figure 5.9: Average sp2/sp3 ratios.

5.3.3 Dopant Proportions

Dopant proportions were determined by multiple methods; EDX in SEM, EDX in TEM
(for Coating C) and stitching of EELS spectra (for Coating B). As the TEM is set up for a
specific energy range (carbon for these measurements), the range required to measure the
spectra of tungsten was too high, therefore EDX was used in place.

5.3.3.1 SEM-EDX

EDX was used on unworn areas to determine the atomic proportions and atomic weights
(by percentage) of all the (thinner) coatings. The images of these unworn areas can be
seen in Figure 5.10.
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(a) HTS Coating A. (b) SS Coating A.

(c) HTS Coating B. (d) SS Coating B.

(e) HTS Coating C. (f) SS Coating C.

Figure 5.10: Unworn areas used used for elemental proportion analysis under EDX.

Table 5.3 shows the atomic composition of unworn areas of the coatings as measured
by EDX before any FIB cross-sectioning has occurred. Elements that are not designed
constituents of the coatings are present in the layers. In the case of Ar as seen in SS Coat-
ing B and Coating C on both substrates, some ions are embedded in the coating structure
during deposition. Some amounts of Ti and O in HTS Coating C can be attributed to
deposition of ions on the chamber walls from previous coating processes; Ti is used to
re-coat the chamber between coating cycles using a cathodic arc process. Cr and Fe
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(and W in Coatings A and B) are detected due to the interaction volume of the electron
beam [256]. Some variance in the unintended elements will be due to the thickness of
the coatings. Coating A on HTS and SS has 99.90 % and 99.80 % carbon composition
respectively. Coating B consists of 72.06 % and 71.12 % carbon, 6.88 % and 6.13 % oxy-
gen, and 20.84 % and 21.92 % silicon respectively. Coating C has the greatest difference
in composition between HTS and SS. SS has 79.33 % carbon compared to 68.29 % as de-
posited on HTS. HTS Coating C has a larger proportion of W (21.14 %) compared to SS
(16.31 %). The W present in HTS could explain this difference as the interaction volume
of the SEM may extend to the substrate.

Table 5.3: Atomic composition of Coatings A, B and C on HTS and SS as measured by
EDX.

Atomic Composition (%)

Coating A Coating B Coating C

Element HTS SS HTS SS HTS SS

C 99.90 99.80 72.06 71.12 68.29 79.33

O – – 6.88 6.13 5.93 –

Si – – 20.84 21.92 – –

Ar – – – 0.06 0.89 0.92

Ti 0.02 – – 0.10 3.04 2.27

Cr 0.02 0.06 0.04 0.17 0.19 0.40

Fe 0.03 0.11 0.11 0.19 0.53 0.78

W 0.02 0.03 0.07 0.32 21.14 16.31

Table 5.4 shows the weight compositions of the coatings also determined by EDX.
The same trends are present as in the previous table however the dopants make up a much
larger % weight than atomic proportion. This is due to their higher atomic masses which
is accounted for in the calculations performed by the Oxford Instruments AZtec software.
Tungsten has an atomic mass of 183.84 compared to 28.085 for silicon [382].
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Table 5.4: Weight composition of Coatings A, B and C on HTS and SS as measured by
EDX.

Weight Composition (%)

Coating A Coating B Coating C

Element HTS SS HTS SS HTS SS

C 99.36±0.17 99.76±0.24 54.76±0.46 51.68±0.60 16.33±0.51 22.90±0.49

O – – 6.96±0.25 5.93±0.29 1.89±0.22 –

Si – – 37.02±0.37 37.24±0.46 – –

Ar – – – 0.15±0.05 0.71±0.09 0.88±0.08

Ti 0.100±0.003 – – 0.28±0.07 2.90±0.12 2.61±0.11

Cr 0.11±0.04 0.26±0.05 0.12±0.05 0.52±0.08 0.19±0.10 0.50±0.09

Fe 0.15±0.05 0.49±0.06 0.38±0.07 0.66±0.10 0.59±0.12 1.04±0.12

W 0.29±0.16 0.49±0.23 0.78±0.26 3.54±0.38 77.39±0.56 72.06±0.51

5.3.3.2 TEM-EDX

Table 5.5 shows the elemental proportions determined by EDX in the TEM of Coating C.
Some differences can be seen in the composition compared to that in SEM. This is due
to the position at which the profile was taken, this being deeper into the coating structure
where a high elemental proportion of the interlayer materials are present. This can be
seen in Figure 5.11. A high-angle annular dark-field (HAADF) detector is enables atomic
columns to be imaged with the capability to detect the atomic number of the material
[260]. The signal from this detector is labelled in Figure 5.11. The position on the x axis
in Figure 5.11 is taken relative to the surface of the sample (0 µm is the coating surface)
with increasing position referring to increasing depth into the coating structure.
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Table 5.5: TEM-EDX atomic and mass fractions of Coating C on HTS and SS.

Element
Atomic Fraction (%) Mass Fraction (%)

HTS SS HTS SS

C 59.38±7.18 58.73±6.62 13.23±1.10 12.88±1.00

Ti 4.06±0.72 2.88±0.50 3.29±0.51 2.52±0.38

Cr 10.61±1.89 14.58±2.53 9.27±1.44 13.84±2.12

Fe 1.32±0.24 3.91±0.68 1.24±0.19 3.99±0.61

W 24.63±3.98 19.89±3.10 72.96±9.91 66.77±8.86

Figure 5.11: EDX elemental intensity profile of Coating C on HTS. Note this figure is
extracted directly from the TEM-EDX software therefore its format does not match the
other figures.

5.3.3.3 TEM-EELS Spectra Stitching

Table 5.6 shows the atomic proportions determined by the stitching of the C and Si EELS
spectra of Coating B using the Hartree-Slater model. Approximately 18–19 % of the
coating structure consists of Si on both substrates. The remaining structure is made up of
carbon. This technique only takes into account the spectra of the chosen elements as the
relative proportions of these are exclusively calculated.
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Table 5.6: Atomic fraction determined by the EELS spectra stitching of C and Si spec-
tra.

Element
Atomic Fraction (%)

HTS SS

C 80.6 81.9

Si 19.4 18.1

5.4 Discussion

In Figure 5.6, we can note that there is a difference in the shape of the spectra comparing
the crystalline HOPG and amorphous Coating A. A rounder spectra without sharp peaks is
indicative of an amorphous carbon film [379] as is expected of a DLC film [264]. This is
further exemplified by the TEM-SAD patterns shown in Figure 5.5 in which rings are seen
instead of the spots expected of crystalline materials. The faint rings seen are typical of
amorphous materials [383]. The cracking caused by the thinning in preparation for TEM
as shown in some samples in Figure 5.4 is evidence of the residual stress commonly seen
in DLC coatings [277]. Wu and Hon [268] found that Si doped DLCs exhibited residual
compressive stresses dependent upon their structure. A more polymer like structure had
lower stress whereas a more diamond-like structure had higher stresses.

A large difference is seen in the predicted sp2/sp3 ratios seen by Raman spectroscopy
(Table 5.1) and the measured proportions by EELS (Figures 5.9 and 5.9). We must re-
member that Raman spectroscopy only gives an indication of the level of amorphisation of
the coatings and that multiple elements of composition influence the Raman spectra (sp2

clustering, bond disorder, presence of sp2 chains or rings and sp2/sp3 ratio) [250, 375].
Beyond the strong correlation of higher sp2 content (comparing Figure 2.16 and Table
5.1) in HTS Coating C, the difference in ID/IG ratio will be due to changes in chain and
cluster structure [250]. This is further seen in Table 5.2 with lower G peak wavenumber
in Coating B indicating an increase in bond disorder. An increase in G peak wavenum-
ber indicates increased chains and clustering which is expected with some increase in sp2

content which was seen for HTS Coating C [250]. Ferrari and Robertson’s [250, 384]
analysis of the structure of various carbon films do not feature the presence of dopants
and therefore the trends noted by them are based on comparison of graphite, a-C and ta-
C. The G peak position has been seen to inversely correlate with the hydrogen content in
a-C:H [385] however the interactions of other ions during bombardment will affect the
hydrogenation during deposition.

The collected DLC structural properties by Hainsworth and Uhure [217] show that for
a hard a-C:H (which is expected from the measured mechanical properties in Table 4.2)
around 40 % sp3 content is expected. For W doped DLC this rises to 50 %. For Si DLC,
between 60–84 % is expected. Tai et al. [375] found around equal parts sp2/sp3 were
common for a-C:H. The sp2/sp3 ratio and ID/IG ratios are seen to be positively correlated
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though the exact relation is dependent upon the analysis technique used. ID/IG ratios as
low as 0.75 were reported corresponding to an sp2/sp3 ratio of 0.5. Yue et al. [273] found
ID/IG ratios from 1.2–2.8 dependent upon the W content in W doped DLC; the W content
increased the G peak wavenumber too. Zheng et al. [370] found ID/IG ratios from 1.17–
1.49 however these were for much harder W DLCs. The higher ID/IG ratio also cused
the G peak wavenumber to increase. Shibata et al. [386] found ID/IG ratios for Si DLC
between 1 and 3 with higher values corresponding to higher negative pulse voltage (high
power impulse magnetron sputtering (HiPIMS)).

There may be some difference in the measured spectral ratios between Raman and
EELS due to the sampling difference in the interaction volume or perhaps surface struc-
tural differences though no gradient was found with EELS and any differences are sup-
posed to be due to sampling error. Coating thickness was seen to affect the structure as
noted by Wei and Yen [371]. Close examination of the structure of Coating C in Figure
5.4 shows that the predictions of Pei et al. [363] and Yong et al. [362] appear to be
correct; the granular structure of Coating C does appear to be nanocrystalline in nature
though higher resolution TEM would be needed to fully confirm this.

The atomic composition (Table 5.3) as determined by SEM-EDX showed that for the
doped coatings (B and C) around 20 % of the coating structure consisted of the doping
elements (Si and W for Coatings B and C respectively). Weight composition results (Ta-
ble 5.4) showed that approximately 37 % of Coating B was Si and 72–77 % of Coating
C was W. This is in good agreement with proportions determined by TEM-EDX (Table
5.5). The proportions for Coating B determined by TEM spectra stitching (Table 5.6)
are also in good agreement with those determined by SEM-EDX (Table 5.3). The stitch-
ing methodology only calculates the proportions of two elements relative to each other
therefore EDX is superior as it can detect all the constituent heavy elements in a coating
[261, 262]. As the procedure for preparing samples for TEM is a destructive one, it is
therefore preferable to determine the atomic proportions and weights via SEM-EDX. If a
line profile is required (as in Figure 5.11), FIB should instead be used and an EDX profile
taken after material removal and polishing.

The mechanical properties reported in Chapter 4 show that, generally, the highest
hardness is observed with Coating A followed by B and C respectively. Coating C is
seen to have a relatively high elastic modulus. Their ranking of H/E ratio follows the
same trend as hardness. The elastic modulus and hardness’ similarity to that of diamond
is primarily determined by quantity of sp3 bonding as sp2 bonding does not contribute
much to the mechanical properties [275]. Any levels of hydrogenation does not aid the
C-C bond network and therefore doesn’t contribute to mechanical properties [275]. We
can therefore think of the mechanical properties in terms of the level of disruption to an
ideal sp3 network though we shouldn’t forget that dopants affect more than mechanical
properties [36]. The relative size of carbon and tungsten atoms are quite different with
carbon having an atomic radius of 70 pm and a van der Waals radius of 177 pm compared
to 135 pm and 249 pm for tungsten respectively [387, 388]. The breakdown of hexam-
ethyldisiloxane (HMDSO) can occur by several mechanisms as discussed by Sonnenfeld
et al. [389]. This provides, possibly multiple, precursor ionic species that can change the
formation characteristics of a silicon doped DLC.
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5.5 Summary

The structure of Coatings A. B and C as deposited on SS and HTS was analysed using
Raman spectroscopy, SEM and TEM. TEM-SAD was used to confirm the amorphous
structure of the coatings. Atomic and weight composition was measured using EDX
under SEM and TEM and spectra stitching in TEM.

We can therefore conclude that for Coatings B and C the dopants were approximately
20 % of the structure by atomic proportion. Higher proportions were seen by atomic
weight due to the difference in elemental mass. EDX performed in both SEM and TEM
and TEM spectra stitching are in good agreement however SEM-EDX is preferred for
determining constituent elements of coatings due to its ease and non-destructive nature
unless line profiles through the coating structure are desired. The amorphous nature of
the coatings has been confirmed with the application of TEM-SAD. Coating B is seen to
have the lowest ID/IG ratio and Coating C had the highest on both substrates. The G peak
positions reveal that the Coating B has an increase in bond disorder compared to Coating
A whereas Coating C has a greater proportion of chains and clustering. Little difference
is found in the sp2/sp3 ratios of the coatings except in HTS-Coating C where the ratio was
markedly higher showing the DLC’s higher sp2 content. The difference could be due to
localised differences in the structure or sampling differences between the surface and sub-
surface structure. SEM images of the samples prepared for TEM showed some cracking
took place indicating the residual compressive stresses of the coatings.

This study has neglected to measure the hydrogen content (EELS peak at 187.5 eV)
of the coatings which has been seen to change with ID/IG ratio [229, 379]. Measurement
of this parameter of the coating composition would allow for the correlation of friction
behaviour with hydrogen content and dopant presence. Additionally, the use of x-ray pho-
toelectron spectroscopy (XPS) to quantify the sp2/sp3 ratio and compare with the values
determined by EELS would allow the subsurface and surface compositions to be anal-
ysed. As mentioned in the conclusion of Chapter 3, analysis of the ion energies would
allow for the deposition mechanisms and intermediate ion species to be better understood.
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Chapter 6

Nano-Scale Fatigue Determination by

Comparison of Erosion and Impact

Testing

6.1 Introduction

Multi-scale impact testing has been an emerging set of techniques used in the character-
isation of the fatigue resistance, dynamic hardness and fracture properties, primarily, of
coatings for the past 20 years [110, 112, 144]. Beake et al. [112] identified impact testing
as a fatigue process and erosion has long been understood to have a fatigue component
[76]. Therefore, as these processes both involve the study of cracking phenomena and
material removal by some impacting media [76, 319], a relation can be drawn between
them under the condition that approximately the same energy is imparted to the surface
in each process.

In this study, the depths reached in impact testing will be correlated with the amount
of substrate revealed in erosion testing to show that instrumented impact can be used to
predict erosion performance of coatings. This is of use as the set up of erosion tests is
complex and time consuming. Additionally, the analysis of the results either in terms
of mass loss or optical analysis can be complex and time consuming. The capability
to use impact testing as a proxy for erosion testing could be a boon for the oil and gas
industry due to the speed of test set up and analysis. Impact and particle impingement
both present similar repetitive high strain rate fatigue wear to the coating surface allowing
them to be compared. Mechanical properties and structural information determined by
Raman spectra will be used to inform on the coating behaviour. By using an instrumented
impact method, the loading regimes tested on the coatings can be standardised allowing
us to control the conditions to a greater degree than with a slurry or air-based erosion
test. Additionally, immediate depth information can be acquired from the impact test as
opposed to the complex post-test analysis required for erosion testing.

Erosion testing under slurry or air conditions presents difficulties in analysing the wear
rate of coatings due to the difficulties in setting up a test and stopping the test to analyse
the amount of coating removed. This itself is difficult due to the low mass removal rates
involved therefore other techniques such as optical analysis must be employed. Appendix
B will show the initial results of attempting to use mass loss in slurry erosion as a metric

136



to measure the coating performance under erosive conditions. Due to the variability of
the results, air erosion and optical analysis was selected to be compared against impact
tests for this study.

The results of this chapter have been published in Surface and Coatings Technology
[390]. Some additional results have been included in additional sections of this chapter
and in the relevant appendices.

6.2 Methododology

6.2.1 Materials

For this study, a smaller subset of the coatings was studied to allow for enough tests to
be performed to establish the link between impact and erosion. These being the thin and
smooth variants of Coatings A, B and C on SS and HTS. Table 6.1 summarises their
structure and thickness for this chapter.

Table 6.1: Multilayer coating architecture design with interlayer and top layer DLC.

Substrate Coating Layer Structure Adhesive (Cr) layer (µm) Gradient Layer (µm) DLC layer (µm) Total (µm)

316L Stainless Steel

a-C:H (A) Cr+WC/W-C:H+DLC 0.29±0.03 0.89±0.08 1.60±0.17 2.65±0.19

Si-a-C:H (B) Cr+WC/W-C:H+DLC 0.29±0.03 0.89±0.08 1.16±0.24 2.21±0.25

a-C:H:W (C) Cr+WC+DLC 0.29±0.03 0.29±0.06 1.10±0.22 1.65±0.23

Hardened M2 Tool Steel

a-C:H (A) Cr+WC/W-C:H+DLC 0.29±0.03 0.89±0.08 2.20±0.20 3.25±0.22

Si-a-C:H (B) Cr+WC/W-C:H+DLC 0.29±0.03 0.89±0.08 2.17±0.16 3.22±0.18

a-C:H:W (C) Cr+WC+DLC 0.29±0.03 0.29±0.06 1.17±0.12 1.72±0.14

6.2.2 Impact Testing

Micro-impact testing was used with varying loads (400–1000 mN with a time of 300 s)
to characterise the fatigue and fracture resistance of coating systems. A sphero-conical
indenter of 12–15 µm radius (dependent on depth from apex) was used. A schematic of
the typical geometry of a sphero-conical indenter is presented in Figure 6.1. A Micro
Materials Vantage system with a micro-loading head (0.4–5 N) was used for impact test-
ing. A solenoid connected to timed relay was used to produce repetitive impacts on the
coating surface; computer control ensured that each impact was in the same location for
each load and occurred every 4 s [118, 122]. Maximum testing time was 300 s resulting
in 75 impacts in the test duration. Three repeats, where possible, were used in different
locations on the sample. Loads of 400, 500, 600, 650, 700, 750 and 1000 mN were speci-
fied for this testing. In all impacts, the indenter was retracted 40 µm from the surface.
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Figure 6.1: A diagram of a typical sphero-conical indenter (with radius R) during inden-
tation. From [48].

Several features across the impact depth maps of the coatings can be highlighted to
compare the performance the coatings across the selected loads. These parameters are:

• I0 - quasi-static depth

• I1 - the depth of the first true impact.

• I f - depth of the final impact.

• Iδ - the ratio of final depth to initial depth normalised by the initial impact depth.
This parameter shows the relative level of fatigue (depth increase due to crack for-
mation) between each loading step.

Iδ is defined by:

Iδ =
I f − I1

I1
(6.1)

Nano-impact at 100 mN load with 75 impacts (corresponding to 300 s) was used to
probe initial cracking behaviour of the coatings. 3 repeats were performed to ensure
repeatability. The same indenter geometry of 12–15 µm was utilised for this testing. A
retraction distance of 15 µm is used for nano-impact tests. The nano-loading head has a
range of 10–100 mN when used in impact mode.

6.2.3 Erosion testing

Due to the incubation period of initial mass gain in erosion tests, mass loss was unable
to be used to calculate the amount of coating removed in erosion. Mass gain in erosive
conditions is seen in several materials at high impingement angles (> 45°) due to embed-
ding of particles [74, 391–393]. Image analysis to distinguish between the exposure of
different layers is used instead.

138



Sand particles (HST60 silica sand of average size 250 µm) [394, 395] were used in
an air-based erosion testing of the coatings at 90° impingement angle. An SEM image
of the sand particles is seen in Figure 6.2. Erosion tests were performed in a bespoke air
erosion rig as seen in Figure 6.3. The rig had a nozzle length of 125 mm with a diameter
of 5 mm. Distance to the sample was adjustable from 0–50 mm however for this testing
5 mm distance was used. The angle of the sample holder could be varied from 30°–90°
additionally.

Figure 6.2: SEM image of HTS60 sand particles used in erosion testing. From [394].

Slurry erosion using a submerged impingement jet (SIJ) was initially used however
this was deemed too extreme to establish a good trend as it was observed that the coating
was eroded quickly and the mass loss of the substrate material was being measured. Mass
gain was seen with this erosion methodology too. Further details of instrument calibration
and mass measurement results can be seen in Appendix B.
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Figure 6.3: Schematic of the bespoke air erosion rig.

Speed of the particles was determined by dual exposure high shutter speed photogra-
phy. The hopper was loaded full of sand and as the airflow was switched on a photograph
was taken to capture the sand flow. Lighting was provided by light emitting diodes (LEDs)
at the side and at the front of the nozzle.

The velocity was calculated by taking the distance travelled by the sand particles seen
as a streak in the photograph measured with a pixel to distance conversion, and the time
by the exposure time of the photograph. The speed was calibrated to 15 ms−1 with a
pressure of 2.04 bar as noted by the linear fitting seen in Figure 6.4.
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Figure 6.4: Air pressure against particle velocity as measured by dual exposure streak
photography.

Figure 6.5 shows a high shutter speed photograph at an exposure of 1/800s, f/4.5
and ISO-3200 captured with a NIKON D5300 camera. At the various pressure levels, the
camera settings were adjusted accordingly to capture measurable particle streaks.

Figure 6.5: Dual exposure high shutter speed photograph of sand particle flow at 1 bar of
pressure.

Erosion tests were performed for the required times (up to 420 s) and analysed af-
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ter each time step with 5 images captured of each erosion wear scar. The images were
converted to 32-bit black and white images and the pixel threshold in ImageJ was used
to highlight differently shaded areas corresponding to the exposure of the substrate. The
threshold limit was set manually for each image. Images were captured at approximately
the same exposure therefore the limit was adjusted to highlight the different coloured
sections of the image. An area calculator was then used to find the amount of substrate
exposed. A similar method was employed by Bouzakis et al. [396] to find the failed area
ratio of impact tests. In Figure 6.6, lighter areas of the image correspond to the substrate
visible after material removal due to erosion of the coating.

(a) Optical micrograph before thresholding. (b) Optical micrograph after thresholding.

Figure 6.6: Erosion of Coating A after 90 seconds of particle impacts to show the effect
of pixel thesholding. The scale bars in the top left of each image reads 500 µm.

Surface profilometry (Talysurf 120L) was performed at the end of the erosion testing
cycle to assess the change in topography. Due to the extreme deformation of the particle
impingement, wear volume could not be assessed with this method. White light interfer-
ometry (Bruker NPFLEX) was also attempted. The results of this unsuccessful post-test
analysis can be found in Appendix B.

6.2.4 SEM analysis

As mentioned in Section 3.4.2, the same SEM cross sectioning was applied in the study of
the morphology of impact craters. The impact craters were cross sectioned to inspect the
sub-layer cracking present under cyclic loading after 75 impacts at the maximum micro-
impact load of 1 N and thereby discern the differences in behaviour between the DLC
coatings similar to the work of Abdollah et al. [397, 398] but in a more qualitative sense
due to the on load depth already being measured by the NanoTest Platform. Abdollah
and co-workers used a combination of SEM and AFM to measure the depth of their wear
whereas that was not neccessary in this case.
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6.3 Results

6.3.1 Micro-impact analysis

The progressive depth increase in micro-impact testing with 75 impacts at an impact load
of 750 mN is seen in Figure 6.7. This is representative of the raw data in an impact test.
SS Coating A fails at the first impact with a depth of 8776 nm reached showing that the
load support of the substrate is insufficient for this system.

Figure 6.7: Representative micro-impact depth against number of impacts of 3 coatings
on HTS and Coating A on SS. Impact load = 750 mN. Maximum number of impacts =
75 (300 s of testing).

Table 6.2 shows the number of impacts on HTS in which failure occurred against the
number of full tests performed. Failure is defined by a sudden increase in depth within a
short period of impact testing as with HTS Coating B (beginning at 14 impacts) in Figure
6.7. It can be noted that Coating C on HTS is less prone to failure across the full load
range suggesting an increased fatigue resistance. Testing on coated SS coupons revealed
eggshell type failures (immediate penetration of the coating and interlayers) under all
impact loads [278], therefore they are excluded from this table. Figure 6.7 demonstrates
this behaviour with SS Coating A reaching 8760 nm at second impact.

143



Table 6.2: Number of impacts tests after which fatigue failure of the coating systems
occurs against the number of tests performed.

Coating and Substrate / Impact Load 400 mN 500 mN 600 mN 650 mN 700 mN 750 mN 1000 mN

HTS Coating A 0/1 0/1 2/3 0/3 1/3 1/1 1/1

HTS Coating B 2/3 3/3 3/3 2/3 2/3 2/3 2/3

HTS Coating C 1/3 0/3 1/3 0/3 1/3 0/3 1/3

Figures 6.8, 6.9 and 6.10 shows the impact parameters evaluated at each load tested.
I0 is similar across all the tests but is noticeably higher in Coating A as opposed to C.
This is due to the initial crack formation in this coating at these loads. The initial and final
depths reached throughout the testing is greater in Coating A and B compared to Coating
C. Some degree of variability is seen in the final impact depths reached across the load
range as is typical of the stochastic response for a fracture dominated process [118].

Figure 6.8: Impact parameters (I0 – quasi-static depth, I1 – depth of first true impact, I f

– depth of final impact) of Coating A on HTS.
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Figure 6.9: Impact parameters (I0 – quasi-static depth, I1 – depth of first true impact, I f

– depth of final impact) of Coating B on HTS.
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Figure 6.10: Impact parameters (I0 – quasi-static depth, I1 – depth of first true impact, I f

– depth of final impact) of Coating C on HTS.

The normalised difference in initial and final depth is shown in Figure 6.11 with the
Iδ parameter. The use of this parameter simplifies the comparison of the impact depths
and highlights the performance of each coating at the different loads. This allows the
comparison of the impact and fatigue resistance of the coatings relative to each other. On
HTS we can see that throughout the impact loads (Figure 6.10), Coating C remains at
the lowest depth, achieving the smallest increase in depth thereby giving a low Iδ . Using
this metric, a lower value is better, thereby suggesting Coating C as the best candidate
for fatigue resistance. Though Coating A is seen to be better at lower load, it should be
noted that raw depth reached through testing is greater giving it reduced impact resistance
overall compared to Coating C.
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Figure 6.11: Graph of Iδ showing the change in depth from first impact to final impact
normalized relative to initial impact depth to compare fatiguing of each coating on HTS.

Beake et al. [399] noted that the comparison of tests, at different applied loads and
across different substrates, to determine the extent of coating failure could be performed
by analysing the difference in depth between the first impact and final impact. This is
shown in Figure 6.12. The same trends are seen as Figure 6.11 however the thickness of
each coating must be considered in comparison rather than Iδ having a relative increase
in depth. However Iδ requires consideration of the coating thickness too, a future study
could consider a modification of these parameters taking into account the film thickness
rather than just wear depth.
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Figure 6.12: Graph of I f − I1 showing the change in depth from first impact to final im-
pact across the load range to compare the extent of coating failure each coating on HTS.

Figures 6.13, 6.14 and 6.15 demonstrate the differences in the cracking dynamics
between Coating B and C on HTS. Coating B displays larger scale cracks permeating
between the interlayer structure and top layer DLC. We can also see that the top layer
DLC is almost entirely removed on the right side of the crater. These features indicate
that this coating is more likely to crack and completely delaminate from the interlayer
and substrate. In Coating C, a greater degree of cracking can be seen when compared
to Coating B but the coating has not delaminated across any of the cross-sectioned area.
Much of the cracks seen are intra-layer i.e. still within the same layer instead of causing
layer removal. Smaller cracking phenomena such as this is more consistent with ductile
failure wherein there are smaller crack areas but more are present [301].

Voids and globular nature of the platinum deposition is due to the roughness of the
coating surface after impact. Coating is seen to be removed on the right side of the
impact crater. Insert shows crack formation can be seen between the interlayers and the
DLC top layer indicating a mechanism that will lead to coating delamination. The inset
shows a large amount of intra-layer cracking but the coating remains on the surface of the
substrate.
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Figure 6.13: FIB-SEM cross section 75 impacts at 1 N load on Coating B on HTS. Up-
per light material is platinum deposited before the FIB process.

Figure 6.14: FIB-SEM cross section 75 impacts at 1 N load on Coating C on HTS. Up-
per light material is platinum deposited before the FIB process.
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Figure 6.15: Increased magnification FIB-SEM micrograph of left side of Figure 6.14
showing 75 impacts at 1 N load on Coating C on HTS.

6.3.1.1 Raman Analysis

Using the same methodology present in Section 5.2.1, the Raman spectra of the craters at
the highest micro-impact load (1 N) were analysed (when the craters could be located) to
assess the maximum possible change in structure. Within the allotted time for post-test
analysis, Coating A could not be located due to the relatively low magnification of the
microscope station integrated in the Raman microscope.

The post-test results for coating B on HTS show a marked increase in ID/IG indicating
graphitisation due to impact where coating C decreases in ID/IG suggesting higher sp3

content and thus implies destruction of larger sp2 clusters [400, 401].
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Table 6.3: ID/IG ratio of Coatings A, B and C on each substrate showing the structural
transformation due to repeated impacts.

Substrate Coating Structure ID/IG (Pre-test) ID/IG (Post-test)

316L Stainless Steel

A a-C:H 0.79 –

B Si-a-C:H 0.68 –

C a-C:H:W 3.50 –

Hardened M2 Tool Steel

A a-C:H 0.48 –

B Si-a-C:H 0.29 0.39

C a-C:H:W 2.96 1.61

By comparing the peak positions pre and post-impact, we can infer further informa-
tion on the structural changes of the DLC coatings [250]. The position of the G peak can
provide information on the relative levels of bond disorder, chains and clustering. Figure
6.16 shows the spectrum of Coating B on HTS with the positions of the D and G peaks
annotated. The G peak position is seen to decrease from approximately 1505 cm−1 to
1500 cm−1, indicating a slight increase in bond disorder. The post-impact spectrum has
a smaller overall peak area indicating a thinner coating due to delamination as seen in
Figure 6.13. Figure 6.17 shows the spectrum of Coating C on HTS with annotated peak
positions. The G peak decreased from 1570 cm−1 to 1543 cm−1, showing a marked in-
crease in the bond disorder and decrease in sp2 clustering.
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Figure 6.16: Comparative Raman spectra of the baseline and post-impact on HTS Coat-
ing B.

Figure 6.17: Comparative Raman spectra of the baseline and post-impact on HTS Coat-
ing C.
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6.3.1.2 Nano-Impact Analysis

The results of nano-impact testing shows the level of initial cracking of the coatings due to
the smaller loads imparting less energy impact into the system with each impact. Figures
6.18 and 6.19 shows the progressive depth increase of Coatings A, B and C on both HTS
and SS with 75 impacts at a load of 100 mN. Observing the difference in Figures 6.18 and
6.19 under the same impact load, the deeper penetration in the SS coating is immediately
apparent due to eggshell failure with the substrate unable to provide the necessary load
support. As seen in Figure 6.18 and Table 6.4, Coating A on HTS has the smallest increase
from I1 (429 nm) to I f (535 nm) resulting in an Iδ value of 0.18. Coating B is seen to have
the largest increase in depth from 559 nm at I1 to 917 nm at the end of testing giving an
Iδ value of 0.64. Coating C has a more gradual increase in depth, though a higher value
of I1 of 661 nm, progressing to 910 nm. This gives an Iδ value of 0.38. Observing the
Iδ values on the SS substrate, we see values that fall within the same range of the HTS
substrate, however by the end of the impact testing only Coating A has not completely
broken though all the coating layers with a final impact depth of approximately 2.05 µm
compared to the total thickness of 2.65 µm. On SS, both Coatings B and C penetrate the
top DLC layer at first true impact (1.54 µm and 1.86 µm for I1 with top DLC layers of
1.16 µm and 1.10 µm respectively). In addition to the relative depth increase in impact
testing, the absolute depth relative to the coating thickness must be observed.

Figure 6.18: Representative nano-impact depth versus number of impacts for coatings
A–C on HTS. Impact load = 100 mN. Total number of impacts = 75 (300 s of testing).
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Figure 6.19: Graph of nano-impact depth versus number of impacts for Coatings A-C on
SS. Impact load = 100 mN. Total number of impacts = 75 (300 s of testing).

Table 6.4: Comparison of impact parameters (I0 – quasi-static depth, I1 – depth of first
true impact, I f – depth of final impact, Iδ – normalised difference between the first and
final impact) in nano-impact tests at 100 mN load.

Substrate and Coating/Impact Parameter I0 (nm) I1 (nm) I f (nm) Iδ

HTS Coating A 350.0±23.0 429.0±15.9 535.0±31.8 0.18±0.01

HTS Coating B 383.0±28.8 559.0±40.4 917.0±66.3 0.64±0.07

HTS Coating C 421.0±25.5 661.0±11.3 910.00±9.93 0.38±0.01

SS Coating A 327.0±24.7 1402.0±31.6 2058.0±92.0 0.47±0.02

SS Coating B 352.0±16.7 1549.0±28.1 2271.0±65.8 0.47±0.02

SS Coating C 420.0±44.3 1864.0±47.3 2511.0±32.0 0.35±0.01
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6.3.1.3 Solid Particle Erosion

In Figure 6.20, it is noted that the substrate exposure quickly climbs to approximately
100 % for all coatings. At 5 s, all three coatings have completely failed by completing
exposing the substrate, once again demonstrating the lessened load support of the SS
substrate and showing the same behaviour between impact and erosion. Figure 6.21 shows
that Coating C can withstand erosive condition to a greater degree than Coatings A and B.
After 400 s of solid particle impingement the substrate exposure is around 50 % compared
to Coating A reaching 94 % at 210 s and Coating B reaching 97 % at 150 s. The substrate
exposure value does vary over the period of testing, but this is attributed to the small-
scale cracking and deformation occurring on the surface of coating as opposed to the
larger scale removal in the other coatings. As less of the substrate is exposed, a thicker
layer of DLC remains on the surface.

Figure 6.20: Substrate exposure of coatings on SS as measured by optical image analy-
sis.
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Figure 6.21: Substrate exposure of coatings on HTS as measured by optical image anal-
ysis.

6.3.2 Energy Quantification

The energy supplied by the impact module can be quantified as performed by Beake et al.
[111].

Ei = Ps×F (6.2)

Where Ei is the energy per impact (in J), Ps is the pendulum swing distance (in m) and F
is the force (in N). The total energy supplied (ET ) can then be calculated by multiplying
the energy per impact (Ei) with the total number of impacts (Ni):

ET = Ni×Ei (6.3)

Using the retraction distance of 15 µm and 40 µm for nano and micro-impact, respectively,
as the Ps values and 75 as the total number of impacts (corresponding to 300 s of testing),
the total energy (ET ) can be calculated. Table 6.5 shows the results of these calculations.
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Table 6.5: Calculated energies imparted in impact testing. Note that the 100 mN force is
applied via nano-impact with a Ps of 15 µm resulting in lower Ei and ET values.

Force (mN) Ei (J) ET (J)

100 0.0015 0.1125

400 0.0160 1.2000

500 0.0200 1.500

600 0.0240 1.800

650 0.0260 1.950

700 0.0280 2.100

750 0.0300 2.250

1000 0.0400 3.000

Appendix C shows a mathematical derivation of the estimated number of particle
impacts based on the geometry of the nozzle set up and mass flow rate. This model
predicts 2096 particles per second impacting on the surface at a flow velocity of 15 ms−1

under slurry conditions. When adjusted for the density of particles in air flow, 1220
particles per second are predicted to impact on the surface each second. Ukpai [402]
used acoustic emission to measure the number of particle impacts per second, he found
for a flow velocity of 15 ms−1 with a sand density of 500 mgL−1, approximately 2000
acoustic emission counts were measured corresponding to the same number of particles
per second. Therefore, we can be reasonably that the model has preliminary accuracy.

Using similar basic numerical modelling, the energy imparted to the sample surface
in erosion can be calculated. The energy per particle impact can be estimated with:

Ep = m×a×dn (6.4)

This is an expanded version of E = F×d where F = m×a; m is taken as the mass of an
individual sand particle (see Appendix C for this value), dn is the distance to the nozzle
(5 mm). The deceleration (a) is calculated by dividing the particle velocity (15 ms−1) by
the time for each impact. The time is approximated by the nozzle distance by the particle
velocity. The energy per second (Es) can be calculated by:

Es = Is×m×dn×a (6.5)

This gives 6 mJs−1. Erosion for 10 s (as seen on coatings on SS) gives an energy input
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of 0.058 J. Erosion up to 150 s, 210 s and 420 s (for Coatings B, A and C respectively on
HTS) gives 0.863 J, 1.208 J and 2.416 J respectively. In comparison to Table 6.5, we can
see that similar energies are imparted to the surface. Applying the same model to slurry
erosion, a total energy of 17.78 J is imparted after 30 min and therefore 284 J is imparted
after 8 h (with the assumptions of this ideal model). Clearly, the slurry erosion conditions
are too extreme (much higher energy input) to provide a good comparison with impact
conditions for the times tested.

6.4 Discussion

6.4.1 On the Significance of Substrate Hardness

Once a sufficient load-bearing substrate is present the fatigue resistance of the coating
structure can be studied, by either instrumented impact or solid particle impingement.
Marked differences are seen in the behaviour of the SS and HTS substrates under the
same conditions as evidenced by Figures 6.7 , 6.18, 6.19, 6.20 and 6.21. Higher depths
are reached on SS under both micro and nano-impact with near instantaneous coatings
failure seen under erosive conditions too.

This effect is known as egg-shelling (sometimes referred to as crème brûlée effect)
where impact stress causes the coating structure collapse, presumed to collapse into the
substrate due to it yielding and plastically deforming underneath the coating [278, 403,
404]. The softer SS substrate cannot elastically support the stress induced by impact or
erosion testing. This is further supported by sub-surface plastic deformation being com-
mon in impact wear [112]. The HTS substrate, therefore, allows for the analysis of the
coating system in addition to giving a more fatigue resistant system due less variation
in the hardness and elastic modulus data across the system as seen in Figure 4.13a in
comparison to Figure 4.12a where little drop in H/E ratio is seen with increase in depth.
We can also note the higher surface hardness (10 GPa vs 2.6 GPa) and H/E and H3/E2

values (0.042 and 0.017 vs 0.012 GPa and 0.0004 GPa respectively) of HTS compared
with SS in Table 4.2. It is interesting to note that SS has a higher Mean Elastic Modu-
lus of 223 GPa compared with 204 GPa suggesting that stiffness alone does not benefit
substrate support. The detrimental effects of low substrate hardness were also seen with
investigation of erosion resistance on TiN coatings on tool steel [77]. Ramalingam and
Zheng [405, 406] noted that matching the elastic moduli of coatings and substrates will
reduce tensile flexural stresses and therefore reduce film cracking alongside thicker coat-
ings further reducing this stress. Therefore, it can be concluded coating fatigue resistance
is first controlled by the substrate’s ability to support the coating structure and substrate
properties must be considered for a well performing composite [198].

6.4.2 Coating Mechanical Properties

Nanoindentation and scratch tests were used to measure the nanomechanical properties
and adhesion of the coatings. Using the measured mechanical properties [321, 322] and
scratch cracking parameters [310, 311], we aim to predict the impact and erosion perfor-
mance of the DLC coatings. Coating A possessed the highest hardness, H/E and H3/E2

(as seen in Table 4.2 and Figure 4.13a); this can be attributed to the ID/IG ratio correlating
with high sp3 content [375]. Using the predictions of Leyland and Matthews [322] and
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Chen et al. [321], we would say this would predispose Coating A to have the best wear
resistance as it would possess the highest elastic strain-to-break ( H/E) [122]. Further to
this, metal ceramic coatings with high H3/E2 ratios performed well under impact condi-
tions [118, 407]. However, in the treatment of Lawn (and co-workers) and Pharr, fracture
toughness follows an E/H (lower H/E) relationship thereby positioning Coating C to be
the best performing with less chance of fracture [122, 163, 322, 328]. The difference in
coating hardness and substrate hardness may also play a part as with the work of Bousser
et al. [408] where a smaller difference in the hardness of the coating and substrate al-
lowed the coating to accommodate plastic deformation of the substrate without cracking.
The difference in dependence in these parameters theoretically depends on influence of
the applied stress and behaviour observed where crack resistance is benefited by a low E
or crack propagation where high stiffness would stop the cracking though a combination
of these factors is probably at play [163]. The CPRS provides valuable information on
the predicted behaviour of the coatings too. On SS Coating C is seen to have the highest
CPRS (Table 4.3) which can relate to the fracture toughness of the film [310, 311]. The
decrease in CPRS in Coating C HTS can be explained by the change in the position of
maximum stress due to the difference in coating thickness compared to the Coatings A
and B [83].

Structural considerations must be made too. W doping in DLC films increases the
fraction of sp2 bonding present in the coating structure thereby giving it a more graphitic
structure and softening the coating; clearly seen in Table 4.2 and Figures 4.12a and 4.13a.
The sp2 ring structure and presence of tungsten in its microstructure imparts a high elas-
tic modulus to the coating while also giving it a lower surface hardness with the added
likelihood of the presence of nanoscrystalline WC or W2C [225, 251, 273, 362, 363].
Superior fatigue resistance is seen in tungsten doped DLC due to non-planar sp2 carbon-
carbon bonding allowing for greater compensation of shear stress [409]. The post impact
Raman results (Table 6.3 and Figures 6.16 and 6.17) show a decrease in ID/IG corre-
sponding to higher sp3 content and destruction of larger sp2 clusters [401]. There could
also be a degree of hardening that occurs due to the Hall Petch effect (material strength-
ening by a change in grain size) or by compression of the nanocrystallites under im-
pact [310, 363, 410]. Conversely, Si doping increases sp3 fraction in a coating structure
[269, 411, 412] however this doesn’t result in a harder coating due to it developing a
polymer like structure [268] and further softening with graphitisation (increase in ID/IG
in Table 6.3) [400].

In considering H2/E as resilience during erosion tests as seen in Table 4.2; we would
assume that Coating A on HTS would perform best under these repetitive fatigue con-
ditions. Additionally, following this metric, the coatings deposited on SS should also
perform well as already stated when analysing the values of H/E and H3/E2. These
metrics (H/E, H3/E2 and H2/E) are most applicable to ordered crystalline coatings [86]
such as metal ceramics [118, 407]. Toughness (E/H) has previously been shown to be
paramount to amorphous coating fatigue resistance such as DLC [122]. We can therefore
surmise that any coatings with high resistance to plastic deformation (H3/E2) will also
have a high resilience (H2/E) due to the mathematically similar nature of both metrics.
H2/E should therefore be used in future erosion and impact studies when appropriate for
the material.
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6.4.3 Micro- and Nano-impact

Multi-scale instrumented impact testing allows for varying strain rates and energies to be
modelled in a method able to simulate fatigue conditions experienced in service far closer
than other methods. It allows for individual impacts to be studied and for time-to-fail and
on-load depth to be measured [110, 144]. Rueda-Ruiz et al. [113] recently showed that
impact testing could be utilised to evaluate dynamic hardness at high strain rates. Due to
the lower load and therefore lower strain, nano-impact allows us to see the initial repetitive
strain resistance of the coatings. Figure 6.18 and Table 6.4 suggest that initially Coating
A on HTS performs better as the higher H3/E2 minimises plasticity [86]. This indicates
initial load support in Coating A as also seen in the lower loads of micro-impact (Figures
6.11 and 6.12). In other nano/micro scale comparisons it is typical to change the probe
geometry between length scales in order to drive failure rapidly [282], by maintaining
the same probe throughout we can study the load dependent fatigue behaviour without
pursuing film failure. We can also note that the comparison of the impact depths of HTS
and SS seen in Figures 6.18 and 6.19 and Table 6.4 shows that egg-shelling also occurs in
nano-impact.

Micro-impact allows for a far greater amount of energy to be fed into the system with
greater loads for each impact. This allows for more dramatic failures to be seen and
the loads to be parametrised to a greater degree as with Figures 6.8, 6.9 and 6.10. The
number of failures seen under multiple loads and repeats of the testing conditions (Table
6.2) compared with the depth parameters (Figures 6.8, 6.9 and 6.10) and Iδ (Figure 6.11)
and I f − I1 (Figure 6.12) show that throughout the testing Coating C has consistently
performed the best with an overall lower impact depth at end of test, lower impact depth
increase during testing and less probability of failure within the given time [112]. Beake
et al. [330] showed that impact testing could be used to probe the fracture toughness of
ceramic coatings. It is noted in this paper that the fracture toughness follows an inverse
relationship with the probe depth reached, further supporting Coating C as the superior
architecture. Figure 6.7 demonstrates the full extent of eggshell failure between SS and
HTS at micro-impact loads. Figures 6.13 and 6.14 give greater insight into the cracking
dynamics seen between Coatings B and C on HTS. Coating B has partly delaminated
compared to Coating C where intralayer cracking is present. The cracked coating is still
adhering to the surface. From this we can gather that the multiple processes suggested
earlier are seen with the lower H/E value and CPRS benefitting fracture toughness and
reducing the amount of crack propagation while the impact hardening benefits in fatigue
resistance [122, 144, 328]. The reduced severity of cracking suggests a more semi-brittle
nature rather than the brittle fracture seen in the other coatings.

6.4.4 Impact-Erosion Link and Wear Resistance

Erosion tests with a bespoke air particle impingement jet showed that on HTS, Coating C
had the most coating remaining on the surface and the least amount of substrate exposed
(Figure 6.21), a combination of beneficial mechanical properties and the ability to struc-
turally transform (as seen under impact wear) make this coating more erosive and fatigue
resistant to particle impact. Repetitive impact induces fatiguing and fracture in materials
intrinsically linking impact and erosion wear [75–77, 110–112, 116, 117]. Furthermore,
Figures 6.11 and 6.12 and Figure 6.21 show a link in the lowest increase in depth across
the load range (with Iδ and I f − I1) and most coating remaining in erosion testing correlat-
ing to a coating that is less likely to catastrophically crack and delaminate in either wear
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regime. Figure 6.14 corroborates this with less severe cracking seen within the coating
layer. The same egg-shelling seen with micro- and nano-impact (Figure 6.7, Figure 6.18
and Figure 6.19 respectively) is seen under erosive conditions so that repetitive impacts
either by sand particles or an indenter tip cause the coating structure collapse due to lack
of substrate support [278, 403, 404]. Using all these parameters together it is possible to
rank the relative performance under the repetitive fatigue conditions of impact and erosive
wear, we can clearly see that Coating C is the superior coating for resistance to these wear
regimes, followed by A and B, specifically on HTS as substrate support is first required.

Initial numerical modelling as presented in Section 6.3.2 shows that the energies im-
parted under impact and erosion are in the same order of magnitude, reinforcing that these
processes can be linked and compared. More complex modelling will be required to pre-
cisely calculate the energy input of impact and erosion respectively. The model is limited
by assuming that all particles hitting the surface have the same energy, the flow dynamics
are not considered (affecting the angle of impacts) and the geometry of the process (size
of particles versus size of indenter) is neglected. The sizes of the particles (and their over-
all impacting area) is very different to that of the impacting indenter therefore the energy
density is different and this may affect deformation. A representative volume could be
considered from the Hertzian indentation strain volume (to approximate the plastic strain
region) with height 2.4a (where a is the contact radius) and area πa2. [413]. A fur-
ther extension to the simplified modelling performed here would be to consider impulse
(force integrated over time) in order to consider time dependence during impact (which
may have rebound characteristics) and particle impingement (time for energy transfer and
number of particle impacts per unit time). Particle size and particle shape are well known
to affect the erosion process. More angular particles causing a cutting effect as opposed to
simple crack generation and larger particles causing greater mass loss [414]. Numerous
erosion models exist with each factoring in various different physical properties, a sys-
tematic approach comparing these [414] alongside the application of Bull’s [85] work of
indentation model applied to impact may provide further insights into these processes to
draw them closer together and increase the accuracy of the impact method to predict per-
formance under erosive conditions. The size and angularity of particles could be tailored
to the impacting indenter size with sharp particles modelled with a cube corner. Angled
impact testing could also be investigated to compare different particle approach angles
with impacts normal to the surface.

The use of a combination of nanomechanical techniques [122] paired with cross sec-
tional SEM, to understand the cracking dynamics of coatings [397, 398], can inform on
how a specific coating structure behaves and how its properties drive different failure
mechanisms (crack initiation or propagation) [122, 144, 328]. This is useful for other
coatings beyond DLC where standardised instrumented impact can remove some of the
randomness of erosion testing to make future coating architecture optimisation easier and
the ranking of fatigue resistance possible.

6.5 Summary

Multi-scale instrumented impact testing was used to compare fatigue resistance against
erosion testing to find a link between the processes to allow for impact to be used as a
more standardised method in future testing.

Correlation between the relative depth increase in instrumented impact and substrate
exposure in erosion allows linking of the two wear processes and for the use of impact to
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inform fatigue behaviour of coating under erosive conditions. The methodologies adopted
in this work can be applied to other coating architectures to assess their relative erosive
and impact resistance to allow for future coating optimisation. Though it should be noted
that a combination of techniques provides the capability for a more complete characteri-
sation of the behaviour of the system.

Differences in the relative fatigue resistance can be observed between coatings A, B
and C correlating between erosion and impact testing. Coating C (with tungsten metal-
lic doping) is seen to be the most resistant to fatigue wear due to its semi-brittle nature
of smaller intralayer cracking. It follows that for DLC coatings, a lower H/E ratio is
favourable for fatigue resistance. This lower H/E ratio correlates with increased tough-
ness (E/H) rather than elastic strain to break (H/E). Additionally, impact and erosion
testing shows that the resistance to wear in these two techniques is first dominated by the
substrate’s hardness and load bearing support, a harder substrate is most beneficial to fa-
tigue resistance under repetitive loading conditions. The difference in hardness between
the SS substrate and DLC top layer is such that an eggshell type failure is seen under both
impact and erosive wear.

Robust surface profilometry would allow for the amount of substrate exposure to be
correlated to wear volume. Future studies could investigate the impact/erosion relation
with thicker coatings or multi-top-layer coatings. Modelling to compare between the
two methods and analyse the energy input into the system would allow for the fatigue
behaviour to be further investigated. Additional post-test structural Raman and nanome-
chanical topographical mapping would allow for the dynamic structural transformation
to be discerned as performed with fretting wear previously [102, 341]. Future impact
work could investigate the scenarios under which Iδ or I f − I1 functions best as a wear
parameter; additionally a modification of the parameters could be investigated to take the
penetration into the total coating thickness into account.
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Chapter 7

Nano-Scratch for the Determination of

Interfacial Friction

7.1 Introduction

Traditionally, nano-scratch testing has been used to investigate the critical load failures
of thin films (to the nm scale) and to test the adhesion of upper portions of the coating
structure (top film layer and interlayer) as opposed to the whole film and substrate. In
the NanoTest platform, to drive failure generally a smaller probe is used to increase the
maximum Hertzian contact pressure and induce film failure. Additionally, the load could
be increased by moving to the micro-load head (with maximum load of 5 N) which al-
lows for significantly larger normal forces in the scratch test [282]. Numerical modelling
has been performed to predict the ploughing and interfacial components of friction of
various probe radii [313, 415]. Experimental studies have been performed to investigate
the abrasive, shear and ploughing components of friction on various materials [416, 417].
The partition of friction into interfacial and ploughing components originated with Bow-
den and Tabor [70]; the interfacial component was formulated as the shearing of metallic
junctions formed in the contact between metal surfaces. The ploughing component is
expressed as the friction in displacing the softer material in the contact. However for dis-
similar materials, this interfacial component (sometimes called the adhesive component)
can be expressed as the breaking of multiple types of bonds including covalent, electro-
static and hydrogen bonds [64, 418].

However, no systematic studies have been performed to investigate these phenomena
as most research institutes do not possess the selection of probes needed due to their ex-
pense. Additionally, AFMs are traditionally used to model the work of adhesion 1 as the
pull off force can be more readily measured [420–422] however this is generally limiting
as the probe radii are much smaller than those used for scratch testing. By performing
this study, the fundamental contact conditions (in terms of adhesion) between two sur-
faces can be assessed without an AFM. The use of small radius probes to induce plastic
deformation in coatings allows their yield stresses to be calculated which is invaluable for
coating design. Furthermore, the relation between H and Y is a useful input parameter for
modelling applications to analyse the stresses within coating structures, this has not been
performed with such a large array of coating designs previously. Y/E may also present

1The work of adhesion is the reversible thermodynamic work required to separate the interface from
the equilibrium state of two media in contact to a separation distance of infinity [419, 420]. This is effec-
tively the adhesive energy of two surfaces in contact.
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as a useful wear parameter as it is sensitive to the full coating structure rather than the
mechanical properties of the coating alone.

In this study, 4 probe radii of diamond sphero-conical geometry (4.5 µm, 8 µm, 72 µm
and 170 µm) were used to assess the interfacial component of the coefficient of friction
relative to each probe on one DLC design variant. The 4.5 µm probe was used to test
the whole set of coating structures to measure the yield and critical load failures and
correlate this with the parametric change of each coating design. The scratch friction
and scratch recovery are also investigated to further explore each design’s resistance to
scratch. Multi-pass sub-critical load scratches were also performed to evaluate the coat-
ings surface roughness change with each pass and its correlation to the coefficient of
friction. The results presented in this chapter will be published at a later date [423].

7.2 Methods

7.2.1 Nano-scratch module

The nano-scratch module consists of the normal loading head as part of the NanoTest
Platform with the addition of a friction probe (in the form of a Wheatstone Bridge strain
gauge). The typical methodology for this type of testing is a 3 pass technique known
as topography-scratch-topography [312, 424]. In the topography steps an extremely low
load is used to ensure that no surface deformation takes place. Constant load scratch or
progressive load scratches can be performed depending on whether cracking/topography
change or critical load failures are to be investigated. Table 7.1 shows the typical range of
conditions achievable with the nano-scratch module.

Table 7.1: Typical experimental conditions of nano-scratch module [425].

Probe radii (µm) 5–25

Applied Load (mN) 0–500

Sliding Speed (µms−1) 1–100

Scan Distance per cycle (µm) 10

Number of cycles 1–20

Total sliding distance (µm) 1–1000

A probe scanning velocity of 10 µms−1 and scan length of 1000 µm was used with all
passes. The topography steps use a load of 0.10 mN. The scratch step had a maximum
load of 500 mN applied after 200 µm with a loading rate of 8 mNs−1. A total scan length
of 1000 µm was used. 5 repeated scratches were performed with a separation of 200 µm.
The same methodology is used to measure friction in Chapter 8 whereby the normal fric-
tion force triggers a change in electrical resistance which is measured by the platform.
The multi-pass scratch tests used an altered experimental technique, a total of 21 passes
were used to give 10 scratch passes with topography passes pre and post scratch. A max-
imum load of 150 mN with a loading rate of 2.5 mNs−1 was used. All other experimental
parameters were the same as specified above.
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To investigate the interfacial component of friction for each probe radius (4.5 µm,
8 µm, 72 µm and 170 µm), progressive load scratches were performed on one DLC coating
design (SS-Coating A-thin-smooth). The probe area functions (and effective radius) was
determined by indentation into fused silica. This material is used because it is isotropic
and has little variation in its elastic properties across the nano load range [167, 168, 426].
The interfacial component of friction is determined by extrapolating the low load fric-
tion to zero load [312]. Following this, the rest of the coating architectures were tested
using the 4.5 µm radius probe to determine their surface roughness (via the topography
scan), adhesion (via determination of the critical load points), contact pressure and fric-
tion. Repetitive multi-pass scratches (10 passes) were used to analyse the effect on friction
and contact pressure on SS-Coating A-thin-smooth. Critical load points are determined
by analysis of the depth and friction data for sudden increases in either value. Correlation
with microscopy to assess the cracking phenomena is also used. The contact depth and
subsequent contact pressure by Hertzian analysis is calculated using equations 2.46 and
2.48 respectively. The probe depth data is corrected to remove any slope, topographic or
instrument compliance contribution [282].

Figure 7.1 shows the uncorrected profile of HTS-Coating A-thin-smooth. The pre-
scratch profile can be used to generate a surface roughness value of the coatings. Obser-
vations in changes in the on-load profile can be indicative of critical loads. Comparison
with microscopy of the scratch track is generally used to check that a critical load failure
is being reached. The post-scratch residual profile can be used to find both the yield point
and estimate the contact pressure.

Figure 7.1: Pre- and post-scratch topographies along with the on-load scratch depth (un-
corrected for instrument compliance, sample slope or topography) on HTS-Coating A-
thin-smooth.
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The difference in the corrected profile is seen in Figure 7.2. We can see that some features,
such as the spike at approximately 100 µm distance, are much less dramatic once the
topographic and instrument compliance corrections are added. The point at which the
coating yields is also visible in the post-scratch topography scan at approximately 400 µm.

Figure 7.2: Pre- and post-scratch topographies along with the on-load scratch depth
(with corrections) on HTS-Coating A-thin-smooth.

Figure 7.3 shows the COF change with applied load for each of the coatings on HTS.
The friction sensor reached a software limit on Coating C after approximately 350 mN
therefore the friction trace has been cut off as it appears to reduce in COF after this point.
This could be caused by a calibration issue however the measured COF for each coating
are similar to that measured by Beake et al. [282] on comparable DLC architectures.
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Figure 7.3: Friction coefficient against applied load for Coating A, B and C thin-smooth
variants on HTS.

7.3 Results

7.3.1 Predicting the Ploughing Friction Component

Using Equation 2.45, the ideal ploughing friction components with each of the probe
radii can be calculated. Figure 7.4 shows the results of these calculations with each of the
probes showing a near zero ploughing contribution at zero depth. The ploughing contribu-
tion is seen to increase as each probe radius decreases. The ploughing component is seen
to increase at a greater rate once the nominal radius of the probe is approached as with the
4.5 µm probe. This is due to the (R−h)

√
2Rh−h2 component of Equation 2.45 decreas-

ing rapidly past 2000 nm and the denominator plateauing as it approaches 4000 nm. This
gives a limit of applicability for this equation. Modelling at higher contact depths must
apply the considerations of Lafaye and Troyon [315] with transitions to conical contact.
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Figure 7.4: Calculated components of ploughing friction with varying probe radius.

7.3.2 Interfacial Friction Components

Table 7.2 shows the results of extrapolating the friction data to zero load on SS-Coating
A-thin-smooth to estimate the interfacial friction component. The interfacial friction is
seen to increase as the probe radius decreases with the largest value of 0.125 seen with
the 4.5 µm probe. As the probe radius decreases the ploughing component of friction is
seen to increase more dramatically with increasing depth.
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Table 7.2: Estimated interfacial friction component of SS-Coating A-thin-smooth with
varying probe radius.

Probe radius (µm) µinter f acial

170 0.017±0.003

72 0.029±0.019

8 0.069±0.042

4.5 0.125±0.029

7.3.3 Surface Roughness

Table 7.3 1 (located on page 181) shows the surface roughness measured during the first
scan step of the scratch procedure. On the smoother prepared substrates, all coatings
showed an increase in surface roughness compared to the substrate roughness. with the
highest being seen on HTS-Coating B-thick. The most dramatic roughening in compari-
son to the substrate (26 nm Ra), however, was HTS-Coating A-thick-smooth with a value
of 84 nm Ra. Many of the thicker coating variants saw roughness values double that of
the thinner variant such as Coating B on both substrates. Coating C on both substrates
displayed unusual behaviour with a decrease in roughness on SS and an increase in rough-
ness on HTS.

7.3.4 Coating Adhesion

Table 7.4 (located on page 182) shows the critical loads and and calculated SCPR from
the nano-scratch. The highest SCPR value was found on SS-Coating A-thin-smooth with
a value of 0.049 N2. The lowest was recorded with SS-Coating B-thin with a value
of 0.025 N2. Despite its thinner structure (compared to Coatings A and B) Coating C
recorded relatively high SCPR values. We can note the benefit of increasing its thickness
in the increase from 0.030 N2 to 0.042 N2 on SS. Some of the thicker produced coatings
and those deposited on HTS were unable to show a critical load failure within this load
range. For the thicker coatings, this is entirely normal and shows that higher contact
pressures are required. This was noticed by Beake et al. [282] in nano-scratch testing of
similar coating architectures. A switch to a 25 µm probe on the micro-loading stage (up to
5 N) was required in order to capture the full critical load performance due to its increased
contact pressure at the interface as this is what controls film failure.

Figure 7.5 shows the various different failure modes seen with the different coating
architectures tested under nano-scratch. SS-Coating A-thin-smooth is typified by Hertzian

1Please note that the tables in the following sections until Table 7.8 in Section 7.3.7 are displayed in
landscape format for clarity and are therefore found at the end of the chapter.
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cracking within the scratch track with some compressive spallation. Coating B instead
sees some tensile cracking and compressive spallation. Both are brittle in their failure.
Coating C displays ductile failure with some buckling. The lateral rigidity on this sample
is lacking compared to the others tested. When the rougher variant of Coating A is tested
much more pronounced spallation occurs. The thicker variant does not display a critical
load failure [301]. The increase in roughness causing more extreme failure was noted by
Weidner et al. [427] in their use of spherical nanoindentation on DLC coated soda-lime
glass. The increase in roughness caused more severe ring and lateral cracking as well as
increasing the severity of sub-interface damage. Extremely high roughness (Ra > 500nm)
was show to form cavities in the coating during deposition.
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(a) SS-Coating A-thin-smooth. (b) SS-Coating B-thin-smooth.

(c) SS-Coating C-thin-smooth. (d) SS-Coating A-thin-rough.

(e) SS-Coating C-thick-smooth.

Figure 7.5: Micrographs of the scratch morphology for various coating architectures.
Images are captured approximately 555 µm into the scan therefore the load at the bottom
of the image is approximately 280 mN.

The coatings deposited on HTS displayed the same failure morphologies however
the critical loads were generally higher positioning these failure events further along the
scratch.
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7.3.5 Scratch Friction

Table 7.5 (located on page 183) shows the results of the maximum measured COF during
the scratch pass. We can see that, on each substrate for the thin coating variant, Coating
A displayed the lowest friction followed by B and C respectively. Increasing the coating
thickness was seen to affect the COF for each coating differently. For Coating A, the
friction decreased (as in SS-Coating A-thin-smooth) where the friction decreased from
0.213 to 0.098. For Coating B on HTS the friction increased from 0.157 to 0.161.

7.3.6 Contact Pressure, Contact Depth And Scratch Recovery

Analysis of the on-load depth and residual depth, once corrections for instrument compli-
ance, slope and topography have been carried out, can be used to estimate the maximum
Hertzian contact pressure, contact depth and scratch recovery. Scratch recovery (SR) is
defined as [318]:

SR =
ht−hr

ht
(7.1)

The parameters are defined in Section 2.5.7.2. Table 7.6 (located on page 184) shows
the contact depth (hp), contact pressure (Pmean) at yield and the scratch recovery at max-
imum applied load. For all variants, the yield is seen to occur in the upper regions of
the coating. The increase in substrate roughness decreases the contact depth at yield for
the thinner preparation of Coating A on SS and HTS. Increasing the coating thickness
produces the opposite effect suggesting that increased roughness is detrimental to depth
reached at yield. Increasing the coating thickness decreases the contact depth with the
smooth preparation of Coating A on SS however the opposite is true for HTS. Coating B
reaches a lower contact depth on SS with increased coating thickness seeming to be detri-
mental though there is a large error associated with SS-Coating B-thin (requiring more re-
peats to provide statistical significance). Coating B on HTS shows increased contact depth
with increased DLC thickness mirroring the behaviour of Coating A. Coating C displays
lower contact depth on average with approximate hp values of 194 nm and 136 nm for SS
and HTS respectively on the thinner coating preparation. Increasing the coating thickness
results in increased contact depth at yield for both substrates. The contact pressures at
yield are generally within the same range as that seen previously by Beake et al. [282]
on similar coatings however increasing the DLC thickness caused the contact pressure at
load to increase. Rougher coatings generally display a higher contact pressure at yield
also. SS-Coating C-thin has an anomalously small contact pressure, using the constraint
factor for DLC of Chudoba et al. [47] and using the hardness relation of Equation 2.2, it
would be expected to be approximately 10.2 GPa. As this still falls short of the measured
surface hardness the constraint factor must therefore be different. These values have been
be calculated for each of the coatings.

Scratch recovery is generally in the range of 60–70 % on Coatings A and B on both
substrates. Coating C displays reduced scratch recovery across both substrates which is
in line with its more ductile properties.

By applying Pmean ≈ 1.1Y for the onset of plasticity (as discussed in Section 2.1) ex-
pected to occur at a depth of≈ 0.47a [46, 166, 282], the yield pressures can be calculated.
The relation to hardness can therefore be calculated (H/Y ) to analyse the constraint factor
for each coating. The relation between the yield and elastic modulus (Y/E) can also be
calculated. Liskiewicz et al. [428] showed that this parameter correlated to favourable
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wear resistance, particularly under nano-fretting wear. Table 7.7 shows the results of
these parameters. Generally the highest yield stresses are seen on coating A on both sub-
strates though the thin variant on SS has lower values of 12.34 GPa and 13.77 GPa for the
smooth and rough variants respectively. The highest yield stress is seen on HTS-Coating
A-thin-smooth with a value of 22.33 GPa. Apart from the small Y seen with SS-Coating
C-thin (due to its small mean contact pressure), the range of values for Coatings B and C
are generally similar. Due to the approximate relation between the contact pressure and
Y , the same patterns are seen with each of the quantities. H/Y values are higher on SS
generally. Overall, Y/E is higher across the HTS coatings with the highest value of 0.112
occurring on HTS-Coating A-thin-smooth.

7.3.7 Repetitive Multi-Pass Scratch

The results of the multi-pass increasing load scratch are shown in Table 7.8. The rough-
ness in seen to increase with successive cycles from the unworn value of 22.2 nm as seen
in Table 7.3 to 79.8 nm after 10 passes. The coefficient of friction also increased with
each pass up to a maximum of 0.134. The contact pressure decreased with each pass
reaching a final value of 9.74 GPa. The scratch recovery was nearly constant with a value
of 62 % however this dramatically increased in the final cycle to 77 %. From analysis of
the residual depth profile, this is likely due to the entrapment of wear debris within the
track causing the residual depth to appear lower than it would otherwise.

Table 7.8: Evolution of surface roughness, COF, contact depth, contact pressure and
scratch recovery with repetitive scratch cycles.

Scratch cycle Ra (nm) COF hp (nm) Pm (GPa) % Scratch Recovery

1 48.1±15.4 0.075±0.005 372.49±106.20 15.84±4.32 62.47±22.92

5 54.5±0.7 0.090±0.017 557.56±102.42 10.37±1.52 62.74±12.64

10 79.8±27.4 0.134±0.028 619.01±191.98 9.74±2.14 77.67±6.50

Figure 7.6 shows the effect of multiple sub-critical load scratches on the SS-Coating
A-thin-smooth. Though an individual scratch doesn’t achieve the loading necessary to
induce a critical load failure, multiple passes will induce failure and generate a large
amount of wear debris. Analysis of the track depths for failure criteria reveals that a
single cycle doesn’t induce a dramatic failure event, the debris is ejected over multiple
passes during the scratch test.
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Figure 7.6: Micrograph of 3 tracks each with 10 scratch passes on SS-Coating A-thin-
smooth. The micrograph is captured at approximately the same location as in Figure 7.5.

7.4 Discussion

7.4.1 Determination of Interfacial Friction

As shown in Table 7.2, an inverse correlation is seen between the probe radius and interfa-
cial coefficient of friction. This at first seems counter-intuitive as we would expect a larger
probe to have a greater interfacial interaction; however there is a difference between the
expected area of contact and real area of contact that is normally seen in different length
scales but is apparent here with different probe sizes [68]. The 170 µm probe is clearly
far from a single asperity contact, this is even seen with smaller AFM probes wherein
the fractal nature of surfaces gives rise to multi-asperity interactions [422]. Gao et al.
[421] noted that the work of adhesion was larger with smaller tip radii in AFM studies
of the atomic scale friction of diamond. This correlates to more interfacial interactions
occurring requiring more energy to remove the probe from the surface. Thus resulting in a
larger real contact area producing higher interfacial friction. Beake et al. stated [312] that
a 5 µm probe was an effective choice particularly for affecting film failure, these results
also show that it also is more similar to a true single asperity interactions and superior for
measuring interfacial friction.

Interfacial/adhesive friction determination was performed by Ronkainen [429] with
successive scratches with a 200 µm radius probe at 5 N and 10 N. At 5 N, the component
of adhesion was approximately 0.045 and increased to 0.049 at 10 N thereby showing that
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the component has some sensitively to the load employed. Though the primary shape of
indenter is sphero-conical, Zhang et al. [415] employed a Berkovich indenter alongside
a spherical indenter to assess the differences in determining the ploughing and interfa-
cial components of friction on silicon carbide ceramic. They found that the ploughing
component had a more significant role when using a sharp Berkovich tip and that for a
spherical indenter the two components (ploughing and interfacial) are extremely similar
a low contact depth. This is seen in the model present in Figure 7.4. Any fluctuation in
the friction coefficient results from the material composition. In the case of the SiC with
Zhang’s work [415], the pores lead to a collapse in the cutting process.

7.4.2 Coating Roughness

As noted in Table 3.3, a plasma surface etching step is employed in the deposition of all
the coatings therefore we expect that there will be some increase in the coating roughness
due to this. Peng et al. [349] noted that the ion impingement energy affects the roughness.
If the impinging ion energy is below a critical level for atomic displacement, the ions
will instead remain in the surface layers generating thermal spikes and promoting surface
diffusion. This leads to ordered sp2 rich clusters and raising the roughness. Inversely,
the ions will penetrate the surface, reducing diffusion leading to higher density structures
with lower sp2 content, increased compressive stresses and smoother surfaces. This effect
may explain some of the surface roughening of the as-deposited coatings. Borodich et
al. [430] noted that DLC films produced by pulsed DC magnetron sputtering are smooth
at the micrometre scale due to the ion energies leading to flatter surfaces and compact
morphologies. Ali et al. [431] found that for RF plasma glow discharge deposition, DLC
roughness was controlled by electrode position in the chamber.

7.4.3 Coating Adhesion and Scratch Resistance

Adhesion has been determined on two length scales, the macro scale (as shown in Table
4.3) and in this Chapter, the nano-scale as seen in Table 7.4. Despite the critical loads for
some coatings being unmeasurable within the 500 mN loading range, the data available
tells us plenty regarding the adhesion and scratch resistance. Adhesion on the nano-scale
is broadly similar to that on the macro-scale noted in Chapter 4. Though yielding at a
lesser load due to its reduced hardness, Coating C is seen to be very scratch resistant with
higher critical load values [282, 372–374]. The reduced thickness will also affect it but
analysis of its failure mechanisms in Figure 7.5 show a more ductile response indicating
that the coating can deform beneficially to stop more extreme cracking occurring as seen
on the two harder coatings. This was also noted by Beake et al. [282] on a similar tungsten
doped DLC.

The lack of critical load failure on the thickest of the coatings shows that the location
of critical yield stress within the coating structure is not at a point where decohesion or
cracking will occur. Moving to a micro-scratch test could remedy this allowing the full
critical load failures to be captured [282]. A sharper probe could also be used but these
tend to be more sensitive to blunting and this could inhibit the application of Hertzian
analysis for other testing.
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7.4.4 Friction

Friction results (Table 7.5) can be seen to correspond to the coating’s H/E and H3/E2

ratios as seen in Table 4.2. This corresponds to the strain to break and plastic deformation
respectively [321, 322]. Additionally, we can note that for the coatings with higher H/E
and H3/E2, the ploughing component is expected to decrease [332]. Though the interfa-
cial component of friction will be different with each of the coatings due their composition
varying, there will be less variance than with an entirely different coating family. There-
fore the friction can be explained by a combination of the H/E ratio and contact depth
(Table 7.6) as this will affect the ploughing component.

Dyrda and Sayer [316] performed larger scale scratch testing on TiN on M2 tool steel.
One of the aspects of their work of interest to this study is the analysis of the coefficient
of friction with respect to the depth and critical load failure. They found that a change
in the gradient of friction coefficient with increasing load can indicate a critical load fail-
ure. Inspection of the gradients of Figure 7.3 shows that the coatings were not completely
delaminated by this nano-scratch testing. Additionally, it was noted that spikes in the fric-
tion during scratch can indicate particularly large asperities. Irregularities in the friction
signal can indicate the breakdown (significant cracking) of coating.

7.4.5 Contact Pressure and Yield

The contact pressures at yield calculated in Table 7.6 shows values that are within the
same range and show roughly the same trends as those seen by Beake et al. [282] on
similar DLCs when compared to the thinner coatings in this study. Previous modelling
has shown that increasing the film thickness requires a higher contact pressure (and con-
sequently higher stresses) in order to deform the contact and cause it to yield at the onset
of plasticity [53, 406]. The results of this study support this and additionally have shown
that, in general, yield pressure is measured to be higher with higher surface roughness.

Plastic deformation is generally expected to occur when Pmean ≈ 1.1σy however at
higher loads (with more developed plasticity), Pmean is related to the constraint factor
(H/Y ), which is dependent upon the material properties [45, 47, 48, 282]. Chudoba et al.
[47] found that, for a 2.1 µm DLC, this constraint factor (H/σM,crit)1 was 1.57. For SS-
Coating A-thin-smooth, the same value of H/Y was found. Thicker coatings and those
on HTS have a lower value (in some cases unity or lower) indicative of yield occurring
at a different point in the coating structure; stress modelling is required to fully explore
this. The von Mises stress modelling presented in Section 9.3.3 (later in this Thesis)
assumes a H/Y value of 1.2 which is congruous with the thicker coatings on HTS due
to their similarity in coating thickness. The contact yield pressures are seen to be higher
on the HTS coatings suggesting that the improved mechanical properties of this substrate
gives additional load support as also seen in Chapters 4 and 6. This further supports the
conclusions of Meneve et al. [198] in that the substrate properties can be tailored to avoid
catastrophic failure. The application of multilayer coatings is another method of altering
the critical stresses in coatings requiring higher stresses to cause yield [83, 231]. Multi-
layer coatings also reduce the internal stress of coating architectures which is beneficial
to adhesion [229].

The calculation of contact pressure is only applicable up to yield in coatings as the
Hertzian analysis utilised assumes elastic contact and is therefore not applicable once

1σM,crit is the maximum von Mises stress which is equivalent to the yield stress (Y ) in this case.

177



plasticity has been induced. This is particularly seen in more ductile coatings such as
HTS-Coating C-thick where the the contact pressure on the sample surface at maximum
load was predicted to be 50 GPa which is clearly not a reasonable value. The high contact
depths otherwise resulting in the lowered scratch recovery (due to its more ductile nature)
contributes to this high contact pressure estimation beyond the yield point.

The further calculation of yield stress as seen in Table 7.7, allows extremes of the
coating’s wear performance to be analysed. In addition to scratch testing, yield stress
can also be determined by nanoindentation experiments. Several authors have analysed
the relation between H/E and Y/E and have analysed the relation between Y/E and
the constraint factor and elastic work with respect to the work hardening of the material.
Higher values of Y/E tend to have a lower constraint factor and also a higher proportion of
elastic work [432, 433]. Haq and co-workers analysed the yield of DLCs on Si substrates
and noted that the geometry of the indenter has a greater effect than the thickness of
the coating. Analysis by TEM showed that with a 5 µm radius spherical indenter the
localised compressive plastic strain was relatively low (4 %) [434–437]. Scratch testing
with a larger indenter would reduce this further and, with a larger load range, allow all the
critical load behaviours to be captured. Schwarzer et al. [438] proposed that the failure of
coating systems under spherical indenters proceeds as follows:

1. Initial plastic flow occurs within the material wherever the critical von Mises stress
(yield strength) is exceeded. This failure cannot be detected by the test equipment
or microscope as there is no severe visible or otherwise detectable macroscopic
damage.

2. With increasing load, the plastic zone grows until it reaches the interface region
between the substrate and first coating layer. This weakens the integrity of the
coating system.

3. If there is additional sufficiently high tensile stresses at the surface that coincide
with the weakening due to plastic flow at the first interface, mode-I fractures could
propagate to this interface. This causes the system to fail globally due to shearing
off of large coating areas (corresponding to a LC failure).

Surface roughness is seen to have a minimal effect on the on contact pressure at yield
and consequently Y values however coating thickness and coating structure gives a large
variance in the values. Generally, Coating A is seen have the highest Y followed by
B and C respectively. Conversion of H/E into Y/E shows the same trends while also
highlighting the higher values of Y/E seen on HTS. The additional load support of this
substrate material has been noted throughout this thesis and this wear parameter could
serve in addition to H/E though taking into account the load support of the substrate.
Its previous use by Liskiewicz [428] et al. for nano-fretting wear, integrating modelling,
support its efficacy for this use.

The results gained in this chapter could be applied to further improve the integration of
mechanical testing with predictive wear modules [47, 200, 428] particularly the integra-
tion of the Micro Materials NanoTest and SIO Film Doctor software packages as results
importing is possible. The depths reached in the scratch test, mechanical properties and
calculated yield stresses are fed into the SIO software. This allows for more detailed
modelling in Film Doctor.

Four conditions are generally required to apply this type of Hertzian analysis, those
being: (i) the tangential load not influencing the pressure distribution too greatly so the
COF is well below 0.3, (ii) the radius of the indenter is constant, (iii) the sliding speed
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is sufficiently slow and the contact close to elastic so that the load is supported on the
rear of the indenter and (iv) the indenter can reach the bottom of the scratch track in the
final topographic scan [312]. In evaluating the test specifications with respect to Beake’s
[439] previous Hertzian analysis we can say that the tangential load does not influence the
pressure distribution to great degree. As the 4.5 µm probe was new, it is unlikely that the
radius of the probe changed to a large degree throughout testing, there were no indications
in the results to support this as the calculated yield results are within a sensible range. The
depths measured by the scratch test indicate the indenter could reach the bottom of the
track. However, the sliding speed of 10 µms−1 is much faster than the 2 µms−1 originally
applied by Beake et al. [439] therefore this may have had some affect on the results as the
load would be not be entirely supported on the rear of the indenter. Repeated testing at a
lower sliding speed would be required to fully investigate this as no results were observed
to be adversely affected by the higher speed.

7.4.6 Effect of Sub-Critical Load Passes

The results of the multi-pass scratches as seen in Table 7.8 differ from those seen in
nano-wear tests performed by Beake et al. [312, 318] though these were constant load
tests employing the nano-fretting module. However, we would still expect decreasing
resistance to cracking with repeated passes due to gradual failing of the coating structure.
On 316L stainless steel, the scratch recovery was seen to decrease over the course of
10 wear cycles from 27 % to 14 % and the mean pressure decreased from 4 GPa to 2 GPa.
Constant load subs-critical load passes on TiN on M42 steel showed an increase in the on-
load probe depth with wear cycles [424]. The friction coefficient was also seen to increase
after 1 cycle at 100 mN load before decreasing. At a higher load of 300 mN, the friction
coefficient decreased from 0.14 to 0.09 over the wear cycles [424]. In similar testing on
thin carbon films Shi et al. [440] found that the scratch recovery decreased with increasing
load cycles. In repetitive scratch tests on WC/Co metals, Gee and Nimishakavi found
[441] the scratch track increased in area with successive passes thereby decreasing the
contact pressure. The generated debris seen in Figure 7.6 may have affected the scratch
recovery by their build up in the track giving the unexpected response.

The difference could be attributed to the entirely different dynamics of applying an
increasing load scratch as opposed to maintaining the same load in the fretting regime
(in addition to smaller amplitudes and higher probe speeds). Ronkainen et al. [429] per-
formed multi-pass tests with a 200 µm radius tip and 5 N and 10 N and found that the
coefficient decreased with successive cycles likely due to the reduction of the plough-
ing component and increased track area. Wei et al. [442] performed multi-pass micro-
scratches on austenitic steel and found that penetration depth and residual depth increased
monotonously with each pass but coefficient of friction decreases monotonously with each
pass.

7.5 Summary

In this study, nano-scratch testing was performed using a range of probe radii to analyse
the interfacial and ploughing components of friction of one DLC coating with the same
roughness thickness and substrate maintained throughout. Following the analysis of the
interfacial friction components, the matrix of DLC coatings above was tested to anal-
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yse the effects of changing the substrate, surface roughness, coating thickness and DLC
recipe. Sub-critical load scratches were also performed to investigate their affect on the
contact pressure, surface roughness and cracking phenomena with successive scratches.

By extrapolating the low load friction data in an increasing load scratch with differ-
ent probe radii, it was shown that as probe radius decreases the interfacial component of
friction increases as increased real contact is made with the asperities. The topography
scanning step found that the roughness of the coatings increased for all coating prepara-
tions. Increasing the thickness of the coating generally increased the top layer roughness.
This was presumed to be due to the energetics of sustained ion bombardment during
longer depositions processes. The reduced hardness of Coating C resulted in it yielding at
lower load than Coatings A and B however it does display excellent adhesion compared
to the other coatings. The failure characteristics of Coating C are more ductile in nature
than Coatings A and B. Some coatings could not have their SCPR determined as the sec-
ond critical load was beyond the loads range achievable in the nano-scratch. Moving to
the micro-scratch would remedy this for future testing. HTS saw fewer critical load fail-
ures once again indicating its increased load support compared to SS. COF under scratch
loading related to the coatings’ H/E and H3/E2 ratios and contact depth with Coating A
seeing the lowest friction. Contact pressure at yield was seen to be within the range of
previous testing by Beake et al. [282] also following similar trends (Coating A having the
highest yield followed by B and C respectively) and is in good agreement with the relation
to the coating hardness. Increasing the film thickness and surface roughness caused the
measured yield contact pressure to increase. Though a smaller effect is seen with surface
roughness. Contact pressure at yield can be converted to yield stress which allows the
extremes of the coating’s wear performance to be analysed. The constraint factor (H/Y )
of SS-Coating A-thin-smooth was found to be same as that determined by Chudoba et al.
[47] for DLC. Thicker coatings and those on HTS, have lower H/Y values. Y/E values
can also be calculated which has been seen to relate to wear resistance in nano-fretting
[428]. In this application, Y/E was seen to be sensitive to substrate load support which
shows it may be a tribological metric that could be used to assess the complete coat-
ing system. Sub-critical load passes caused roughening of the track, this combined with
the increased contact depth with successive scratches increased the COF with each pass.
Contact pressure was seen to decrease with track deformation. Scratch recovery remained
relatively constant though the formation of wear debris caused an apparent increase in re-
covery in later cycles.

Future studies analysing the adhesive component of friction could integrate AFM stud-
ies into the experimental methods as this allows for easier measurement of the work of
adhesion and extrapolation to zero load friction due to the lower forces used. This is
typically performed in AFM studies such as that performed by Gao et al. [421]. Further
tests could also assess the other two methods of determining interfacial friction proposed
by Beake et al. [312], those being constant load friction tests at extremely low load with
an elastic contact and zero ploughing and repetitive scratches to eliminate the ploughing
contribution.
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Chapter 8

Multi-scale Fretting Testing of DLC

Coatings

8.1 Introduction

The relation between H/E ratio and frictional performance is well understood across
length scales in full sliding reciprocating wear tests and pin-on-disk (POD) [321, 322, 331,
332] tests however little research has been performed to assess this relation in the fretting
regime, specifically in the gross slip fretting regime where it is a step below reciprocating
sliding with the additional contribution of surface fatigue. The addition of lubricants to
fretting tests is also rarely studied [108]. Furthermore, there has been little research to
investigate applying the same contact pressure and fretting regime across length scales,
in this case, adapting the same approximate sliding ratio and maximum Hertzian contact
pressure from the micro-scale to the nano-scale. Though it is clear that, at the nano-scale,
the surface roughness of the material will play a key role in determining the frictional
dynamics [443, 444], the effect of multi-asperity to single asperity interactions can be
properly assessed. The assessment of lubricated fretting performance will be useful in
optimising oils for electric vehicle power trains and bearings which are required to be
more complex than their petrol or diesel fuelled counterparts [31]. Little research has
been carried out recently using the nano-fretting module with some of the last publications
utilising it between 2010 and 2013 [146, 149, 318]. The testing as part of this work
project will allow for its capabilities to be assessed and recommendations made for future
developments of the module.

In this study, an electro-dynamic shaker fretting tester was used to assess the fretting
performance of a series of DLC coatings at high contact pressures in dry and lubricated
conditions. The lubricants were a base oil (a Group III mineral oil designated Yubase 4)
and a fully formulated oil (Yubase 4 with an additional additive pack), with and without
MoDTC. A piezo-driven nano-scale fretting tester (a modular component of the Micro
Materials NanoTest Platform) [146] was used to measure the coefficient of friction evolu-
tion over the same number of cycles and the same nominal contact pressure as the micro-
scale test to investigate the affect of surface roughness and length-scale in the interaction.
A smaller probe was also utilised to cross-check the sensor readings and the effect of yet
more extreme contact pressure. The results in this chapter will be published at a later date
[445].
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8.2 Methods

8.2.1 Micro-fretting

Micro-fretting tests 1 were performed with a bespoke electrodynamic shaker driven fret-
ting rig as seen in Figure 8.1. The system is controlled with a bespoke LabVIEW program.
The normal load is manually placed on the arm (at W ). Tangential force during testing is
monitored with a load cell. The optical displacement sensor adjusts the displacement of
the electrodynamic shaker via a feedback loop to maintain it within the parameters speci-
fied. All micro-fretting tests were performed in laboratory conditions with a temperature
of 22 °C and a humidity of 34 %.

Figure 8.1: 3D schematic of the micro-fretting experimental set up. From [106].

The counterfaces for the testing was 10 mm diameter 52100 steel balls (chosen be-
cause the lubricant is designed for ferrous materials). Testing was performed in dry con-
ditions and with various formulations of the lubricants:

• Base oil (BO): Yubase 4 without any additives.

• Base oil (BO) + MoDTC: Yubase 4 with the addition of a friction modifier (MoDTC).

• Fully formulated oil (FFO): Yubase 4 with an additional additive package and vis-
cosity modifier.

• Fully formulated oil (FFO) + MoDTC: Yubase 4 with the additive package, viscos-
ity modifier and friction modifier.

The lubricants were provided by Croda. The FFO differs from the BO by the addition
of a viscosity modifier and unspecified package of further additives. MoDTC was added

1Fretting with displacement on the micron scale typical of most fretting tests with large diameter
counterfaces (mm or greater).
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to 1 % weight which is equivalent to 500 ppm. The loading conditions and lubricant
combinations are summarised in Table 8.1 (located on page 190); blank entries in the table
represent sets of test variables that were omitted. In choosing this test matrix, the affect of
the presence of DLC and the type of DLC, coating thickness and substrate roughness
could be assessed. This allowed for the maximum efficiency of testing time without
exhaustively testing all coating variants and lubricant combinations. However, the doped
DLCs were not tested as it was deemed that enough variables were changed to produce a
good comparative study. 20 N and 40 N loads were used, with 40 N loads used on the HTS
variants alongside the lower load. In all tests 15,000 cycles wear cycles were performed
at a frequency of 5 Hz resulting in a test time of 50 min. The amplitude was set to±50 µm
giving wear in the gross slip fretting regime 1. The effective velocity was 250 µms−1.
At least two repeats were performed to confirm repeatability of the results. Table 8.2
summarises the sliding ratios and contact pressures in each of the test conditions 2. The
Poisson’s ratios for the 52100 steel, SS, HTS and DLC were 0.285 [446], 0.27 [364],
0.285 [343] and 0.2 [217] respectively. The elastic moduli for the DLC, SS and HTS can
be found in Table 4.2. The elastic modulus used for 52100 steel was 200 GPa.

1As determined by the sliding ratio [97] which is calculated by δ0
δ ∗ . δ0 is the displacement amplitude

at zero force. δ ∗ is the maximum displacement amplitude. At values equal to or below 0.26, the fretting is
in the partial slip regime. Above 0.26, the fretting is in the gross slip regime.

2 pmax was calculated using Equation 2.7.
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Table 8.2: Predicted contact pressures and sliding ratio conditions for micro-fretting
testing.

Load (N) Substrate Coating pmax (GPa) Sliding ratio

20

SS

Uncoated 1.26 0.58

A 1.24 0.57

B 1.18 0.56

C 1.29 0.58

HTS

Uncoated 1.23 0.57

A 1.20 0.56

B 1.12 0.54

C 1.24 0.57

40 HTS

Uncoated 1.55 0.45

A 1.52 0.45

B 1.42 0.43

C 1.56 0.45

All the lubricant combinations were tested with uncoated SS and HTS variants and
the Coating A-thin-smooth variants. This allowed the lubricant affects on the coefficient
of friction to be evaluated on DLC. The other coating variants were tested only in dry
conditions.

8.2.2 Nano-fretting

The nano-fretting1 module uses a function generator to drive a piezo-based vibration
stage. The function generator is fed into the sample stage controller of the NanoTest

1Fretting with displacement on the nano-scale with µm radius probes generally achievable with an
AFM or piezo-based vibration stage.
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Vantage so the oscillations can be switched on and off as dictated by software control.
The signal from the sample stage controller is fed into an amplifier and step-up trans-
former before finally being received by the fretting stage. The amplifier is used to ensure
the full sine wave produced by the function generator is available for the fretting stage.
The step-up transformer is required to step up the supply voltage to the piezo stack that
drives the fretting stage. Table 8.3 shows the typical experimental conditions possible of
the nano-fretting module. It should be noted that care must be taken, as with the micro-
scale fretting rig, to calculate the correct experimental conditions pre-test to ensure that
the theoretical predictions give the correct fretting regime.

Table 8.3: Typical experimental conditions of Nano-fretting module [425].

Probe radii (µm) 10–200

Applied Load (mN) 0–500

Sliding Speed (µms−1) 10

Scan Distance per cycle (µm) 20

Number of cycles 1000–200000

Total sliding distance (µm) 10000–100000

Figure 8.2 shows the nano-fretting module before mounting in the NanoTest Platform.

Figure 8.2: The nanofretting module.

Before the module can be used it must be calibrated. To do this, the module is mounted
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as shown in Figure 8.3. This allows the depth sensing capabilities of the instrument to
measure the track length of the module across the range of frequencies and amplitudes
available. This method allows the total track displacement to be measured. This value
must then be halved for the applied oscillation distance for fretting testing.

Figure 8.3: The nano-fretting module mounted in the calibration position.

A typical calibration involves testing the full range of amplitudes and frequencies
produced by the function generator that give measurable track lengths while driving the
piezo stack. The range of calibrations produced for this study can be seen in Figure 8.4.
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Figure 8.4: Nano-fretting track length calibrations produced by varying the frequency
and amplitude of a frequency generator.

To ensure the track length calibration corresponds to physical wear scars on the sur-
face, tests were performed on uncoated HTS with 2.5 V and 5 Hz applied. The track
length calibration measured a track length of 16275 nm; when this was physically tested
track lengths of 15812 nm and 15959 nm were produced 1 (Figure 8.5). Therefore we can
surmise that the physical track length will be slightly smaller than predicted by calibra-
tion. As it does not exceed the calibration and is smaller by approximately 200 nm, the
calibrated values are deemed to be sound.

1Two values were measured to assess repeatability in the the wear track length on the material surface
compared to depth sensor calibration.
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Figure 8.5: Track length verification of the nano-fretting calibration.

Once calibration is complete the fretting stage can be mounted in the test position as
seen in Figure 8.6. The friction probe can be seen to be mounted in the figure. A range
of probes can be used depending on the contact pressure range required or speed at which
wear is to be imparted on the surface.

Figure 8.6: The nanofretting module mounted in the experimental set-up with a DLC
coating.

Figure 8.7 shows the morphology of accelerated wear tests performed with the nano-
fretting module on 316L stainless steel as part of a previous study [318].
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Figure 8.7: Typical morphology of nano-fretting tests on 316L stainless steel as per-
formed by Beake and Liskiewicz in 2013 [318].

The test conditions used for the coating variants are summarised in Table 8.4 (located
on page 198), as with the micro-fretting test matrix, blank entries show omitted tests. Us-
ing this combination of test conditions allowed the affect of applied load, coating variant,
coating thickness and substrate roughness to be studied without testing all of the DLCs.

A 170 µm radius sphero-conical diamond probe was primarily used in this testing. The
signal generator was set to a frequency of 25 Hz and an amplitude of 1.23 V giving a track
length of 2100 nm. The effective velocity was 52.5 µms−1 (approximately 1/5th of the
velocity of the micro-fretting). The total sampling time was 800 s with the generator being
on for 120 s and off for 30 s. 5 on periods were used giving a total on sample oscillation
time of 600 s. This was used to avoid thermal expansion of the stage during testing but
will likely affect tribofilm formation due to due cooling down periods. 15,000 cycles of
oscillation resulted on the sample surface to match the micro-fretting tests in terms of the
number of cycles. At 10 mN, the sliding ratio predicts testing in the gross slip fretting
and for 100 mN the regime was predicted to be in the partial slip regime. The 10 mN load
gives approximately the same contact pressure as in the micro-fretting testing however
with 5 times lower sliding velocity and an amplitude of ±1 µm compared to ±50 µm for
the micro-fretting. 3 repeats were used per set of conditions/sample with a separation of
100 µm. For the load of 10 mN, a load and unload rate of 1 mNs−1 was used. For 100 mN,
load and unload rates of 10 mNs−1 was used. These changes in loading and unloading
rates were used to maintain the loading times between 10 mN and 100 mN. A 4.5 µm
radius probe was also used to check the friction signal with a 10 mN load on uncoated SS.
Friction was monitored during testing via a Wheatstone bridge strain gauge. This is in
the reciprocating wear regime as the sliding ratio is greater than 1 and gives a maximum
Hertzian contact pressure of 15.95 GPa. Table 8.5 shows the predicted initial contact
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pressures and sliding ratios for the nano-fretting test parameters. All nano-fretting tests
were performed in laboratory conditions with a temperature of 23 °C and a humidity of
19 %, this was controlled within the test room. Before tests were performed the Nanotest
Platform chamber was allowed to thermally stabilise for 15 min prior to testing.
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Table 8.5: Predicted contact pressures and sliding ratio conditions for nano-fretting test-
ing.

Load (mN) Substrate Coating pmax (GPa) Sliding ratio

10

SS

Uncoated 1.38 0.54

A 1.33 0.53

B 1.23 0.51

C 1.40 0.54

HTS

Uncoated 1.32 0.53

A 1.27 0.52

B 1.14 0.49

C 1.34 0.53

100

SS

Uncoated 2.98 0.25

A 2.86 0.24

B – –

C – –

HTS

Uncoated 2.85 0.24

A 2.74 0.24

B 2.46 0.23

C 2.89 0.25
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8.3 Results

8.3.1 Micro-fretting

8.3.1.1 Fretting Logs and Sliding Ratio

By plotting the tangential force (Q) against number of cycles and displacement, logs of
the fretting process are obtained which can be used to visualise the fretting regime the
system is in and whether this changes throughout the test. These logs were constructed
in MATLAB. The tangential force data was processed through the de-trend function as
the LabVIEW program compares the difference in the maxima and minima in tangential
force per cycle to calculate friction resulting in some load cell drift throughout the test.
Figure 8.8 shows the fretting logs for different sample configurations. Each of the logs
are seen to be in the gross slip fretting regime. With the addition of the DLC coating and
lubricant, we can see the tangential force decrease resulting in lower energy dissipation
[101, 447]. Some variability is seen at the start of each test as the rig requires a few cycles
to adjust to the specified parameters.

(a) HTS Dry

(b) HTS-Coating A-thin-smooth Dry (c) HTS Coating A in BO

Figure 8.8: Fretting logs of various samples at 20 N.

Figure 8.9 shows how the sliding ratio changes throughout the test. As the value
remains above 0.26 through the entirety of the test, we can be sure that the gross slip
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regime is maintained throughout [97]. The relative stability of each test configuration can
be assessed by analysing how smooth the sliding ratio progression is. HTS dry is seen
to be the most unstable corresponding to the variability of its respective fretting map. As
with the fretting logs for the coated and lubricated samples, the sliding ratio was stable
throughout the test.

Figure 8.9: Sliding ratio variation with cycles for uncoated substrate, coating and lubri-
cant variants.

8.3.1.2 Coefficient of Friction

In gross slip fretting it is common to have some instability in the friction especially during
the early parts of a test where friction is high. Generally, it will then reduce to a lower
steady state value [448]. Discontinuity or change in COF indicate that there are severe
metal/substrate interactions [105]. This can indicate that there is wear through or decohe-
sion of the coating.

Figure 8.10 shows the unlubricated fretting friction results of the thin coating variants
and uncoated substrates at 20 N and 40 N. The uncoated HTS is seen to have a high COF
of approximately 0.9 and 0.8 at 20 N and 40 N respectively. This is typical of unlubricated
steel-on-steel contact [103]. The smooth preparation of Coating A is seen to have a COF
of 0.15 and 0.2 at the lower and higher load respectively. The higher load sees more
instability at the start of the cycles marked by it being in the mixed fretting regime before
settling into the gross slip regime once the friction stabilised. The rougher preparation of
Coating A is seen to have lower friction due to the reduced asperity contact [103]. Coating
B is seen to have a slightly lower COF but its running period is much more pronounced
thereby giving a larger amount of dissipated energy (overall larger area of the friction
log). Coating C has a less pronounced running in period at each load however, towards
the end of the cycles, the friction is seen to climb. This is much more pronounced at 40 N
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with a high level of instability post 1000 cycles. This is indicative of coating decohesion
and wear through as seen in Figure 8.19c.

(a) HTS-thin-unlubricated-20 N.

Figure 8.10: COF evolution of HTS-thin at 20 N and 40 N (continued on next page).
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(b) HTS-thin-unlubricated-40 N.

Figure 8.10: COF evolution of HTS-thin at 20 N and 40 N (cont.).

The COF results for the thick preparations of the HTS coatings is presented in Figure
8.11. Due to the increased thickness, Coating C does not experience layer wear through
and maintains a more stable COF throughout testing though it does have a longer running
in period compared to the other coatings. Coating A is seen to have a steady decrease in
friction until a steady state is seen. This steady state is at the same COF as Coating B
(approximately 0.14). The rough preparation once again has a low COF due to reduced
asperity interaction. The high load results are similar to those of the thinner coating
preparation however Coating C doesn’t experience decohesion and wear through. Both
Coatings B and C had a large running in period. Coating A-smooth had a steady decrease
to steady state at the same value as the rough preparation.
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(a) HTS-thick-unlubricated-20 N.

(b) HTS-thick-unlubricated-40 N.

Figure 8.11: COF evolution of HTS-thick at 20 N and 40 N.
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The lubricated COF results of uncoated HTS at 20 N and 40 N are shown in Figure
8.12. Both loads display a high COF at the start of the cycles corresponding to a stick-slip
phenomena before friction stabilises in the gross slip regime [108, 449]. This period is
more pronounced at 40 N. FF + MoDTC is seen to produce the lowest COF at both loads.
BO is seen to have the highest COF at 20 N however the consistently highest for the 40 N
was the FF oil. FF + MoDTC was seen to have a large running in before slowly reducing
its COF to approximately 0.1.

(a) HTS-uncoated-lubricated-20 N.

Figure 8.12: COF evolution of HTS-uncoated-lubricated at 20 N and 40 N (continued on
next page).
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(b) HTS-uncoated-lubricated-40 N.

Figure 8.12: COF evolution of HTS-uncoated-lubricated at 20 N and 40 N (cont.).

The COF result of HTS-Coating A lubricated under both loads is presented in Figure
8.13. The friction is noted to be more stable than the unlubricated tests with a no spikes
in COF during run-in. The fully formulated oils are seen to perform relatively poorly,
showing higher friction than their base oil variants. FF + MoDTC and BO + MoDTC
performed similarly though the FF oil has a higher friction during run-in. Overall, at
both loads, BO + MoDTC was seen to produce the lowest COF once stable friction was
established.
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(a) HTS-A-lubricated-20 N.

(b) HTS-A-lubricated-40 N.

Figure 8.13: COF evolution of HTS-A-lubricated at 20 N and 40 N.

207



The COF results for unlubricated SS are shown in Figure 8.14. The thin preparation
of the SS coatings displays similar behaviour as seen in Figure 8.10a. Little difference is
noted in changing the substrate material though the rise in the COF near the end of the
cycles does indicate wear through. The behaviour of the smooth and rough preparations
of Coating A in the thick coating variants is the opposite of what is expected as noted by
Kubiak et al. [103]; they found that lower coefficient of friction was was observed with a
rough surfaces. Additionally, wear rate increased with surface roughness was increased.
Higher wear activation energy was required for smoother surfaces.

(a) SS-thin-unlubricated-20 N.

Figure 8.14: COF evolution of SS-unlubricated at 20 N (continued on next page).
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(b) SS-thick-unlubricated-20 N.

Figure 8.14: COF evolution of SS-unlubricated at 20 N (cont.).

The lubricated COF results for SS are seen in Figure 8.15. Compared to HTS, FF oil
was seen to perform best against the uncoated substrate. On the uncoated substrate, there
was a large COF spike for all lubricant corresponding to the running-in period followed
by close packing of the steady state COF values. Applying the same lubricants to Coating
A, sees BO perform best compared to BO + MoDTC on HTS. Once again the FF oils
performed relatively poorly compared to the base oil variants applied to the coatings.
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(a) SS-uncoated-lubricated-20 N.

(b) SS-Coating A-lubricated-20 N.

Figure 8.15: COF evolution of SS-lubricated at 20 N.
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8.3.1.3 Dissipated Energy

By integrating the frictional force and displacement of each loop and cumulatively sum-
ming the energies, the total dissipated fretting energy can be calculated. This can be used
as a metric to compare the resistance to wear of each system [105]. The lower the dis-
sipated energy, the lower the fretting wear. Consistently lower COF will correspond to
a lower value of dissipated energy as less energy is expended during the entire fretting
cycle. By comparing this quantitative metric with the wear morphology of each fretting
scar a more complete picture of the system performance can be obtained. Abbreviations
have been used to ensure the labels all fit; ’s’ and ’r’ refer to the smooth and rough sub-
strate preparations respectively. ’U’ refers to uncoated and ’M’ signifies the addition of
MoDTC into the lubricant formulation.

Figure 8.16 shows the total dissipated energy of the lubricated and dry tests on the
HTS samples at 20 N. The highest amount of dissipated energy is with the uncoated
substrate in dry conditions with approximately 30 J. This corresponds to the high level
of wear seen in Figure 8.19d. The highest amount of dissipated energy with a coating
in dry conditions is the thin preparation of Coating C. The thin-rough and thick-rough
preparations of Coating A show the same level of dissipated energy due to the benefit
of increased surface roughness decreasing the coefficient of friction and therefore energy
[103]. In the application of lubricants to the uncoated substrate, the progression through
the lubricants (BO, BO + MoDTC, FF, FF + MoDTC) showed decreasing levels of energy
with each application indicating that with the smoother prepared substrate the increased
viscosity and additive action is beneficial. The additives were less effective on Coating
A with the FF and FF + MoDTC showing almost the same energy as BO. BO + MoDTC
was very effective at reducing the energy however.
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(a) HTS unlubricated.

(b) HTS lubricated.

Figure 8.16: Dissipated energy of HTS in dry and lubricated conditions at 20 N.

In increasing the load to 40 N as in Figure 8.17 we can see that the dissipated energy
is higher for all the test conditions. In the dry conditions, the uncoated substrate had
around the same level of dissipated energy as B-thick and both thicknesses of Coating C
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indicating the poor performance of the coatings. With Coating A, the increase in coating
thickness was beneficial at higher load but both substrate surface roughness preparations
showed the same dissipated energy (as their DLC surface roughness was the same from
Table 7.3). The increased roughness with the thin preparation did reduce the energy by
almost half at this load. The higher load decreased the effectiveness of all lubricants on
the uncoated substrate however for Coating A, the addition of MoDTC saw decreases in
the energy with both oil variants.

(a) HTS unlubricated.

Figure 8.17: Dissipated energy of HTS in dry and lubricated conditions at 40 N (contin-
ued on next page).
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(b) HTS lubricated.

Figure 8.17: Dissipated energy of HTS in dry and lubricated conditions at 40 N (cont.).

Figure 8.18 shows the dissipated energy for the SS coated and uncoated substrates. As
with HTS, the uncoated SS performed poorly with a larger dissipated energy correspond-
ing to large wear. Coating C-thin was seen to have a larger dissipated energy than the rest
of the coatings due to wear through.

In the lubricated tests on the uncoated substrate, a broadly similar trend is seen as the
uncoated HTS.
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(a) SS unlubricated.

(b) SS lubricated.

Figure 8.18: Dissipated energy of SS in dry and lubricated conditions.
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8.3.1.4 Wear Morphology

Optical microscopy was used to image the micro-fretting wear scars to qualitatively assess
their morphology. The nano-fretting wear scars were too small to be able to image with
the optical microscope and the AFM was unavailable for use therefore they have not been
imaged.

Figure 8.19 shows the morphology of the fretting scars of different coating architec-
tures on HTS. Coating A displays abrasive marks in the centre of the wear scar with some
ejected wear debris. This is similar for Coating B however the volume of ejected wear
debris is greater in the case of B. Coating C displays a far larger volume of wear debris
and the coating is seen to be worn through in the middle of the wear scar. Uncoated HTS
is seen to have the largest wear in this set of fretting scars. There is evidence of large
oxidised wear debris being ejected from the fretting surface alongside an oxidised contact
circle.

(a) HTS-Coating A-thin-smooth Dry. (b) HTS-Coating B-thin-smooth Dry.

(c) HTS-Coating C-thin-smooth Dry. (d) HTS-uncoated Dry.

Figure 8.19: Morphology of micro-fretting wear scars on HTS.

Figure 8.20 shows the morphology of fretting scars on SS. The wear morphology
seen on each coating architecture is seen to be broadly similar to displayed on HTS in
the previous figure. Coating A is seen to have a larger amount of wear debris that isn’t
ejected from the wear scar as readily due to their small size. Coatings B and C both
display evidence of coating wear through (decohesion) in the centre of the wear scar.
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(a) SS-Coating A-thin-smooth Dry. (b) SS-Coating B-thin-smooth Dry.

(c) SS-Coating C-thin-smooth Dry. (d) SS-uncoated Dry.

Figure 8.20: Morphology of micro-fretting wear scars on SS.

Figure 8.21 shows the morphology of fretting wear scars on HTS when lubricants were
present. We can immediately see that the wear is less severe. The fully formulated oil
shows some evidence of residue being left despite cleaning with acetone being imaging.
The use of base oil on HTS-Coating A-thin-smooth shows that no wear debris was pro-
duced suggesting that the oil served to cool the contact down so no thermal graphitisation
occurred [411]. Raman spectroscopy would have to be performed to confirm, however.
Some small fatigue cracks are observed in the centre of the wear scar with abrasive marks
surrounding.
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(a) HTS-uncoated FF oil. (b) HTS-Coating A-thin-smooth BO.

Figure 8.21: Morphology of lubricated micro-fretting scars on HTS.

8.3.2 Nano-fretting

8.3.2.1 Coefficient of Friction Evolution

The coefficient of friction was processed using MATLAB from the raw friction data out-
putted from the NanoTest Platform. After the data is imported, the friction data was pro-
cessed through the de-trend function to remove any variations due to probe positioning
and the root mean square (RMS) friction was calculated to find the magnitude from the
positive and negative data. The final step involved removing the time steps in which the
probe was not moving to stitch all of the data together into a continuous data set. Figure
8.22 shows the COF evolution with uncoated SS at 10 mN load utilising a 4.5 µm radius
probe. The friction is seen to be highly variable throughout the time tested with numerous
larger spikes at random intervals.
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Figure 8.22: COF of uncoated SS under nanofretting with 10 mN load using a 4.5 µm
radius probe.

Figure 8.23 shows the difference in switching to a 170 µm probe. A marked reduction in
the coefficient of friction is observed though broadly the same morphology is seen.

Figure 8.23: COF of HTS-Coating A-thin-smooth under nanofretting with 10 mN load
using a 170 µm radius probe.
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The effect of a larger load is seen in Figure 8.24 where friction is seen to be reduced
further. The spikes in friction are seen less frequently across the fretting time.

Figure 8.24: COF of HTS-Coating A-thin-smooth under nanofretting with 100 mN load
using a 170 µm radius probe.

The difference in average coefficient of friction is seen in Figure 8.25. The average COF
for 10 mN was 0.04 and for 100 mN was 0.015.
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Figure 8.25: Comparison of the average COF of HTS-Coating A-thin-smooth under
nanofretting at 10 mN and 100 mN.

8.3.2.2 Average Coefficient of Friction

Considering the morphology of the friction evolution with time seen in Figure 8.23 and
8.24, it makes sense to condense the friction data to average COF results for easier com-
parison. Figure 8.26 shows the average friction of the HTS samples tested at 10 mN load.
Very different behaviour is seen compared with that of the micro-scale fretting across the
board. The highest friction is instead seen with the rough coating preparations on Coating
A with a value of approximately 0.055. Coating A-thin-smooth sees the lowest friction
with a COF of 0.04. Larger error bars are seen in all tests corresponding to the unstable
friction signals displayed with Figure 8.23.
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Figure 8.26: Average COF of coatings on HTS at 10 mN load.

Increasing the load counter-intuitively decreases the COF (in comparison to macro-
scale tribology) as seen in Figure 8.27. Additionally, the opposite behaviour is seen in
comparison with tests at 10 mN with Coating A-thin-rough having the lowest friction of
0.010. The highest COF was with the uncoated substrate, Coating A-thick smooth and
rough with a value of approxiamtely 0.018. Smaller error bars are seen corresponding to
the slightly smoother signal of Figure 8.24 compared to the 10 mN load.
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Figure 8.27: Average COF of coatings on HTS at 100 mN load.

The coatings deposited on SS tested at 10 mN are shown in in Figure 8.28. These
display high error in their average COF similar to HTS as shown in Figure 8.26.

Figure 8.28: Average COF of coatings on SS at 10 mN load.

Figure 8.29 shows the average COF with 100 mN load. An extremely small COF is
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recorded with these samples however less variance is noted per sample than with the HTS
coatings.

Figure 8.29: Average COF of coatings on SS at 100 mN load.

8.4 Discussion

8.4.1 Micro-fretting

8.4.1.1 Performance of Different DLC Types

Friction coefficient is generally not directly measured as often as wear in fretting tests.
Wear is a far more present issue due to its severity by either crack nucleation and propaga-
tion (under cyclic fatigue conditions) and eventual formation of wear debris [98]. Friction
does however play a part in determining the regime of fretting currently being experienced
alongside the displacement relative to the contact area [95–97, 450]. An energy based ap-
proach is often favourable as this can quantify the fretting lifetime and predicted wear
depth [450]. The application of coatings to protect against fretting damage has been long
understood. Coatings that have residual compressive stresses can be particularly useful as
they protect against cracking phenomena [451].

Liskiewicz et al. [452] analysed the durability of a series of hard coatings under fret-
ting wear establishing the total dissipated energy density allowable to the coating system
before failure occurs. The mechanical properties of these coatings were noted to affect
their durability with a high Young’s Modulus producing the highest wear (on TiN). The
difference in modulus between the substrate and coating negatively affected wear perfor-
mance, leading to easier deformation of the substrate and brittle cracking generating wear
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particles. Comparing the modulus differences in Table 4.2, this is less of a concern with
these coatings however the tests were not ran till failure so this could be investigated with
longer scale tests.

In an approach where a coating is being chosen to protect a surface, a reduction in
tangential force (when visualised as part of a fretting loop/map) will result in a lower co-
efficient of friction and therefore reduce the dissipated energy over a number of fretting
cycles [100]. This should reduce the amount of wear and increase coating lifetime. There-
fore an investigation into the relation between mechanical properties and their prediction
of frictional and wear performance is beneficial for future coating optimisation in fretting
wear scenarios.

Surface roughness is seen to be a key factor in the fretting control. Though a lower
COF is seen with a higher surface roughness, the wear rate is seen to be higher with
increased surface roughness and this also decreases the activation energy (energy required
for the onset of cracking) required for wear. Therefore though the coefficient of friction is
generally seen to be higher, a smoother surface is more beneficial in the reduction of wear
[103]. Increased wear is probably, in part, due to the increased maximum contact pressure
seen with rougher films which may also increase the formation of wear debris (asperity
deformation, work hardening and tensile cracking at the asperity root leading to fracture
and generation of debris) as noted by Jiang and Arnell [281]. This does however explain
the lower COF seen with the rougher coatings. The application of a thicker coating will
change the maximum tensile stress of a coating system with a thicker coating allowing
it to occur at the substrate/coating interface rather than at the surface for a thin coating
[83]. In a fretting contact, this effectively reduces the amount of wear debris created. This
would additionally mean a greater dissipated energy density to fail the coating [105, 450].

Taking into account both the surface roughness and thickness and analysing the fric-
tion in Figures 8.10, 8.11 and 8.14, we can see that Coating A (with the highest H/E)
ratio is seen to perform the best across both substrates. Further differences in the dis-
sipated energy (Figures 8.16, 8.17 and 8.18) can be seen to correspond with the surface
roughness of the coatings as seen in Table 7.3. The friction of uncoated metals under fret-
ting conditions is generally seen to be high with values of around 0.8 seen for AISI1034
and Ti-6Al-4V alloys with a 52100 steel ball (with diameter of 25.4 mm) [103]. This is
similar to the two uncoated substrates.

Fretting tests were performed previously on W-doped DLC (Balinit C Star, Oerlikon
Balzers) on Ti-6Al-4V and SCMV steel by Mohd Tobi et al. [453], though at a lower
contact pressure (due to the larger contact area). No delamination of the coating was ob-
served and a COF of 0.3 was seen for the DLC layer. This is within the range seen in
Figures 8.10 and 8.14 though increases in friction were seen due to layer wear through.
This increase in friction was also seen with Balinit C Star. Blanpain et al. [454] compared
the fretting wear of a series of carbon coatings and found that the COF was between 0.05
and 0.10 (with a 10 mm diameter corundum ball) depending on the deposition methodol-
ogy employed to create the DLC (either radio fequency (RF), arc or laser). Additionally,
the wear rate was found to be smaller compared to TiN. The low friction was supposed
to be due to the formation of a graphitised transfer layer. The formation of wear debris in
Figures 8.19 and 8.20, point towards that a lubricating third body could be present in the
DLC coatings.

8.4.1.2 Effect of Changing the Loading Conditions

Increasing the load from 20 N to 40 N on the coated and uncoated HTS samples saw an
increase in the maximum contact pressure to approximately 1.5 GPa and a reduction in
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the sliding ratio to approximately 0.45. This reduction in sliding ratio is a result of the
higher predicted contact area due to the high load, thereby creating conditions in which
crack propagation is more likely. The initially high friction values seen early in the tests
at this higher load (Figures 8.10b and 8.11b) correspond with transitions to the partial slip
regime and back to gross slip thereby forming the mixed slip regime before settling into
the gross slip regime once relatively stable friction conditions have been established [99].
Normal contact pressure was seen to affect the lubricating oil film and it has been shown
that higher load reduces the effectiveness of the lubricant and increases COF [449, 455].

8.4.1.3 Effect of the Addition of Lubricants

Lubricants have been seen to be an effective method of reducing friction and wear in
fretting contacts [451]. All lubricated contacts displayed instability in the COF at the
beginning of the fretting cycles due to stick slip (Figures 8.12, 8.13 and 8.15). The per-
formance of oils when applied to fretting contacts has been seen to be greatly affected by
viscosity though their presence reduces wear drastically [108, 449, 455]. Neyman [455]
investigated the effect of changing viscosity and boundary lubrication properties of oil in
fretting mild steel. He found that the boundary lubrication properties affected the wear
volume to a greater degree than the viscosity. Shima et al. [449] found that the viscos-
ity affected the friction coefficient after stick-slip with higher viscosity showing higher
COF. This was assessed to be due to oxygen access inhibition but could also be due to
the increased viscosity affecting entrainment into the contact. This explains the decreased
performance (increased COF) of the FF oil and those with MoDTC added (as its an ex-
tremely viscous additive and increases the viscosity of the oil blend).

As dissipated energy relates to wear in a fretting contact, we would expect any ad-
verse interactions with the MoDTC additive to see a drastic increase in dissipated energy
however this was not the case comparing Figures 8.12, 8.13 and 8.15. The addition of
MoDTC generally reduced the friction and dissipated energy particularly with the un-
coated samples. MoDTC is seen to readily react on hydrogenated carbonaceous surfaces
to form MoS2 and MoO3 though some other Mo and C containing containing compounds
have been noted with steel counterparts. The MoS2 is only found in the contact how-
ever [456, 457]. Differences in the wear behaviour with MoDTC/DLC interactions are
reported, Kosarieh et al. [125] found that the formation of the MoDTC tribofilm reduced
the friction but increased the wear with a DLC film. The interaction with iron accelerated
this interaction by the possible formation of molybdenum containing species that lead to
the breaking of C-C/C-H bonds from the DLC matrix; the exact mechanism, however,
is an ongoing area of study. Al-Jeboori et al. [458] reported on high wear with DLC
and found that tribofilm build-up was related to the ratio of rolling to sliding with MoS2
seen in pure sliding. The reduction in displacement with fretting may affect the additive
breakdown and formation of commonly found tribofilm components. Kassim et al. [124]
found that the COF changed with the formation of different intermediate materials which
was not seen with this fretting testing. Longer scale tests and analysis of possible film
formation with Raman spectroscopy or x-ray near edge structure technique [459] would
be helpful for future characterisation.

8.4.2 Nano-fretting

Previous nano-fretting (or nano-wear as it was sometimes called), using the NanoTest
platform, focused inducing accelerated wear and measuring the resulting wear depth [148,
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149, 318, 460]. Nano-fretting tests on DLC coatings similar to those produced for this
study showed increasing friction with wear cycles and COF behaviour ranked with H/E
ratio however a smaller radius probe was used (5 µm radius) with a larger track length
(13.4 µm) [428]. Yu et al. [145] performed nano-fretting using an AFM and were able to
record friction; however, they were limited by the loads and number of cycles employed.
As can clearly been seen in observing the friction differences compared to the micro-
scale fretting (comparing Figures 8.23 and 8.24 with 8.10 and 8.14), despite nominally
the same contact pressure employed there is no link between the two length scales with
the parameters employed in this testing. In the testing of thin coatings (TiN and DLC) on
three length scales, Drees et al. [461], found that the nano-friction was not dominated by
deformation and third body influences but adhesion and molecular interactions.

Though dry fretting in the micro-scale shows excellent correlation with the coating
mechanical properties, this is not the case with nano-fretting in these tests [462]. Due to
the large radius of the probe employed in this testing, a significantly reduced ploughing
component is seen. Comparing the interfacial component of friction measured with this
probe 0.017 in Table 7.2), we can see almost zero ploughing is experienced in some
tests (Figure 8.29). At lower loads, on this length scale, increased roughness is seen
to correlate with lower friction whereas when the load is increased the opposite occurs.
The measured mechanical properties as seen in Table 4.2 appear to have little bearing on
tribological properties however it is well known that at the nano-scale stick-slip and the
formation of meniscus bridges are more dominant in friction especially at low velocities
(under lubrication) [422]. With smaller AFM tips (generally up to 15 µm radius [463])
the friction coefficient of DLC at high velocities can be as high as 0.5 [464] however at
higher humidities (50 %) 0.15 is more common (with Si3N4 AFM tips) [422]. This is
due to graphisation and interposition of water molecules whose interaction with the DLC
hydrogen-terminated dangling bonds with weak van der Waals reduces the friction [279].
Bhushan and Sundararajan [463] found that tip radius and relative humidity had an effect
on the nano-friction of thin films.

The tests performed at 10 mN display higher friction than those performed at a 100 mN
(clearly demonstrated in Figures 8.23, 8.24 and 8.25). Several mechanisms could be at
work to explain the decrease in COF at higher loads. As seen in Figure 8.24, there is
some instability in the friction which corresponds to the lower COF generally seen with
partial slip fretting at lower displacement amplitudes [465]. Additionally, the use of a
larger probe with mN loads will give a scenario more like a macro-scale tribological test
with reduced real contact area and contact pressure [68] though the contact pressure of a
single asperity may be high. Tambe and Bhushan noted that even with AFM tips, there is
the possibility for multi-asperity interactions despite it generally being considered single
asperity [422]. Therefore with the higher load, it is likely that there is less conformal
contact with the probe contacting with fewer asperities causing the lower COF. Garabe-
dian et al. [466] presented a method of fabricating and calibrating larger AFM probes
(approximately 30 µm radius) capable of mN force measurements however little work has
been performed with them. The use of these larger probes along with the sensitivity of an
AFM may be able to further investigate this phenomenon.

Chen et al. [147] found that the phase transformation to form a graphitised transfer
layer could not occur in the slipping interface of DLC/SiO2 pairs during nanofretting.
They attributed the low friction of the DLC to its high hardness and hydrophobic prop-
erties. A much smaller radius of tip was used in this study resulting in more conformal
asperity contact giving a steady state COF of approximately 0.2. Though tested in at a
higher length scale (using a 10 mm diameter 52100 steel ball as a counterface) Blanpain
et al. [454] indicated that the low friction and wear seen with CVD diamond was due to
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the formation of a transfer layer on the diamond surface. This could be beneficial to low
friction in a DLC/diamond contact as seen in these tests. Extremely low friction (within
the realms of superlubricity1 has been seen with DLC previously (as low as 0.001 with
self-mated a-C:H [130]). DLC on DLC contacts with high levels of hydrogenation show
extremely low friction due to the repulsion of positively charged hydrogen protons. The
formation of an sp2 rich carbonaceous transfer film is noted to be universal though it is
affected by the contact parameters and environmental conditions [130].

The shape of friction signals in Figures 8.22 and 8.24 resemble that seen by Berman
et al. [132] in the evaluation of graphene nano-scroll formation in humid environments. It
is extremely unlikely there are any similarities between the two processes as no nanodia-
monds were introduced for this study (as were used by Berman et al. [132]) but it could be
possible that fractured particles from rougher DLC surfaces could provide similar func-
tion. TEM or high magnification SEM would be ideal to further investigate the interface
as performed previously in superlubricity studies [69, 132]. The adaptation for in-situ
electron microscopy would answer further key questions for this puzzling behaviour par-
ticularly the reduction in friction seen with larger radius probes.

8.5 Summary

In this study, multi-scale fretting testing was performed with micro-scale testing utilising
an electro-dynamic shaker and nano-scale utilising a piezo-driven vibratory stock to as-
sess the relation between coating H/E ratio and coefficient of friction. Various lubricant
combinations were also employed to assess their effect on the coefficient of friction and
whether the additives used were of benefit to reducing friction in the gross slip fretting
regime.

Under dry conditions in micro-scale fretting, the coatings perform according to their
H/E ratio with Coating A displaying the lowest COF and dissipated energy. An increase
in surface roughness is seen to further decrease the steady state COF. Coating C is worn
through on both HTS and SS. No load support effects were seen in changing the substrate.
Increasing the normal load increased the length of time the coatings spend in the stick-slip
regime before steady state friction is established and also increases the dissipated energy
over the fretting cycles. The rough preparation of Coating A is seen to perform well
under higher normal load. Increased surface roughness was seen to be more beneficial to
reducing COF and dissipated energy than increased coating thickness.

At a lower normal load the addition of lubricants is seen to be more effective than at a
higher load though the COF was reduced in both cases. The time to stabilise the friction
was far greater under higher normal load. The COF results with the lubricants tended to
show that the less viscous lubricant (i.e. without the MoDTC additive) was more effective.
The inclusion of additives did however decrease the dissipated energy. No adverse wear
was seen as a decrease in dissipated energy was observed (correlating to less wear) with
the addition of the MoDTC additive. The increased wear of DLC observed by Kosarieh
et al. [125] was not seen in the tests performed here.

The effects of friction modifiers present in the lubricants in the micro-fretting was
shown however characterisation of the exact composition of the tribofilm was not per-
formed as the main aim of this study was to simply assess the frictional performance of
the coating lubricant system and evaluate the factors affecting the coefficient of friction
of each test. It would be beneficial in future work to analyse the tribofilm formed and

1Superlubricity is defined as a coefficient of friction value below 0.01 [69]).
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assess the dynamics of it throughout the testing time. The possibility of modifying a Ra-
man microscope to assess the in-situ tribofilm formation would allow for analysis without
extraneous repeats. Further study should also analyse the lubricant interactions on the
doped DLC coatings as the addition of the doping elements will affect the surface chemi-
cal interactions with the lubricants.

At the nano-scale, surface roughness is seen to be the main variable determining the
COF. Tests performed with the 200 µm radius probe show a marked reduction in the mea-
sured coefficient of friction due to the reduced ploughing component and interaction more
akin to macro-tribological interaction with limited asperity interaction. At lower loads the
COF corresponds to lower surface roughness however at higher loads the opposite is true.
At higher loads the combination of limited asperity contact and partial-slip fretting ex-
plains the low COF with, in some cases, nearly zero ploughing component. There is also
the possibility of the formation of a graphitised layer. Friction was more stable with the
larger load however variability attributed to surface roughness effects was seen at both
loads.

Due to the use of a piezo-driven oscillator to induce the displacement of the wear
counterface in the nano-fretting module no real time displacement data can be obtained.
Though the pre-test calibration ensures that, at maximum, the module will reach the de-
sired oscillation distance it would be beneficial to further develop the capabilities of this
module allow it to measure displacement in real time. Additionally, the thermal expan-
sion of the stage affected the depth measurements meaning that accurate wear depth could
not be measured in this project using the nano-fretting module. Section 11.5 will detail
possible improvements to this module.

Future studies utilising nano-fretting should investigate a greater number of cycles
with a thinner coating so that failure can be induced and observed using either SEM
or AFM. A greater number of cycles should also be employed to properly investigate the
wear through of the coatings and evaluate the global energy input required to cause failure
as employed previously by Liskiewicz and Fouvry [105]. Post-test Raman spectroscopy
could be used to identify the level of graphitisation experienced by the coatings (mea-
surable change in the ID/IG ratio within the wear scar) [286] and this could be correlated
with nanoindentation mapping of the fretting scars [102] to track the dynamic change the
coating structure with wear (measurable softening of the coating due to the change of
structure). Contact profilometry would be another excellent addition to the roster of tech-
niques used to characterise the fretting wear, white light interferometry was attempted for
these samples however the roughening due to wear made it difficult to acquire accurate
wear volume data.
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Chapter 9

Frictional Performance of DLC Coatings

under Nano-Scale Reciprocating Sliding

9.1 Introduction

Wear tests in the reciprocating regime (with pins or balls) are generally seen on the macro-
scale where the true contact area is obscured and is presumed to be a fraction of the
apparent contact area [50, 68]. The result is that the true contact pressure will be much
higher in parts of the contact than the calculated nominal pressure. Generally, this motion
is chosen to replicate specific test conditions such as sections of a piston in an engine. By
moving to smaller scale, the contact conditions can be simplified to a nominally single
asperity interaction allowing for the onset of wear and fundamental friction to be studied
with respect to topography and mechanical properties [37, 68]. This brings us closer to the
underlying mechanisms in tribology as wear begins at the asperity contacts [55, 191]. The
probe geometry and load can be varied to greater degree to match larger scale conditions
or (as is more often the case) to drive failure at a faster rate than macro-scale tests [282].
AFMs are typical of this test scale due to the small radius of probes resulting in high
contact pressures however the tips for performing nano-wear tests tend to be much more
expensive and are more susceptible to wear and deformation from the nominal radius and
shape [133, 138].

To bridge the gap in high cycle reciprocating wear tests in the mN range, Micro Mate-
rials have developed a new NanoTriboTest module for the NanoTest Platform [467]. Gee
and co-authors [468, 469] developed a similar system that is able to be operated in-situ
with an SEM however it is limited in its load range and total number of cycles. Others
have also shows that reciprocating wear tests in the mN range have benefit in determining
underlying tribological mechanisms [133, 137, 460, 470, 471]. Due to the specifications
of the NanoTest platform it is ideal for reciprocating wear tests as it has a varied load
range and high thermal and mechanical stability. DLC coatings generally show a strong
correlation to mechanical properties in their tribological performance however the test
conditions (contact pressure) can show differences that are interesting to investigate par-
ticularly as longer sliding distances on smaller length scales have not yet been explored
[150, 282, 428]. The results presented form part of an recently published in Tribology
International [472].
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9.2 Methods And Materials

9.2.1 Materials

The coatings studied in this chapter share similar structure and composition to the DLCs
produced for this study and were, in fact, the designs upon which they were based having
been produced for an earlier study before the start of this project [282]. Table 9.1 shows
the coating layer structures and measured thickness. Designated coatings A and B share
approximately the same adhesive (Cr) layer and a slight increase in the thickness of the
gradient (W-C:H) layer. Coating C’s design deviates the most from the main coatings
in this study with only a CrN adhesive layer (of 1 µm thickness) and no gradient layer
present. The top DLC layer is closer to the amount deposited for the thicker coatings of
this study. Coatings A and B were deposited using PECVD with the Hauzer Flexicoat 850
system. Coating C was a sputter deposited commercial coating (Balinit C Star, Oerlikon
Balzers) with alternating carbon and WC layers giving a microlamellar structure [473].
All the coatings were deposited on hardened M2 tool steel. The surface roughness (Ra)
was 11–12 nm for all coatings [282].

Table 9.1: Multilayered coating architecture and thickness for NanoTriboTest coatings.
Adapted from [282].

Coating Architecture Layer Structure Adhesive layer thickness (µm) Gradient Layer thickness (µm) DLC layer thickness (µm) Total thickness (µm)

a-C:H (A) Cr + W-C:H + DLC 0.3 (Cr) 0.7 (W-C:H) 2.9 (DLC) 3.9

Si-a-c:H (B) Cr + W-C:H + Si-DLC 0.3 (Cr) 0.7 (W-C:H) 2.8 (Si-DLC) 3.8

a-C:H:W (C) CrN + a-C:H:W 1.0 (CrN) – 2.0 (a-C:H:W) 3.0

The following tables will present data pertinent to the discussion of the results gained
using the NanoTriboTest methodology but were obtained as part of an earlier study [282].
Table 9.2 shows the coating mechanical properties determined by nanoindentation using
a Berkovich diamond indenter following the ISO14577 standard. Area function of the
indenter and frame compliance were calibrated by indentation into a fused silica and
single tungsten crystal reference samples. A maximum indentation load of 20 mN was
used resulting in contact depths in the range of 4–8 % of the total coating thickness. 10
repeats were carried out at this load each with a loading time of 20 s, hold time of 5 s
at maximum load and an unload time of 20 s. Thermal draft was corrected with a 60 s
hold period 60 s prior to the load ramp and after 90 % unloading [282]. The hardness
(H) and elastic modulus (E) values were determined by applying Oliver-Pharr analysis
with E = 1140GPa and ν = 0.07 for the diamond indenter [168]. Errors in the H/E and
H3/E2 values were calculated using Gaussian error propagation.
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Table 9.2: Coating mechanical properties determined at nanoindentation load of 20 mN.
Contact depths were 4–8 % of the total coating thickness. Adapted from [282, 474].

Coating Architecture H (GPa) E (GPa) H/E H3/E2 (GPa)

A 23.4±1.2 226±13 0.104±0.008 0.251±0.030

B 16.2±0.6 157±4 0.103±0.005 0.172±0.013

C 11.5±0.9 161±7 0.071±0.006 0.059±0.009

Nano-scratch tests were performed using a progressive load technique (3 pass, topography-
scan-topography) up to a maximum load of 500 mN with a sphero-conical diamond of
radius 5 µm. [282]. Table 9.3 shows the critical load values determined by nano- and
micro-scratch test.

Table 9.3: Nano-scratch (500 mN peak load) and micro-scratch (5000 mN peak load)
critical loads. Adapted from [282, 474].

Coating Nano-scratch (R = 5 µm) Micro-scratch (R = 25 µm)

Ly (mN) LC1 (mN) LC2 (mN) Ly (mN) LC1 (mN) LC2 (mN) CPRS LC1(LC2−LC1) (N2)

A 206±5 422±4 > 500 356±9 2179±120 2612±127 0.94±0.38

B 110±10 445±12 > 500 383±52 1827±111 2830±367 1.83±0.71

C 68±4 > 500 > 500 375±49 2256±116 3695±132 3.25±0.43

Friction was measured on-load using a strain gauge probe as part of the scratch method-
ology. Measurements were performed using both the nano-scratch and micro-scratch
methodologies however only the micro-scratch friction is reproduced here as the probe
used matches that used on the NanoTriboTest [282]. Table 9.4 shows the friction values
determined under micro-scratch testing at different loads.
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Table 9.4: Friction coefficient at 100 mN and 500 mN loads in micro-scratch testing.
Adapted from [282, 474].

Coating µ at 100 mN µ at 500 mN

A 0.067±0.015 0.077±0.013

B 0.084±0.021 0.082±0.003

C 0.079±0.015 0.108±0.003

9.2.2 NanoTriboTest

The reciprocating tests were carried out using a NanoTriboTest module installed into
a NanoTest Vantage platform. In the NanoTriboTest module, the reciprocating stage
(Physik Instrumente, Germany) is controlled independently of the instrument loading
head. A 25 µm radius diamond probe was used to perform 500 cycle reciprocating wear
tests at loads of 10–500 mN on three DLC coatings.Table 9.5 shows the range of experi-
mental conditions available with the NanoTriboTest module. Figure 9.1 shows an image
of the NanoTriboTest module installed in the NanoTest Vantage.

Table 9.5: Typical experimental conditions of NanoTriboTest module [425].

Probe radii (µm) 25–5000

Applied Load (mN) 0–500

Sliding Speed (mms−1) 1–10

Scan Distance per cycle (mm) 1–40

Number of cycles 100–30000

Total sliding distance (m) 1–300
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Figure 9.1: NanoTriboTest module in the Nanotest platform. From [425].

The track length was set to 1 mm in the NanoTriboTest with a maximum velocity of
0.5 mms−1 thereby giving a total sliding distance of 500 mm. The velocity was at max-
imum over the central 90 % of the track and linearly reduced to zero at the turn-around
points. Each coating was tested at 10, 100 and 500 mN with 3 repeats. Additional tests at
50 mN and 200 mN were used for Coatings A and 50, 200 and 300 mN for Coating B. The
friction force and the raw (unlevelled and lacking instrument drift or frame compliance
corrections) probe displacements were monitored continuously and recorded over the en-
tire wear track. As the reciprocating stage expands during the test, the on load depth data
was only used to assess the topography change. The dynamic friction was calculated in
software using Equation 2.17 [105]. The static friction measurement was approached in
a similar way to that of Burris and Sawyer [475] to account for any transducer misalign-
ment. Table 9.6 shows the calculated initial Hertzian contact pressures on each coating
at each load. The Poisson’s ratios used were 0.07 and 0.2 for diamond and DLC respec-
tively. An E value of 1141 GPa was used for diamond and Table 9.2 shows the moduli
values used for each of the coatings.
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Table 9.6: Calculated initial contact pressures.

Contact Pressure (GPa)

Load (mN) Coating A Coating B Coating

10 4.90 3.99 4.24

50 8.37 6.83 –

100 10.55 8.60 9.14

200 13.29 10.84 –

300 – 12.41 –

500 18.04 14.71 15.63

9.2.3 Confocal Microscopy

A Keyence VHX-6000 digital optical microscope with confocal capabilities was utilised
to scan the surface of the samples to assess the wear volume (where measurement was
possible), change in surface roughness and wear depth. As some of the wear volumes
were below the range at which the resolution of the microscope is able to measure, these
results are not available.

9.2.4 Stress Distribution Analysis

The Surface Stress Analyser (SSA, from the Saxonian Institute of Surface Mechanics)
was used to determine the simulated stress distributions of von Mises, tensile and shear
stresses at 100 mN with a 5 µm radius probe. This system uses a physical-based analytical
method. The input parameters were:

• The Mechanical properties of the coatings (assumed to be monolayered) and sub-
strate, i.e. H, E and H/Y (1.2 for coatings and 2.5 for the steel substrate).

• The coating thickness.

• Poisson’s ratio.

• Probe radius, applied load and friction (taken from previous nano and micro-scratch
data [282]).
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9.3 Results

9.3.1 Friction

9.3.1.1 Friction Sensing

Before the friction behaviour of the individual coatings can be analysed, we must first
assess the friction sensing capabilities of the new instrument. Figure 9.2 shows the unpro-
cessed friction force varying with displacement across the surface of Coating A at 500 mN
load. It can be clearly seen that the increase in amplitude after 25 mm is characteristic of a
transition to higher friction coefficient. The ability to sense this change in friction within
a few cycles demonstrates the systems use in measuring minute changes in the friction.

Figure 9.2: Unprocessed friction data of Coating A at 500 mN load.

Friction loops can been seen to also demonstrate this sensitivity to frictional changes
as seen in Figure 9.3. The total contact stiffness of the system can also be measured at
the extremities of track displacement. For Coating A at 500 mN, this was approximately
2000 Nm−1. Figure 9.3 is primarily to demonstrate the cycle to cycle sensitivity to friction
changes however it must be noted that the track displacement is greater than the specified
value of 1 mm. This is because the corrections normally applied to account for frame
compliance and stage heating during testing have not yet been applied.
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Figure 9.3: Raw (without corrections for thermal drift and frame compliance) friction
loops on Coating A at 500 mN.

9.3.1.2 Coating A

The average friction of all loads on Coating A is displayed in Figure 9.4. The average
COF is seen to be approximately 0.08 for all loads at the beginning of the cycles. The
10 mN load is seen to have more variability across the cycles than any other load. Apart
from 500 mN, the friction coefficient is seen to decrease with increasing cycles with each
load step.
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Figure 9.4: Average COF values for all loads on Coating A.

Figure 9.5 shows the COF evolution with cycles of the three wear tracks at 500 mN
load. The COF has been averaged every 5 cycles. Repeat 1 shows a greater running in
period and greater variability of friction across the sampling time. This run corresponded
with the coating failing, the morphology of which can be seen in the next section.
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Figure 9.5: COF measurements for 3 repeats at 500 mN on Coating A.

Table 9.7 shows the average COF values across all the cycles at each load. This
corroborates the observation of decreasing COF in Figure 9.4. The lowest COF value is
seen at 200 mN load with a value of 0.051; conversely the highest value is seen at 500 mN
with a value of 0.117.

Table 9.7: Average COF of Coating A measured at each of the applied loads.

Load (mN) Average COF

10 0.087±0.008

50 0.080±0.005

100 0.073±0.009

200 0.051±0.014

500 0.117±0.006
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9.3.1.3 Coating B

The friction evolution at each load across all the cycles is seen in Figure 9.6. All loads saw
approximately the same COF of 0.95 at the beginning. Little variation is seen otherwise
apart from the 10 mN load which saw higher spikes in friction.

Figure 9.6: Average COF values for all loads on Coating B.

Figure 9.7 shows that the COF values across all repeats at 500 mN has little variance
though some periodicity in the friction is observed.
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Figure 9.7: COF measurements for 3 repeats at 500 mN on Coating B.

Table 9.8 shows the average COF values across all the measured cycles for Coating
B. Little change is seen in the average COF. The 10 mN load saw a high average friction
coefficient of 0.093.

Table 9.8: Average COF of Coating B measured at each of the applied loads.

Load (mN) Average COF

10 0.093±0.005

50 0.083±0.002

100 0.086±0.002

200 0.081±0.003

300 0.087±0.002

500 0.087±0.003
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9.3.1.4 Coating C

Figure 9.8 shows that for the 10 mN load, there is more variance in the friction as it spikes
to approximately 0.11 at 25 and 200 cycles. The highest COF at the start of the cycles is
seen at 100 mN with a value of 0.1.

Figure 9.8: Average COF values for all loads on Coating C.

Figure 9.9 shows that for each repeat at 500 mN the friction decreases steadily from
approximately 0.85 to 0.75 over the range of 500 cycles.
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Figure 9.9: COF measurements for 3 repeats at 500 mN on Coating C.

Table 9.9 shows that as the load increases the average COF decreases. The lowest
value with the lowest standard deviation is seen at 500 mN with a value of 0.078±0.002.

Table 9.9: Average COF of Coating C measured at each of the applied loads.

Load (mN) Average COF

10 0.094±0.008

100 0.091±0.003

500 0.078±0.002

9.3.2 Wear And Surface Morphology

Figure 9.10 shows a confocal microscope image of one of the sets of wear tracks on
Coating A. On the 100 mN and 200 mN tracks, a small amount of wear debris can be
observed ejected around the edges of the tracks. The bottom (500 mN) track has failed
over the majority of the track length.
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Figure 9.10: Micrograph of the wear tracks on Coating A. Loads are annotated on the
figure. The 500 mN wear track shows the test in which the sample failed.

Figure 9.11 shows an SEM micrograph of the failed 500 mN load track. Abrasive
wear tracks can be observed within the normal track on the left of the micrograph. The
transition to failure appears to be abrupt however analysis of the depth during sliding
showed a progressive increase in depth across the failed regions with increasing cycles.
This depth was seen to be 1.5 µm greater than the abrasively worn regions. EDX analysis
in these regions showed Cr and W exposure further demonstrating the thinning of the
failed coating. In the failed regions, abrupt changes in friction were seen in the transition
from the fractured to abrasive wear regions.
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Figure 9.11: SEM micrograph of 500 mN failed track on Coating A.

Figure 9.12 shows a confocal microscopy micrograph of the wear tracks on Coating
B. Some abrasive marks are present within the tracks and a small amount of debris has
been seen to be ejected surrounding the wear.
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Figure 9.12: Micrograph of the wear tracks on Coating B. Loads are annotated on the
figure.
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Figure 9.13 shows an SEM micrograph of a 500 mN wear track on Coating B. Gen-
erally, this coating shows poor contrast under SEM due to its low metallic content in the
top layers however the small amount of ejected wear debris can be observed on the edge
of the wear track.

Figure 9.13: SEM micrograph of 500 mN track on Coating B.

Figure 9.14 shows a micrograph captured by confocal microscope of the wear tracks
on Coating C. The morphology of the tracks can be clearly observed to be smooth with
no wear debris at the sides.
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Figure 9.14: Micrograph of the wear tracks on Coating C. Loads are annotated on the
figure.

Figure 9.15 shows a SEM micrograph of wear track at 500 mN on Coating C. The
contrast of this image is improved compared to Coating B due to the tungsten doping and
thereby the smoothness of the wear track can be seen.
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Figure 9.15: SEM micrograph of 500 mN track on Coating C.

Using the Hertzian contact pressure calculations introduced in Section 2.5.7.2, the
contact pressure at the end of the testing cycles can be estimated. Table 9.10 shows
the contact pressure estimated for Coatings A, B and C at 500 mN load. The residual
depths (hr) and on-load depths (ht) are taken from the instrument output and used in
Equation 2.46 to calculate contact depth (hp). The contact pressure (Pm) using Equation
2.48. These Pm values are found from the calculated values of a. The measured values
of a (via confocal microscopy) are provided as a comparison. The initially high contact
pressures are seen to decrease drastically due to the plastic deformation of the coating.
From the measured track widths and depths we can surmise that Coating A has the lowest
wear rate followed by Coating B and C respectively.
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Table 9.10: Residual depth (hr), on-load depth (ht), contact depth (hp) calculated contact
radius (a) and measured contact radius (from confocal microscopy) and the resultant
final contact pressures (Pm) at 500 mN.

Coating hr (nm) ht (nm) hp (nm) a Calculated (µm) a Confocal (µm) Pm (GPa)

A 100 1400 750 6.1 6.3 4.31

B 100 1400 750 6.1 6.8 4.31

C 700 1500 110 7.3 7.5 2.96

9.3.3 Stress Model

Figure 9.16 shows the analytical model of the von Mises stresses on each of the three
coatings at 100 mN. Highlighted regions show where the von Mises stresses are greater
than the yield stress, overloading the system and indicating where plastic flow is expected.
The stress distribution in the coating structure can help in understanding the physical
wear behaviour. This modelling however assumes that the coatings are mono-layered
with single asperity sphere-on-plate geometry with perfectly flat surfaces. The model
helps in the understanding of how the coating properties can control the yield location in
scratch and reciprocating tests. We can interpret the deformation of small scale scratch
tests (as seen in this model) as an effective single asperity contact primarily influenced
by ploughing friction with minimal third body wear due to the smoothness of both the
diamond indenter and DLC surfaces. Coating A is seen to be elastic, Coating B is seen to
have a small region of yield within the coatings and Coating C has a much more extensive
yield region. The yield determined by scratch testing for each coating is seen in Table 9.3.

Figure 9.16: Analytical stress maps of the three coatings at 100 mN with a 5 µm radius
probe.
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9.4 Discussion

9.4.1 Friction

We can see in Figures 9.4, 9.6 and 9.8 that the initial COF was in the region 0.08–0.10 with
no load dependence observable. These coefficients of friction were close to that observed
in micro-scratch testing (with the same 25 µm radius probe as presented in Table 9.4). All
coatings possess more variability and higher friction at 10 mN (relative to the preceding
higher loads), this is due to greater influence of surface roughness where relative steps
will see increases and decreases in friction [443, 444]. At this load, it can presumed
that the ploughing term of friction is relatively small due to the low penetration into the
sample (the confocal microscope was unable to measure a wear volume). Achanta and
co-workers [133, 137] found similar results with friction variability at the smaller scale
due to geometrical changes (continuous track changes) and adhesion (changing contact
area). They also noted that during the early cycles of a reciprocating sliding test, friction
increases in the initial cycles due to changing asperity angle and roughness of the coatings.
Once the two surfaces become conformal, sliding energy stabilises and so does friction.
Any debris trapped in the contact will affect the friction depending upon their size and
morphology. Holmberg et al. [476] found that the increase in friction early in the sliding
cycles was due to increasing surface roughness, change in contact area and topographical
disturbance in generating a low friction tribolayer.

At higher load, running-in effects are seen where material is removed and the track
geometry changes thereby affecting the contact area [477]. Hsia et al. [478] noted that
when high conformity is seen between two surfaces with a low gap between them ad-
hesion becomes increasingly dominant. Figure 9.12 illustrates the wear morphology of
Coating B which has minimal ploughing and smoothing of the track at each load which
fits with this, explaining its friction reduction in Figures 9.6 and Table 9.8.

The friction of Coating A (Figure 9.4) could be categorised into 2 regimes. A small-
scale friction regime in which the increase in applied load decreases the COF due to
the reduced influence of surface roughness. This was noted by Achanta et al. [133] in the
comparison of as deposited DLC and TiN coatings compared to polished coatings as mea-
sured by lateral force microscopy. The measured tangential friction force was reduced and
the friction loops were more stable with fewer fluctuations and spikes. As load increases
the topography influence decreases. At higher loads the fiction is seen to increase rapidly.
This is due to the onset of plastic deformation leading to high deformation after which
a more defined wear track is formed with reduced ploughing [471]. Similar results were
noted in nano-fretting on this coating with increasing friction before levelling out [428].
More spikes in the friction trace are seen in the case of Coating A (Figure 9.5). Some vari-
ability is also noted in Coating B (Figure 9.7), this could be the result of micro-cracking.
Santner et al. [479] found that the topography can affect the friction signal when surface
features such as step height changes are seen.

No direct evidence of a graphitised transfer layer was found as no Raman spectroscopy
was performed to assess the change in the coating structure. However, AFM studies have
produced evidence of phase transformation to a lower friction low shear graphitised layer
after tribological contact [480]. The low friction seen in Coating A from 50–200 mN
(Table 9.7) is indicative of this effect too. Holmberg et al. [476] recorded low COF values
in POD tests and reciprocating sliding that are evident of graphitisation reducing friction.

Coating C displays different behaviour compared to the two harder coatings. As seen
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in Figure 9.9, the friction decreases steadily with increasing cycles. This is different from
the nano-fretting results, where friction increased with cycles [428]. The sharpness of
the probe and modification of the topography with changing angle of the probe may be
the cause [479]. Korres et al. [481] attributed such behaviour to be the result of minimal
third body interaction with track widening and a reduction in the ploughing component
of friction. Figure 9.14 indicates that that the smoothness of the wear track supports this.
The microlamellar structure of Coating C further backs this up alongside its morphology
in previous scratch tests [282, 473]. Gee et al. [469] found coefficients of friction from
0.04–0.08 on DLC with a diamond counterface with little correlation to macroscopic tests.
Adhesion, molecular interactions and humidity is seen to be more influential in smaller
scale friction tests however [461, 463]. Comparing the mesoscasle to the nanoscale, we
generally see a higher COF with the mesocale (0.16 for DLC) compared to 0.064 at the
nanoscale [461].

9.4.2 Wear Resistance

Previous testing under the nano-fretting regime showed that at 100 mN load Coating C
was less wear resistant with its larger on-load depth increase (813 nm) with a 5 µm radius
probe [428]. Scratch testing also revealed that greater contact depths were reached in
Coating C compared to the other coatings [282]. By analysing the yield depths presented
in Table 9.3, we can see that with the 25 µm probe used in this testing only the highest
load would cause immediately plasticity of the coatings; yield loads were in the range of
350–375 mN [282]. Therefore we can clearly see that at the lower loads tested here, the
sliding contact was initially elastic. The previously performed Hertzian analysis shows
that the von Mises stress is located within the coating structure for all architectures but
modelling can show different behaviour as the initial yield was seen to be within the
substrate.Coating C was seen to yield within the coating though Coatings A and B remain
below the yield stress.

Figure 9.16 shows analytical modelling performed at 100 mN with 5 µm radius probe.
The highlighted regions show where the von Mises stress exceeds the the yield stress of
the coating thereby giving regions where plasticity is expected. Single asperity interaction
is assumed as is the perfect smoothness of the surfaces but modelling can be a useful
tool in showing how properties affect the yield. Though wear is normally the process of
asperity smoothing, a scratch test with smooth diamond probes can give an effective single
asperity interaction relative to ploughing friction and generally little third body effects
[282, 312]. This can provide further information on the behaviour seen during sliding
wear. The yield loads are found from the previous nano-scratch testing [282]. Coating
A was seen to have an entirely elastic response. Coating B had a small yield region and
Coating C showed much more extensive yielding. Table 9.3 shows the experimental yield
loads. The same trends are seen in the experimental results as in the modelling however
when the load is increased behaviour of the system will change. Table 9.6 shows that the
initial Hertzian contact pressures are high especially at 500 mN. Deformation due to wear
will reduce the contact pressure throughout the test as wear occurs. Table 9.10 shows that
at the maximum load the contact pressure has reduced to 4.31 GPa for Coatings A and B.
Coating C has a lower contact pressure of 2.96 GPa. Nano-fretting at 100 mN produced
initial pressures of 15.1, 12.7 and 11.2 GPa for Coatings A, B and C respectively. After
4500 cycles, the pressures reduced on all coatings to 7.5, 5.1 and 3.8 GPa for A, B and
C respectively [428]. Analysis of the residual depth as seen in Table 9.10 can give us
the wear depth and therefore allows us to tell which of the coatings wore faster. Due
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to Coating C reaching a higher on load depth at 500 mN and having a larger residual
depth along with its higher contact radius, the wear track can be seen to be larger in all
dimensions (in comparison to non-failed tests). The relative softness of Coating C (as seen
in Table 9.2) and its more ductile behaviour as noted by Beake et al. [282] contributes to
the high residual and on-load depth in comparison to Coatings A and B. This tendency
to deform results in lower contact pressures after the full wear cycles (Table 9.10). The
ploughing component on this coating was found to be particularly small especially as it
was previously found that its interfacial friction component is higher than Coating A or
B [282]. For cases without extremely high contact pressure, causing the onset of drastic
wear, we can therefore see that wear resistance is related to the mechanical properties
(H/E but primarily H3/E2 as resistance to plastic deformation) as well as the shear stress
distribution relative to the load and probe geometry used in testing.

Cyclic tests such as these could induce fatigue which would be present as micro-
fracture in the wear track [312]. However analysis of the wear tracks in Figures 9.10,
9.12 and 9.14 show no evidence of this wear morphology. Analysis of the scratch tracks
performed previously [282] show that Coating C displays small cracking consistent with
what may be seen with low cycle fatigue. Micro-cracking degrading the coating micro-
structure was found by Koskinen [482] in tests on ta-C. This is evidence of low cycle
fatigue. Wear is seen to be a combination of displaced material (generally by debris
creation) or by plastic deformation. Schiffmann found that on the micro-scale, plastic
deformation is the primary cause of wear primarily within the first few cycles leading to
higher friction coefficients initially. Plastic deformation was seen to contribute greatly to
residual wear depth, at lower loads this can entirely dominate with little to no material
loss seen [470, 471].

H/E ratio as popularised by Leyland and Matthews is a key parameter in evaluating
wear resistance [322]. Gee et al. found this to be in good agreement with tests on various
ceramic, amorphous carbon and soft coatings with a 1 µm radius diamond probe. Balinit
C Star (Coating C) displayed low wear resistance in 25 cycle reciprocating tests [469].
Michler and Black [483] noted that the ratio of coating layer thickness to indenter radius
was also an important parameter in determining the where cracking begins in contact
with spherical indenters. For thin layers, plasticity was first noted in the substrate before
moving to (or below) the interface. Shi et al. [440] showed that applied load is another
important factor particularly in repetitive scratch nano-wear as it can determine the locus
of failure. Under 50 mN loading, the peak stress was within the coatings wherein better
mechanical properties (i.e. hardness) of the coating determined performance. At 150 mN,
the stresses were located at the interface and fracture dominated. Due to the reduced
hardness of Coating C, it was seen to perform better as the hardness more closely matched
that of the substrate.

9.5 Summary

The newly developed NanoTriboTest module was utilised to assess the friction and wear
performance of previously produced DLC coatings [282] sharing similar architectures to
those produced for this study. A wide variety of loads were applied to evaluate coating
performance over a range of contact pressures and analyse the dominant wear mechanisms
in each load range. The wear scars produced were imaged with both SEM and confocal
microscopy.

The development of this module for the NanoTest platform has added the capability
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for high cycle, high speed and high sliding displacement at the mN level to its roster of
capabilities. The high lateral rigidity of the loading head and thermal stability of the plat-
form aid in obtaining accurate friction results. The module has proven capable of sensing
the change of friction within a few cycles and its capacity for longer tests will allow for
the modelling of different phenomena throughout the stages of wear. The performance of
the coatings can be analysed with a combination of their H/E ratio (relating to strain to
failure), H3/E2 (resistance to plastic deformation) and analysis of the contact pressures
and yield of each coating relative to the load and radius of probe applied. Below 500 mN
load, Coating A was seen to perform best with the lowest recorded coefficient of friction.
This was presumed to be due to the formation of a graphitised layer though no direct evi-
dence of one was found. At the 500 mN the higher initial contact pressures caused by the
coating’s high stiffness increased the friction and caused failure in one of the tests. Coat-
ing C was seen to perform well at 500 mN, this is likely due to its more ductile structure
allowing it to deform favourably, thereby reducing the contact pressure. This results in
larger measured contact radius and depth indicating higher wear of the coating. Due to
the high cycle wear, micro-scale fatigue wear was a possibility however little evidence of
this was found in the tracks.

Due to the low wear imparted on the surface during the sliding cycles, the confocal
microscope was unable to measure the wear volumes of some wear scars. Follow up
analysis on these wear scars should instead use AFM with a tip radius small enough to
be able to grant high enough resolution. Future studies analysing the behaviour of DLC
coatings using this technique should additionally employ Raman spectroscopy to analyse
the ID/IG ratios of the wear tracks to compare to that of the unworn areas to assess whether
an increase in the ratio is seen across all samples and to what degree. Future uses of this
module could investigate the use of larger radius probes or investigating surface roughness
orientation and its effect on friction within the mN load range.
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Chapter 10

General Discussion and Conclusions

10.1 Evaluation of the Project Aims

Section 1.5 details the wide scope of this project at the outset. As with most projects some
changes were made to the scope as magnitude of some tasks became apparent however
the majority of objectives were met and studied to some degree.

The use of the various modules in the NanoTest platform proved the simplicity and
elegance of this single system. Calibration and set up in a new experimental configuration
was quick. Combined with the scheduling feature of the system. this allowed experiments
to be ran almost continuously allowing for the large amount of data held presented within
this thesis to be collected. The greatest amount of time was spent during this project in
the use of bespoke pieces of equipment in the impact and erosion study (air-based erosion
system) and fretting study (macro-scale fretting).

The development trajectory at Micro Materials pointed towards nano-scale recipro-
cating wear as a key area which resulted in the development on the Nano-Tribo-Test, the
results of which can be seen in Chapter 9. Furthermore, the planned fretting studies were
expanded cover across multiple length scales at high contact pressures. These results
could therefore be compared with the ultra high contact pressures attained with the Nano-
Tribo-Test module.

The structural characterisation performed in this project produced sufficient data on
the composition, cross-section, amorphisation and phases of carbon bonding within the
coating to give additional context to the coating performance. True knowledge of the
ion energies and species within the chamber during deposition. Some knowledge of this
can be estimated using a structure zone diagram however more full structural coating
characterisation in any future studies should not neglect this.

Of note is the multiple distinct work projects that make up this thesis, though this has
allowed for a rarely compiled full coating characterisation, it did increase the workload
in data analysis and writing. Researchers working on similar projects should evaluate the
detail desired along with the time investment necessary in their work.

Further to the experimental work, it was clearly stated that dissemination of the results
of the project should be done at both national and international conferences. Multiple con-
ferences at national and international level were attended during the project and results
gained at various stages of the project were presented. Appendix A details the confer-
ences attended and the oral presentations and poster presentations given. Multiple journal
articles, derived from and adjacent to the project work, have been produced and are cur-
rently at various stages of publication.
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10.2 General Discussion

This discussion will break down the effect of varying each parameter of the coating design
and how it affected the whole system performance. Each chapter’s discussion section goes
into much more detail than what is presented here however this will serve as an overall
summary.

10.2.1 Influence of the Substrate

Partial load-unload nanoindentation was used primarily because of its ability to map me-
chanical property changes with depth however when applying the model of Korsunsky et
al. [183] as in Section 4.3.3, the difference in load support can be analysed with the rela-
tive depth of indentation reached as well as the density of data across the depth range. The
increased coating thickness of the HTS coatings plays a part in maintaining a higher mea-
sured hardness at increased depth. The substrate support is still noticeable particularly as
the mechanical properties do not fall off to the same degree with the harder substrate.

As seen in Chapter 6, under repetitive strain fatigue conditions, substrate support de-
fines the ability of the coating structure to survive under these conditions. When the sub-
strate is too soft, the coating structure will fail after extremely small energy input (on small
time-scales) in both impact and erosive conditions due to eggshell failure [278, 403, 404].
With the enhanced substrate hardness giving a smaller difference in the hardness between
HTS and Coating C, the substrate can accommodate the deformation better. Bousser et al.
[408] found that the less the substrate plastically deforms relative to the coating (with a
smaller the ratio of coating to substrate hardness), the less cracking will occur and there-
fore the coating will be more wear resistant to erosive conditions. This follows with the
results of the impact and erosion tests in Chapter 6. As the impact stress is normal to the
surface orientation in the testing performed in this study, this is the most extreme scenario
in which the substrate support is tested.

The nano-scratch critical load failures (Table 7.4) appear to be sensitive to substrate
load support as fewer critical load failures were observed on the HTS substrates. This is
further exemplified with the calculated contact pressures at yield (Table 7.6), yield stress
and Y/E (Table 7.7) with higher values seen with HTS compared to SS. The difference in
the H/Y values indicate there is a difference in the location of the von Mises stress in the
coating structure which may affect the stress propagation throughout the coating structure
and thereby the plastic flow that leads to a critical load failure [47, 438]. The load support
of the substrate may have an influence on this also.

10.2.2 Effect of Surface Roughness

Surface roughness was initially varied by polishing the substrate to different degrees;
however, it was also found that the coating deposition influenced the surface roughness.
The initial scanning step in the the nano-scratch testing allowed for the calculation of the
surface roughness of the coatings (Table 7.3). DLC surface roughness varied across the
range of thicknesses of coatings deposited possibly due to deposition time, which ranged
from 2–6 h.

Increased roughness produced more variance in hardness at the low load steps in the
partial load-unload nanoindentation. Figure 4.8 shows this well. The increased roughness
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affects the peak hardness due to differences in detecting the surface. This is seen in
Table 4.2. Small variances in SCPR are seen in Table 4.3 but no trend can otherwise be
observed.

In nano-scratch testing, Coating A on SS saw a reduction in SCPR (Table 7.4) however
overall trends cannot be determined due to the lack of critical load failures on the other
coatings. Table 7.5 shows that a rougher surface produces higher scratch friction which
makes sense due to the increased surface roughness effects on asperity-asperity contact at
this length scale. Generally, contact pressure at yield (as seen in Table 7.6) was seen to
increase with surface roughness, this is probably due to the increased pressure required to
smooth the asperities before further yield is seen. Y , H/Y and Y/E are therefore affected
in the same way.

Surface roughness is the key variable in the friction measured under nano-fretting with
the large probes as seen in Section 8.3.2. At smaller loads, decreased roughness produces
a lower average COF whereas the opposite effect is seen at higher loads. The regimes of
fretting and their mechanisms are different with each of these loads. Roughness in micro-
fretting has less of an overall effect on the COF but provide a small reduction as noted by
Kubiak et al. [484].

10.2.3 Effect of Coating Thickness

Undoped DLC benefits from increased hardness (Table 4.2) due to the reduction of sub-
strate effects and the peak hardness occurring within the common 1/10 of coating thick-
ness rule of thumb [162, 175, 183]. The increased deposition time for Coatings B and C
must affect the structure of the coating to thereby either soften the coating (as with B) or
increase the thickness which has a minimal effect on increasing hardness as the coating
is relatively soft (as with C). Macro-scale scratch (Table 4.3) is affected by coating thick-
ness, generally the thicker the coating the less well adhered it is. This is unusual as typi-
cally, critical load increases with coating thickness indicating better adhesion [302]. Wei
and Yen [371] found that critical load in nano-scratch testing decreased with increased
coating thickness; structural changes (increased ID/IG ratio with thicker coatings) was
highlighted as a factor and could also be the case in this study. Due to the scale of test
(macro-scale) and contact pressure applied, yield will occur first further into the coating
structure and shear will occur between the coating and substrate thereby reducing its ad-
hesion [282, 312, 438]. In smaller scale scratch tests as in Chapter 7, increased thickness
is beneficial as the yield is generally focused in the upper regions of the coating which
also increases the stress required to initiate failure.

In the impact and erosion testing, the same category of coating thickness were tested
to maintain comparability between the coating types using coatings more typically found
in industry (i.e. a few microns thickness). Extremely thick DLC performed well under
erosive conditions which makes it a topic of investigation for future work [84].

In micro-fretting (Section 8.3.1), increased thickness of coating increases the wear
resistance as a larger number of fretting cycles are required to induce layer delamination.
The friction was also seen to be more stable with a lessened running in period, this could
possibly due to a change in the locus of stress in coatings but modelling would be required
to fully investigate. The energy dissipation is not affected greatly by this change.
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10.2.4 Effect of DLC Coating Type

In all wear modes tested (besides nano-fretting and impact and erosion), tribological prop-
erties are seen to relate to H/E and H3/E2 in terms of resistance to fracture, elastic
strain to break or friction (with respect to pile up and sink in) [321–323, 332]. Y/E and
H/E are linked, with higher ratios of both favouring good friction and wear performance
[332, 428]. The nano-scratch results in Table 7.7 also indicates that the substrate support
is present in Y/E allowing it to act a metric more inclusive of entire system performance
rather than simply measuring coating performance. Nano-fretting, due to its less confor-
mal tribological contact, is heavily dependent upon surface roughness (Section 8.3.2) and
the use of a relatively large probe means the contact will be dominated by interfacial fric-
tion with a small ploughing friction component. Contrary to crystalline coatings such as
TiN or TiAlCrN where impact and erosion performance scales with resistance to fracture
(H3/E2) [80, 118], DLCs impact performance scales with E/H giving increased fracture
toughness [122, 163, 322, 328]. Therefore a lower H/E ratio is beneficial for repetitive
stresses of particle impingement or indenter impact.

10.2.5 Altering the Length Scale of Testing

Length scale effects were investigated across numerous aspects of this project. The results
of Section 4.3.1 showed that altering the scale of indentation used produces a much differ-
ent result with nano-scale hardness being higher for the substrate materials. This provides
a good demonstration of the indentation size effect (ISE) which has been attributed to
several causes such as pileup or work hardening [166, 184].

Scratch testing was performed on both the macro-scale and nano-scale. As the macro-
scale scratch was able to induce critical load failures in all the coatings (as seen in Table
4.3), we can therefore say that the failure process proposed by Schwarzer et al. [438] was
able to induce plastic flow to cause coating cracking or fracture. However, nano-scale
testing (Table 7.4), showed that for some of the coatings the contact pressure was not
high enough to induce a critical load failure. In this case, the typical step would be to
increase the scale of the test as done by Beake et al. in moving to a 25 µm radius probe
with a larger load range [282]. It must be noted however that the SCPR values cannot
be directly compared between the macro-scratch and nano-scratch because this metric is
specific to the scale and probe size used in each test [310, 311].

Impact testing was performed on both the micro- and nano-scale in investigating the
link to erosion wear (Chapter 6). As the same radius of impacting indenter was utilised be-
tween the length scales, the change in load and retraction distance between the two meth-
ods allowed for different levels of energy input as seen in Section 6.3.2. The nanoscale
results presented in Section 6.3.1.2 with lower energy input per impact are able to capture
smaller scale fatigue phenomena. The micro-scale impact in Section 6.3.1 with its larger
energy input delivers similar energy to erosion in approximately the same time (with rel-
atively simple modelling).

Fretting testing was performed on the micro and nano-scale. The nominal contact
pressures (as seen in Tables 8.2 and 8.5) were predicted to be similar as effort to assess
the effect of maintaining the same contact pressure across length scales. It is well known
that the mechanisms at different length scales are quite different with the contact pressures
generally being higher at the nano-scale. Due to the complexity of the interactions at the
nano-scale, it is much more difficult to ascertain its mechanisms and these do not scale up
to larger length scales [37, 69, 133].
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The nano-scale reciprocating sliding of Chapter 9, displayed varying behaviour de-
pending on the load used in testing. At lower loads across all 3 coatings, the effects of sur-
face roughness were more prominent with larger variance of the friction signal throughout
the sliding cycles. As the load was increased, the predicted contact pressures grew to al-
low for more accelerated wear testing, as is typical of nano-scale testing [37, 68]. Coating
A, which was stiffer than the other coatings, was shown to have the chance of failure at
these loads as the resultant contact pressure was extremely high.

10.3 Research Conclusions

In this project a matrix of coatings was produced which varied the substrate (HTS and SS),
substrate roughness (0.01 and 0.08 µmRa), DLC recipe (a-C:H, Si-a-C:H and a-C:H:W)
and DLC top layer coating thickness. Coating thickness was evaluated with calotesting
and cross section FIB. Mechanical properties of the coatings and substrate were charac-
terised by nanoindentation. Structural characterisation of the coatings was performed with
Raman and EELS. Adhesion was assessed on the macro and nano-scale with macro and
nano-scratch testing. Nano-scratch was also used to investigate the interfacial coefficients
of friction with different radii of indenters. Impact testing was used to investigate the re-
lation to the fatigue characteristics as seen under erosive conditions. Multi-scale fretting
testing was used to investigate the relation between mechanical properties and friction
alongside matching contact pressure between length scales. Nano-scale reciprocating
sliding was performed with a novel testing module to investigate the wear resistance and
friction of a similar set of DLC coatings.

The summary sections of the results chapters present the research outcomes of each
methodology used. The following highlights the novel aspects of the work of this thesis:

• Chapter 3: DLC Coating Production conclusions:

The large matrix of coatings produced for the project allowed for a wide range of
parametric variations to be investigated in the successively results chapters. DLC
coatings deposited on HTS were observed to generally be thicker than their coun-
terparts on SS possibly due to different electrical conductivities or substrate self-
biasing effects. Analysis of the coating using structure zone models gave some
insight to the differences between the layers however much work is required to
clarify the ion energies responsible for the different thicknesses.

• Chapter 4: Mechanical Characterisation of DLC Coatings conclusions:

The use of partial load-unload nanoindentation was shown to be a good methodol-
ogy for analysis of the mechanical properties of multi-layer coating systems. Using
load controlled indentation, a multi-stage indentation is able to find the hardness
and elastic modulus with respect to depth. This allows for faster visualisation of the
whole coating structure mechanical properties, substrate effects and load support.
However, it must be noted that the analysis of the data is more complex as extrapo-
lation to zero contact depth is required (instead of a fitting of single unload curves)
and allowances must be made of the size of the plastic zone.

• Chapter 5: Structural Characterisation of DLC Coatings conclusions:

The elemental composition of the coatings was verified using both EDX in SEM
and EELS spectra stitching. All techniques were found to be in good agreement;
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for future studies scanning electron microscopy EDX is recommended due to its
simplicity. All coatings were shown to be amorphous using TEM-SAD. Differ-
ences were noted between the predicted amorphisation determined by Raman spec-
troscopy and sp2/sp3 ratio (using EELS) though this could be due to differences in
the excitation volume between the two techniques.

• Chapter 6: Nano-Scale Fatigue Determination by Comparison of Erosion and Im-
pact Testing conclusions:

The use of impact testing was shown to be a valid alternative to the time-consuming
and awkward set up of erosion tests so long as the energies of particle impacts are
known. Substrate hardness was identified to be key to providing load support to
repetitive fatigue strain. Optical analysis of the coating removal was successfully
used in place of mass loss for erosion analysis. The energy comparison between sin-
gle impacts and particle impingement was shown with simplified modelling. The
use of impact/erosion plastic volume, consideration of impulse and rebound dy-
namics can improve future models.

• Chapter 7: Nano-Scratch for the Determination of Interfacial Friction conclusions:
The extrapolation of the low load friction in progressively increasing load nano-
scratch testing was used to show that with smaller radius probes, the interfacial
component of friction increased. This was due to the increase in real contact area.
Yield stresses were calculated from Hertzian contact pressure at yield. Using yield
stress and hardness the constraint factor (H/Y ) can be found which is a key value
for feeding into models of the stresses experienced during scratch testing. Y/E
shows potential as a tribological metric as it takes the substrate support into account
allowing for assessment of the performance of the complete structure of the coating.

• Chapter 8: Multi-scale Fretting Testing of DLC Coatings conclusions: Fretting tests
were compared across length scales (on the micro and nano-scale) with the same
nominal contact pressure maintained between the two test methods to assess any
similarities between the scales of testing. On the micro-scale, fretting performance
is determined by the coating mechanical properties with no substrate support ef-
fects observed. The addition of lubricants was observed to be beneficial to reduced
friction and wear in the fretting contact. Conversely, on the nano-scale, friction
was determined to be affected by the surface roughness of the coatings. Extremely
low friction was measured between the sphero-conical diamond probe and DLC
surface. Due to the different mechanisms responsible for tribological interaction at
each length scale, no direct links were found between the micro and nano-fretting.

• Chapter 9: Frictional Performance of DLC Coatings under Nano-Scale Reciprocat-
ing Sliding conclusions:

The new reciprocating sliding module (NanoTriboTest) for the NanoTest platform
was tested on DLC coatings sharing similar design architectures to the main DLCs
in this thesis. This module was shown to be capable of friction sensing up to high
cycle counts at high speeds. The module was shown to be sensitive to friction sens-
ing within a few cycles allowing it to be used for the investigation of fundamental
tribological mechanisms at the micro and nano-scales. The coating’s performance
was found to relate to their strain to break (H/E) and plastic deformation (H3/E2).
Performance was also found to be particularly sensitive to contact pressure with
stiffer coatings showing more wear and failure events.

262



10.4 Limitations and Recommendations

Due to the time considerations of managing the multiple work projects that has made up
this project, there are some experimental methods that weren’t utilised which would have
been extremely useful for additional data acquisition.

The first of these techniques is FEM of the principle stresses during indentation and
scratch testing. Commercial software such as ANSYS or COMSOL Multiphysics could
be used to to model the coating deformation and stress propagation within the layer struc-
ture. Furthermore, SIO Film Doctor integrates with Micro Materials to analyse the data
measured by the Nanotest indentation platform to allow for more precise modelling of
coating failure and stresses. The integration of modelling methods alongside careful coat-
ing design will allow the coating properties or design to be tuned to allow them to be
better optimised for the operating environment.

AFM utilised as both a friction sensing technique and post-test volume and topogra-
phy measurement method would allow for extension of the aims of this project to smaller
length scales. Confocal microscopy, stylus profilometry and white light interferometry
were used to quantify the surface roughness and wear volume. These methods were un-
able to quantify the wear down to the smallest loads applied in this project making AFM
the ideal method to the used. Any projects continuing in the themes of this one should
makes this consideration early in their conception.

10.5 Closing Statement

The techniques developed and refined in this study will allow for the more complete char-
acterisation of coating architectures for harsh or extreme environments. Though DLCs
were the main focus of this project, the methodologies adopted could be applied to any
hard coating architecture. It is hoped that the techniques used can be adopted into a more
complete characterisation system. The results have reinforced that coatings must be tai-
lored to their operating environment and that application of a coating to a pre-existing
design (with bulk material defined) may result in poor performance. To attain the best
performance, surface engineering techniques must be factored into the design process
and the whole coating layer structure (substrate included) should undergo scrutiny.
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Chapter 11

Future Work

The work contributing to this thesis has spanned multiple wear test methods and length
scales to improve the understanding on DLC’s tribological performance. The suggestions
of future work are both informed by the work packages performed in this study and ad-
ditionally those seen to be required by the current state of the art. Each of these sections
feature several themes of possible continued research.

11.1 Plasma Analysis To Determine The Ion Deposition

Energies

Ion energies are key to achieving optimum mechanical properties and coating density in
the deposition of DLC [216]. The target power, plasma bias voltage and temperature will
all affect the ion energy and subsequently affect the deposition rate and coating properties.
This was not investigated in this study as standard coating procedures were used however
analysis of the plasma constituents and ion energies would allow for further optimised
coatings and provide further insight into the deviations in the coating thickness. The inte-
gration of a langmuir probe into the deposition system or time of flight mass spectrometer
would allow the ion energies to be measured during deposition. Some considerations
must be made for the presence of these elements in the chamber as they will affect the
dynamics of the plasma.

Furthermore, the investigation of ion energies throughout deposition and as deposited
coating structure can be further expanded by analysing the structure (sp2/sp3 ratio) at the
surface of the coating and comparing to that at various depths. This can be achieved
by using both XPS and EELS. EELS relies upon a FIB or some other cross sectioning
methods to be able to create a sample thin enough for electron penetration in a TEM, this
also allows for the structural analysis to be performed at different depths relative to the
substrate. XPS is an entirely surface sensitive technique. The information gained could
be fed into existing coating growth models to further improve them.

11.2 Additional mechanical testing and modelling

With the deployment of DLC coatings in thermally demanding environments, their ther-
mal stability and change in mechanical properties with temperature requires optimisation.
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Measurement of the change in mechanical properties with increased temperature will al-
low its dynamic performance to be assessed.The Micro Materials NanoTest platform is
capable of high temperature indentation and impact testing up to 1000 °C [201, 485–
487]. A vacuum chamber can be utilised with different materials such as cubic boron
nitride or sapphire to allow for the indenter to survive the indentation without degradation
[488]. Though the maximum achievable temperature is beyond the range at which DLC
coatings are are thermally stable, this is normally in the range of 400–600 °C (dependent
upon the DLC structure) [280], it this does allow for a wide range of potential operating
environments to be assessed.

The newly developed Nanopositioning stage on the NanoTest Platform allows for
rapid indentation and the generation of in-situ 3D profiles with an accuracy of up to 3 nm
[489]. These capabilities allow for the generation of 3D topographies paired with me-
chanical property data that will allow for greater resolution in analysing nano-fretting and
impact after the test has been completed to investigate structural changes due to the high
strain rate and fatigue of these test methods. Under impact conditions, this mechanical
property mapping could be correlated with dynamic hardness measurements determined
by the impact testing to test the accuracy of these two methods. Further assessment of the
change of mechanical properties could extend to the metallic interlayers to evaluate work
hardening under repetitive strain and how this contributes to the assessment of interlayers
as addressed in Section 11.3.

Micro- to nano-scale friction and wear was investigated in this project, this could
be extended further with the use of AFM. It is also possible to use AFM as indentation
method (given depth sensing capabilities) to allow for mechanical properties down to the
picoscale to be determined [490]. Due to the sensitivity of such methods, the properties
and morphologies of various tribofilms formed on DLC surfaces can also be studied. This
could aid in determining the adverse reaction (increased wear rate) between DLC and
MoDTC as noted by various authors [125, 286, 491]. This is likely a chemical interaction
between the MoDTC additive and DLC causing the DLC structure to decompose however
this mechanism is not understood yet.

The impact and erosion studies in Chapter 6 were performed at a 90° impingement
angle to establish the initial link between the two processes. However, the rate of material
loss in erosion tests varies based on a number of factors including the brittleness/ductility
of the material, the shape of the erodent particle and the angle of impingement [72, 74].
It would therefore, be useful to further explore the link between the two processes at
varying angles. A new sample mounting solution would be required to allow for the angle
to be changed and fixed during testing. Additionally, the angularity of the impinging
particles could be explored to see how sharper particles affects the wear resistance under
erosive conditions. Angularity can be investigated under SEM. This can be correlated with
performing micro/nano-impact tests using a cube corner indenter (as a sharper indenter)
as opposed to a sphero-conical geometry (blunt indenter).

To augment the work of determining the interfacial and ploughing friction contribu-
tions in nano-scratch testing, a modelling approach can be integrated. As stated in Section
10.4 the NanoTest platform integrates (export of experimentally determined data to the
modelling software) with the SIO Film Doctor Software to more accurately model the in-
dentation and scratch stresses with measured data. This was originally to be performed in
that work project but due to both time constraints and software availability, it was decided
to perform an entirely experimental study. Combined experimental and modelling studies
will aid in the digitalisation of surface engineering to improve future coating design and
deployment.
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11.3 Further study of the structural changes in DLC and

their effects

The coatings produced in this study were varied by the addition of dopants which will alter
the H/E ratio and structure of the coatings as well as the tribochemistry. It can be inferred
that the levels of hydrogenation will vary between the coatings due to the variation in ion
subplantation [276] however no direct study was made for this set of coatings. Similar
studies could look at the relation between H/E ratio and DLC performance under various
wear regimes where the DLC coating has more dramatic structural differences such as
ta-C or ta-C:H. Hydrogenation in DLCs can be measured by either XPS or EELS.

Various interlayer designs are regularly chosen to serve to reduce the intrinsic resid-
ual stress in DLC coatings and improve adhesion to the substrate material [277, 278, 371,
492, 493]. A single interlayer design was produced and tested for the coatings in this
study with the omission of Ti as an interlayer material. In light of the conclusions reached
in Chapter 6, it would be of particular interest to assess the role of interlayers in fatigue
compensation (changing the distribution of stresses within the coating structure to reduce
cracking) under repetitive cyclic conditions. To achieve this a different target material
would be selected for the magnetron sputtering step of the interlayer deposition. As em-
phasised in that chapter the whole coating structure must be optimised to increase lifetime
under impact and particle impingement and a change in the interlayer may benefit future
coating design.

This project has focused on changing the design of coating parameters to assess their
impact on the tribological performance. The M2 tool steel was hardened out of necessity
after discovering the eggshelling of the coating in the impact and erosion testing. Future
studies could focus on altering or testing a wider range of substrates to investigate the
optimum substrate for a particular coating architecture and application. 3D printed parts
and aplymers are prime candidates for investigation. This will be useful to fill in the
knowledge gap of designing a full coating system focusing on all aspects of the composite
system as opposed to depositing a coating on an established substrate [198].

It has been shown that multi-layer coating architectures provide better impact resis-
tance than the single monolithic layers present in the coatings in this study as seen with
testing on TiN and AlTiN coatings [319, 494]. Therefore to further investigate the re-
lationship between impact and erosive wear and correlations to mechanical properties,
multilayer/sandwich (top layer) DLC coatings could be investigated to this end. There
are many design options to achieve this, one option would be alternating magnetron sput-
tered Cr layers and PACVD DLC layers. The deposition time for each layer would be
reduced in order to have multiple thinner layers giving a similar overall coating thickness.

11.4 Analysis of the structural changes in DLC under

different wear regimes

FIB cross sectioning was used to observe the microstructural cracking after impact testing,
this revealed a lot about the performance of each of the coatings under cyclic impact. This
technique could also be extended to inform on the microstructural changes after erosion,
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sliding and fretting wear. The same procedure would be used here as in Chapter 6 whereby
the sites to be cross-sectioned would be located and a dual-stage SEM would be used to
remove the material and polish the revealed microstructure. This would be useful to
physically investigate the yielding of coatings under scratch testing and to compare with
modelling.

Both Raman spectroscopy and EELS have been utilised in this project however only
micro-impact craters were tested using the Raman microscope to quantify the graphiti-
sation of the surface. Future studies should track the tribological transformation of the
coating surface using both methods throughout testing. This would involve running tests
for specific intervals, stopping the test and performing the spectroscopy before return the
sample to continue testing.

11.5 Further fretting studies on DLC and development

of the nano-fretting module

The fretting studies in this project have targeted the gross slip fretting regime in order to
accelerate the wear due to the relatively small testing times compared to other fretting
studies. To provide a more complete understanding of the coating performance under
fretting conditions, the regime can be varied (by changing the load and displacement)
alongside longer tests measuring the number of cycles to failure. This can be coupled
with a changes in the interlayer and top layer coating design to inform on more optimised
coating parameters for fretting resistance.

Several studies have been conducted to assess the performance of materials under dy-
namic loading (varying the load and displacement throughout) conditions under fretting
wear [104, 495]. This can act as a further development of the testing of different fretting
regimes by changing the fretting regime deliberately while maintaining contact between
the sample and counterface. This is of interest to DLC characterisation due to the mesta-
bility of the coating, allowing it to graphitise, more readily form a transfer film and self
lubricate the contact. This will affect wear performance under the cyclic abrasion and ad-
hesion that dominates fretting. The entire coating structure’s effect on the fretting fatigue
resistance and amount of energy dissipated into the coating structure can be analysed to
assess the crack and debris generation.

At the time of this project, few publications exist using the nanofretting module with
the last being published between 2010 and 2013 [146, 149, 318]. One of the objectives
of this project was to evaluate this module and suggest possible improvements and new
capabilities. Though it is a easy module to set up and use, there are several improvements
that stand to be made. The module lacks a method of measuring the displacement in real-
time and entirely relies upon a pre-test calibration to set the desired displacement. Due to
the length scales and frequencies that this module operates on, it is a challenging prospect
to further instrument the module. Doing so would allow for the dissipated energy to be
calculated on a per cycle basis and allow for the fretting maps to be plotted giving more
data for potential future studies. This would be especially useful for any work spanning
multiple length scales. An optical or laser sensor could provide the resolution required to
detect the change of displacement during fretting. A strain gauge based friction probe is
used to measure the friction per fretting cycle. Currently, the NanoTest software doesn’t
implement any kind of data processing to allow for the RMS friction to be calculated.
Any processing was carried out using MATLAB; the processing methodologies adopted
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for this work could be implemented into the NanoTest software to aid in data processing
for future work.

11.6 Electrical and emissive effects of DLC

With the advent of the internet of things (IOT) and collected monitoring technologies,
coatings are a prime use case for the development of smart sensors. DLC is already used
as a protective coating for MEMS devices [147, 282] and further development could allow
the coating itself to act as a sensor. The investigation of the effect of load and coating
structure on capacitance/resistivity will allow for its use as an integrated sensor to be
assessed. Electrical contact resistance (ECR) (measured with an electrically conductive
probe) could be used to assess the change in DLC structure with wear as graphitisation
should be measurable by a change in the resistivity of the coating. Additionally, the
investigation of DLC as a possible material pair for the TENG sensors could expand its
abilities further. The electrical breakdown of DLC can be measured by the application
of a voltage across the coating and substrate; by varying the voltage and analysing the
current response the structural breakdown of the coating can be found.

It is noted that the oscillation frequency of triboelectric pairs affects the charging
characteristics observed in contact electrification [158]. Fretting can having varying am-
plitude and frequency but a generally small displacement and high frequency could aid
in triboelectric charge build up for well placed TENGs. A fretting rig with an integrated
electrometer would allow for the charge build up to be measured during the fretting cy-
cles. Additionally, to expand on the idea from the previous paragraph, the integration
of sensors into systems well known to have fretting issues could allow us to monitor the
system better and help prevent undue system failure.

Various types of particles are emitted from the surfaces under sliding contact and the
area around them including electron, ions, photons, radicals and molecules [151]. It is
well known that DLC produces triboemission but further study of this phenomena could
help to narrow down the root causes of the triboelectric effect and understand the funda-
mentals of surface interaction. A charger detector with a photomultiplier located near the
contact zone in a sliding contact would allow for particle emission to be measured.
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etema, and D. Doerwald. Friction and wear behaviour of Mo-W doped carbon-
based coating during boundary lubricated sliding. Appl. Surf. Sci., 366:260–274,
mar 2016. ISSN 01694332. doi: 10.1016/j.apsusc.2016.01.007. 150, 159

[401] Mohd Fadzli Bin Abdollah, Yuto Yamaguchi, Tsuyoshi Akao, Naruhiko Inayoshi,
Noritsugu Umehara, and Takayuki Tokoroyama. Phase transformation studies on
the a-C coating under repetitive impacts. Surf. Coatings Technol., 205(2):625–631,
oct 2010. ISSN 02578972. doi: 10.1016/j.surfcoat.2010.07.062. URL https://

www.sciencedirect.com/science/article/pii/S0257897210005840. 150,
159

[402] Jonathan I Ukpai. Erosion-corrosion characterisation for pipeline materials using
combined acoustic emission and electrochemical monitoring. PhD thesis, Uni-
versity of Leeds, 2014. URL http://etheses.whiterose.ac.uk/7328/http:

//etheses.whiterose.ac.uk/7328/1/Thesis.200564637.Final.pdf. 157

[403] Zhenyu Hu, Alexej Schubnov, and Frank Vollertsen. Tribological behaviour
of DLC-films and their application in micro deep drawing. J. Mater. Pro-
cess. Technol., 212(3):647–652, mar 2012. ISSN 09240136. doi: 10.1016/
j.jmatprotec.2011.10.012. URL https://www.sciencedirect.com/science/

article/pii/S0924013611003013{#}fig0005. 158, 161, 258

306

http://linkinghub.elsevier.com/retrieve/pii/S0040609004002329 http://www.scopus.com/inward/record.url?eid=2-s2.0-2942593904{&}partnerID=tZOtx3y1
http://linkinghub.elsevier.com/retrieve/pii/S0040609004002329 http://www.scopus.com/inward/record.url?eid=2-s2.0-2942593904{&}partnerID=tZOtx3y1
http://linkinghub.elsevier.com/retrieve/pii/S0040609004002329 http://www.scopus.com/inward/record.url?eid=2-s2.0-2942593904{&}partnerID=tZOtx3y1
http://joi.jlc.jst.go.jp/JST.JSTAGE/trol/6.257?from=CrossRef
http://joi.jlc.jst.go.jp/JST.JSTAGE/trol/6.257?from=CrossRef
https://doi.org/10.1016/j.matlet.2020.129009
https://www.sciencedirect.com/science/article/pii/S0257897210005840
https://www.sciencedirect.com/science/article/pii/S0257897210005840
http://etheses.whiterose.ac.uk/7328/ http://etheses.whiterose.ac.uk/7328/1/Thesis.200564637.Final.pdf
http://etheses.whiterose.ac.uk/7328/ http://etheses.whiterose.ac.uk/7328/1/Thesis.200564637.Final.pdf
https://www.sciencedirect.com/science/article/pii/S0924013611003013{#}fig0005
https://www.sciencedirect.com/science/article/pii/S0924013611003013{#}fig0005


[404] Teresa Wright and Trevor F. Page. Nanoindentation and microindentation studies
of hard carbon on 304 stainless steel. Surf. Coatings Technol., 54-55:557–562, jan
1992. ISSN 02578972. doi: 10.1016/S0257-8972(07)80082-X. 158, 161, 258

[405] Lanshi Zheng and S. Ramalingam. Multi-layer and composite structures for
advanced coatings. Surf. Coatings Technol., 81(1):52–71, may 1996. ISSN
02578972. doi: 10.1016/0257-8972(95)02618-5. 158

[406] S. Ramalingam and Lanshi Zheng. Film-substrate interface stresses and their role
in the tribological performance of surface coatings. Tribol. Int., 28(3):145–161,
may 1995. ISSN 0301679X. doi: 10.1016/0301-679X(95)98963-E. 158, 177

[407] Jian Chen, Heng Li, and Ben D. Beake. Load sensitivity in repetitive nano-impact
testing of TiN and AlTiN coatings. Surf. Coatings Technol., 308:289–297, dec
2016. ISSN 02578972. doi: 10.1016/j.surfcoat.2016.05.094. URL https://www.

sciencedirect.com/science/article/pii/S0257897216307319. 159

[408] E. Bousser, M. Benkahoul, L. Martinu, and J. E. Klemberg-Sapieha. Effect of mi-
crostructure on the erosion resistance of Cr-Si-N coatings. Surf. Coatings Technol.,
203(5-7):776–780, 2008. ISSN 02578972. doi: 10.1016/j.surfcoat.2008.08.012.
URL http://dx.doi.org/10.1016/j.surfcoat.2008.08.012. 159, 258

[409] Siavash Soltanahmadi, Thibaut Charpentier, Ileana Nedelcu, Vishal Khetan, Ar-
dian Morina, Helen M. Freeman, Andrew P. Brown, Rik Brydson, Marcel C.P. Van
Eijk, and Anne Neville. Surface Fatigue Behavior of a WC/aC:H Thin-Film and
the Tribochemical Impact of Zinc Dialkyldithiophosphate. ACS Appl. Mater. Inter-
faces, 11(44):41676–41687, 2019. ISSN 19448252. doi: 10.1021/acsami.9b14669.
159

[410] J Rao, T Rose, M Craig, and J. R. Nicholls. Wear coatings for high load applica-
tions. In Procedia CIRP, volume 22, pages 277–280, 2014. doi: 10.1016/j.procir.
2014.07.005. URL www.sciencedirect.com. 159

[411] A. A. Ogwu, R. W. Lamberton, S Morley, P Maguire, and J McLaughlin.
Characterization of thermally annealed diamond like carbon (DLC) and sili-
con modified DLC films by Raman spectroscopy. Phys. B Condens. Matter,
269(3-4):335–344, sep 1999. ISSN 09214526. doi: 10.1016/S0921-4526(99)
00138-6. URL https://www.sciencedirect.com/science/article/pii/

S0921452699001386. 159, 217

[412] Sekhar C. Ray, W. F. Pong, and P. Papakonstantinou. Iron, nitrogen and silicon
doped diamond like carbon (DLC) thin films: A comparative study. Thin Solid
Films, 610:42–47, jul 2016. ISSN 00406090. doi: 10.1016/j.tsf.2016.04.048. 159

[413] Surya R. Kalidindi and Siddhartha Pathak. Determination of the effective zero-
point and the extraction of spherical nanoindentation stress-strain curves. Acta
Mater., 56(14):3523–3532, aug 2008. ISSN 13596454. doi: 10.1016/j.actamat.
2008.03.036. 161

[414] Mazdak Parsi, Kamyar Najmi, Fardis Najafifard, Shokrollah Hassani, Brenton S.
McLaury, and Siamack A. Shirazi. A comprehensive review of solid parti-
cle erosion modeling for oil and gas wells and pipelines applications. J. Nat.
Gas Sci. Eng., 21:850–873, nov 2014. ISSN 18755100. doi: 10.1016/j.jngse.

307

https://www.sciencedirect.com/science/article/pii/S0257897216307319
https://www.sciencedirect.com/science/article/pii/S0257897216307319
http://dx.doi.org/10.1016/j.surfcoat.2008.08.012
www.sciencedirect.com
https://www.sciencedirect.com/science/article/pii/S0921452699001386
https://www.sciencedirect.com/science/article/pii/S0921452699001386


2014.10.001. URL https://www.sciencedirect.com/science/article/

pii/S187551001400300X. 161

[415] Feihu Zhang, Binbin Meng, Yanquan Geng, Yong Zhang, and Zhipeng Li.
Friction behavior in nanoscratching of reaction bonded silicon carbide ceramic
with Berkovich and sphere indenters. Tribol. Int., 97:21–30, may 2016.
ISSN 0301679X. doi: 10.1016/j.triboint.2016.01.013. URL https://www.

sciencedirect.com/science/article/pii/S0301679X16000256. 164, 176

[416] J. D. Kamminga and G. C.A.M. Janssen. Experimental discrimination of plow-
ing friction and shear friction. Tribol. Lett., 25(2):149–152, jan 2007. ISSN
10238883. doi: 10.1007/s11249-006-9135-3. URL http://link.springer.

com/10.1007/s11249-006-9135-3. 164
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Appendix A

Conferences And Presentations

A.1 Conferences And Courses Attended

• UK Tribology Launch Event, IOM3, London, 2015

• 24th Mission of Tribology, IMechE, London, 2015

• 50th Anniversary of the Jost Report, IMechE, London, 2016

• TriboUK, University of Leeds, 2016

• 43rd Leeds-Lyon Symposium on Tribology, Leeds, 2016

• Winter Tribology Fair, University of Warwick, 2017

• IET Challenges in Tribology, Birmingham, 2017

• IDC Machining Conference, Advanced Manufacturing Research Centre (AMRC),
University of Sheffield, 2017

• Advanced Nano-Mechanical Techniques For Academic and Industrial Research,
University of Warwick, 2017

• Nanotribology Summer School, Technical University of Denmark (DTU), 2017

• TriboUK, Imperial College, London, 2018

• European Conference on Nanofilms (ECNF), Cranfield University, 2018

• 45th International Conference on Metallurgical Coatings and Thin Films (ICM-
CTF), San Diego, 2018

• Ion and Plasma Surface Interactions Group Conference, University of Huddersfield,
2018

• 45th Leeds-Lyon Symposium on Tribology, Leeds, 2018

• Tribology in Marine Diesel Engines, Harbin, China, 2019

• TriboUK, University of Leeds, 2019

• Advanced nano-mechanical techniques for academic and industrial research, Uni-
versity of Southampton, 2019

a



A.2 Oral Presentations

• S.J. McMaster et al. Nanomechanical Characterisation of DLC Coating Systems,
TriboUK, Imperial College, London, 2018

• S.J. McMaster et al. Nano-Mechanical Characterisation of DLC Coating Systems,
ECNF, Cranfield University, 2018

• S.J. McMaster et al. Investigating Erosion Resistance of Advanced DLC Coating
Systems with Nano-Impact Method, 45th ICMCTF, San Diego, 2018

• S.J. McMaster et al. Predicting the fretting performance of Diamond-Like Carbon
coating systems by analysing nanomechanical properties, TriboUK, University of
Leeds, 2019 1

• S.J. McMaster et al. Nanomechanical Characterisation of Diamond-Like Carbon
Coatings for Tribological Performance: Nano-Scratch and Multi-Scale Fretting,
University of Oxford Materials Group, 2020 2

A.3 Poster Presentations

• S.J.McMaster et al. Nano-Mechanical characterisation of DLC coatings for tribo-
logical performance, Winter Tribology Fair, University of Warwick, 2017

• S.J. McMaster et al. Nanomechanical and Impact-Erosion Characterisation of DLC
Coating Systems, Ion and Plasma Surface Interactions Group Conference, Univer-
sity of Huddersfield, 2018 3

• S.J. McMaster et al. Nanomechanical and Impact-Erosion Characterisation of DLC
Coating Systems, 45th Leeds-Lyon Symposium on Tribology, Leeds, 2018

• S.J. McMaster et al. Multi-Scale Scratch and Fretting Characterisation of Hydro-
genated DLC, Advanced nano-mechanical techniques for academic and industrial
research, University of Southampton, 2019

1Won Best Presentation Prize
2Invited Speaker
3Won Best Poster Prize
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Appendix B

Further Erosion Results: Calibration And

Mass Change

This appendix will detail the calibration procedures for the SIJ regularly used at the Uni-
versity of Leeds as welll as the bespoke air erosion rig and the sample mass change results
gained using both methods. As previously stated in Chapter 6, the mass loss results shown
in this appendix were not conclusive necessitating the use of an alternative method (opti-
cal image analysis) for evaluating the erosion resistance. All coatings referenced in this
appendix are thin and smooth variants, the same designs as tested in Chapter 6.

B.1 Slurry Erosion Rig Description And Calibration

Figure B.1 shows a schematic of the SIJ rig commonly used for slurry erosion testing
at the University of Leeds. Various gases are able to be bubbled into the tank to create
corrosive environments but for this testing this was not used and it was ran entirely erosive
without any corrosive synergistic interactions. The tank has a capacity of 50 l.

Figure B.1: Schematic of the SIJ used at the University of Leeds. From [394, 395].
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A variable frequency pump is used to allow for different flow rates to be attained. The
flow rate is calibrated by filling a set volume of water and measuring the time to fill the
volume across the frequency range of the pump. 3 repeats were used per pump frequency
measured. The flow velocity (in ms−1) is obtained by dividing the average flow rate (in
m3 s−1) by the nozzle area (in m2). A flow velocity of 15 ms−1 was used (with a pump
frequency of approximately 31 Hz) and this was continued with the air erosion rig to
maintain the same conditions. Figure B.2 shows the calibration results for the SIJ.

Figure B.2: Calibration of pump frequency to measure flow velocity for the SIJ.

The sand concentration must also be calibrated. The tank is filled to capacity and set
volumes of water are removed, this is done prior to adding sand to calculate the ambient
levels of sand in the tank. It is extremely difficult to remove all the sand even after cycling
fresh water through several times. Incremental masses of sand are added to the tank
and samples of the water are taken. The sand is separated from the water using filter
paper and left to dry for several days (∼ 3) so that the dry mass can be measured. The
sand concentration can be found by dividing the dry mass measured against the volume
of water removed from the tank for that increment of mass added. Figure B.3 shows
calibration graph of the sand concentration in the SIJ. To achieve the sand concentration
of 0.524 kgm−3, 27.68 g was added to the tank.
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Figure B.3: Sand quantity added to achieve levels of sand concentration in the SIJ.

The maximum testing time was 8 h (480 min), the mass of the substrates were measured
at 30 min, 60 min, 240 min and 480 min (at the conclusion of the test). The substrates
were marked to ensure they were returned to the same position under the same nozzle of
the erosion rig after each mass measurement.

B.2 Slurry Erosion Results

To measure the mass loss under erosive conditions, the sample is weighed before testing
using a micro-gram accurate balance. After removal from the SIJ tank, the sample is
dried using compressed air to remove any water or sand adhered to the sample. 5 repeated
mass measurements are used to establish the mass loss in each step and the standard
deviation due to the small amount lost per erosion step. The mass loss behaviour of
uncoated substrates was measured to ensure that when coated substrates were measured
their behaviour was different. If similar behaviour is seen with the coated substrates
under the same erosive conditions, the environment can therefore be determined to be too
extreme or the time-scale too long with the coating delaminating after a short time scale.

B.2.1 Uncoated Substrates Mass Loss

Figures B.4 and B.5 show the mass loss results for the uncoated substrates of SS and HTS
respectively. The mass loss of HTS is seen to plateau (Figure B.5) after 60 min, this could
be due to hardening of the substrate after repetitive particle impacts.
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Figure B.4: Mass loss results for uncoated SS substrate under slurry erosion conditions.

Figure B.5: Mass loss results for uncoated HTS substrate under slurry erosion condi-
tions.
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B.2.2 Coating Mass Loss

Figures B.6, B.7 and B.8 show the mass loss results for Coatings A, B and C on SS
respectively. For Coatings A (Figure B.6) and B (Figure B.7) the mass loss up to 60 min
is seen to be at a higher rate due to protection from the coating, after this time a majority
of the coating is removed however the mass loss contains contributions from both coating
and substrate [496]. In Figure B.8, Coating C is seen to be removed at a faster rate with
behaviour similar to that seen in Figure B.4.

Figure B.6: Mass loss results for Coating A on SS under slurry erosion conditions.
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Figure B.7: Mass loss results for Coating B on SS under slurry erosion conditions.

Figure B.8: Mass loss results for Coating C on SS under slurry erosion conditions.

Figures B.9, B.10 and B.11 show the mass loss results for Coating A, B and C on HTS
respectively. Similar behaviour is seen compared to the coatings deposited on SS with ini-
tially higher mass loss followed by contributions from both coating and substrate. In Fig-
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ure B.11 (Coating C), sample 2 is seen to have higher mass gain which can be attributed
to greater particle embedding due to the decreased hardness of the coating allowing it to
deform without extensive fracture when compared to Coatings A and B.

Figure B.9: Mass loss results for Coating A on HTS under slurry erosion conditions.

Figure B.10: Mass loss results for Coating B on HTS under slurry erosion conditions.
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Figure B.11: Mass loss results for Coating C on HTS under slurry erosion conditions.

B.2.3 Topography Change

Figures B.12 and B.13 show the topography of Coatings B and C respectively on SS after
8 h of erosion. These figures are presented as examples to show that at the maximum
testing time, the depth reached is enough to be showing substrate behaviour with no pro-
tection given by the coatings. Surface profiles were measured using the Talysurf 120L
with a scan distance of 15 mm.

Figure B.12: Topography of Coating B on SS after 8 h of slurry erosion.
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Figure B.13: Topography of Coating C on SS after 8 h of slurry erosion.

B.3 Air Erosion Rig: Further Information

B.3.1 Rig Design Schematics

Figure B.14 shows a cross section of the air erosion nozzle design. The compressed
air inlet narrows to exploit the Venturi effect to increase the pressure inside the nozzle.
The sand is drawn into the air flow due to the pressure differential between the inlet and
interior of the nozzle.
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Figure B.14: 3D model of the cross section of the air erosion rig nozzle.

A 3D schematic of the air erosion rig’s sample holder is shown in Figure B.15. Samples
are hold in place using two fixing bolts, these are used to avoid the sample rotating during
particle impingement in test cycles. The samples can also be tilted to allow for a maximum
impingement angle of 30°.

Figure B.15: 3D model of the air erosion rig sample holder.

B.3.2 Air Erosion Mass Change Measurements

Uncoated substrates were tested at 2.03 bar (15 ms−1) to establish their behaviour to en-
sure that when the coated substrates were tested, their distinct mass loss patterns could
be attributed entirely to the coatings and to rule out any substrate effects. The same pro-
cedure is used to determine the mass loss as in the slurry erosion, the sample is weighed
before testing and as required for each erosion step. After each erosion step, compressed
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air is used to ensure the sample is clean and doesn’t have excess sand adhered to any part
of the sample surface. Figures B.16 and B.17 show the mass loss results for the uncoated
SS and HTS respectively. Note that the scale on each graph is different.

Figure B.16: Mass loss of the uncoated SS substrate at 15 ms−1 particle velocity.

Figure B.17: Mass loss of the uncoated HTS substrate at 15 ms−1 particle velocity.
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Mass gain is seen in the initial time steps of each graph due to particle embedding [74,
391–393]. The increased mass gain and mass loss seen with HTS can be attributed to its
increased hardness giving a more brittle structure that is more likely to crack and fracture
[73].

Tests on coated substrates were conducted at both 1 bar (7.39 ms−1) and 2.03 bar
(15 ms−1) to assess the affect of particle velocity on mass loss due to the inconclusive
results gained particularly on HTS. Mass loss/mass gain did not seem to follow a dis-
cernible pattern and the errors associated with each measurement were large enough as to
not provide conclusive results. Visual analysis of the erosion scars on SS indicated that
the coating was almost entirely eroded within 10 s, this was confirmed with the optical
analysis as performed in Chapter 6.

The mass loss results for Coatings A, B and C on HTS at 1 bar (7.39 ms−1) are shown
in Figure B.18. Coating A is the only one of the results set to show mass loss however the
error bars do not indicate an acceptable confidence level in the results. Coatings B and C
show negligible mass loss up to the maximum time under erosive conditions.

Figure B.18: Mass loss under air based erosion for Coatings A, B and C on HTS at
7.39 ms−1 particle velocity.

Figure B.19 shows the mass loss measured for Coatings A, B and C with a particle velocity
of 15 ms−1. No clear mass loss trend can be discerned across any of the samples due to the
irregular periods of mass loss and mass gain. This was attributed to coating deformation
and particle embedding in the coating. Coating C was tested to longer time steps than the
other coatings as it was seen to vary in mass to a greater degree therefore an attempt was
made to assess whether it would form a stable pattern after further successive periods of
erosion.
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Figure B.19: Mass loss under air based erosion for Coatings A, B and C on HTS at
15 ms−1 particle velocity.

B.3.3 Air Erosion Topography Change

Figure B.20 shows the change of surface topography due to the effect of the particle im-
pingement. The surface is worn unevenly due to the presence of the coating. It can be
noted that there is some degree of material loss but also distortion of the coating. This
could be due to sand particle embedding and cracking of the coating. As this doesn’t
present a normal erosive volume loss pattern it was decided that this method could not
be used to accurately quantify the coating loss. The topography measurement was made
with the Talysurf 120L with a scan distance of 10 mm. As it’s primary purpose is mea-
suring surface roughness it could be used to assess whether the coatings would present a
measurable volume loss.
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(a) Surface topography before erosion.

(b) Surface topography after erosion.

Figure B.20: Surface topography measurement of Coating A on HTS prior to and post
the erosion cycles as measured by the Talysurf 120L. Note that the scale changes be-
tween the two subfigures.
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Appendix C

Erosion Particle Quantification

C.1 Slurry Erosion

The radius of the nozzle is equal to 2×10−3 m. Therefore we can calculate the area of
the nozzle (An):

An = πr2 (C.1)

= π
(
2×10−3)2

(C.2)

= 1.26×10−5 m2 (C.3)

We can now calculate a volumetric flow rate with the calibrated flow velocity (v= 15ms−1):

V̇ = v×A (C.4)

= 15ms−1×1.26×10−5 m2 (C.5)

= 1.88×10−4 m3 s−1 (C.6)

Using the sand density (d) in the tank (0.524 kgm−3), a mass rate (M) can be calculated:

M = V̇ ×d (C.7)

= 1.88×10−4×0.524 (C.8)

= 9.88×10−5 kgs−1 (C.9)

The mass of one sand particle can be calculated using the sand density (ρs = 2560kgm−3)
and the average diameter of the sand (ds = 250µm):
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m =Vs×ρs (C.10)

=
4
3

πr3
s ×ρs (C.11)

=
4
3

π

(
125×10−6

)3
×2560 (C.12)

= 2.09×10−8 kg (C.13)

The number of particles in this volumetric flow rate (PPS) can be calculated by:

PPS =
M
m

(C.14)

=
9.88×10−5

2.09×10−8 (C.15)

= 4716 (C.16)

The radius of the impact area (rs = 3mm) allows the impact area (As) to be calculated:

As = πr2
s (C.17)

= π×
(
3×10−3)2

(C.18)

= 2.83×10−5 m2 (C.19)

Using the ratio of the areas of the nozzle (An) and the impact area (As), the proportion of
particles hitting the surface can be obtained (rimpact):

rimpact =
An

As
(C.20)

=
1.26×10−5

2.83×10−5 (C.21)

= 0.44 (C.22)

Now the particles impacting the surface per second (Is) can be calculated:

Is = rimpact×PPS (C.23)
= 0.44×4716 (C.24)

= 2096s−1 (C.25)
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C.2 Air Based Erosion

The radius of the nozzle is equal to 2.5×10−3 m.
Area of the nozzle (An):

An = πr2 (C.26)

= π
(
2.5×10−3)2

(C.27)

= 1.96×10−5 m2 (C.28)

Volumetric flow rate with the calibrated flow velocity (v = 15ms−1):

V̇ = v×A (C.29)

= 15ms−1×1.96×10−5 m2 (C.30)

= 2.95×10−4 m3 s−1 (C.31)

Using the sand flow rate (1.25 gs−1) and the air flow rate (10 Ls−1), the sand concentra-
tion (c) of 1.25×10−4 kgL−1 can be found and used to calculate the mass rate (M):

M = V̇ × c (C.32)

= 2.95×10−4×1.25×10−4 (C.33)

= 3.68×10−5 kgs−1 (C.34)

The mass of the individual sand particle does not change. Number of particles in this
volumetric (PPS) flow rate can be calculated by:

PPS =
M
m

(C.35)

=
3.68×10−5

2.09×10−8 (C.36)

= 1757.81 (C.37)

The impact area remains the same as in the slurry erosion. Using the ratio of the areas of
the nozzle (An) and the impact area (As), the proportion of particles hitting the surface can
be obtained (rimpact):
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rimpact =
An

As
(C.38)

=
1.96×10−5

2.83×10−5 (C.39)

= 0.69 (C.40)

Now the particles impacting the surface per second (Is) can be calculated:

Is = rimpact×PPS (C.41)
= 0.69×1757.81 (C.42)

= 1220.70s−1 (C.43)
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Appendix D

Summary Of Gaussian Error

Propagation Formulae

This appendix will summarise the Gaussian error propagation formulae used throughout
this thesis. This methodology of data processing is used by various physical scientists to
ascertain the uncertainties of compound variables so that the reliability of these quantities
can be determined [497, 498].

The compound variable to be considered in each case shall be named Q. Each of
the sections will describe the general formulae used for that particular operator. As the
name implies, each variable is considered to have an uncertainty of a normal Gaussian
distribution and the uncertainties of each variable are uncorrelated and random [498]. The
full derivation of the formulae will not be given as these are covered by the referenced
material and this appendix is simply here to provide a reference for the methods used.

D.1 Addition Or Subtraction

For this section if Q were some combination of sums and differences:

Q = a+b− c (D.1)

The uncertainty δQ is the sum in quadrature1 of the constituent variables:

δQ =

√
(δa)2 +(δb)2 +(δc)2 (D.2)

D.2 Multiplication Or Division

If Q were some combination of products or quotients:

Q =
ab
c

(D.3)

The uncertainty is:

1Square root of the sum of the squares.
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δQ
Q

=

√(
δa
a

)2

+

(
δb
b

)2

+

(
δc
c

)2

(D.4)

In effect, this means that for products or quotients, the fractional uncertainties add in
quadrature.

D.3 Indices

If Q were the product of some variable raised to exact number index:

Q = xn (D.5)

The uncertainty is therefore:

δQ = |n|xx−1
δx (D.6)

which can otherwise be expressed as:

δQ
Q

= |n| δx
|x|

(D.7)

The form as seen in Equation D.7 is generally the one implemented for calculations.
It must be noted that when n = −1, the percentage uncertainty is unchanged when the
reciprocal is taken. This is also why multiplication and division are treated the same in
Section D.2.

D.4 Complex Formulae

For more complex formulae that are combinations of the above methodologies, the best
approach is to use the methods in combination or in sequence whichever proves easier.
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