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Abstract

Wear of coatings, particularly on key components, critically affects the service life and
reliability of systems/devices. To gain key and necessary information of wear condition
and failure prediction, it is necessary to develop accurate and reliable coating wear
measurement techniques, particularly at the nanoscale level and with in-situ monitoring
potential. In this study, a high-sensitively in-situ Raman-based profilometry has been
developed to achieve accurate coating thickness quantification. This developed method is
based on a bilayer coating system: a top target layer of hydrogenated amorphous carbon
film as light attenuating and anti-wear layer, and an underlayer of silicon as
Raman-sensing layer. Through constructing the relationship between the thickness of
a-C:H and Raman intensity of attenuated silicon signal, the coating thickness
quantification method was established and successfully applied to quantify coating wear

in the friction process.

This approach can effectively avoid remarkable deviations caused by tribo-induced effects
in the interface regions, demonstrating its advantage in error tolerance. Details about these
tribo-induced effects were also elucidated by a combination of Raman spectroscopy,
optical profilometer, EELS, and TEM. In particular, the proposed approach enables
measuring coating wear with oil film on top, which breaks an important limitation of
existing wear measurement methods, i.e., incapable of applying in oil-lubricated

conditions.

In addition, this approach was applied to detect tribofilms derived from lubricant additive

and explore their influence on coating wear behaviour. It was suggested that tribochemical



products with distinct optical properties were formed in different wear-stages and resulted
in extra attenuated intensities of Raman signals from silicon under-layer, in the form of
measurement deviations of wear depth. By monitoring deviation variation, critical
information of tribofilm compositions could be obtained, helping to understand the coating
wear mechanisms under oil-lubricated conditions. The detailed structure and composition

analysis of tribofilms were also performed by a combination of TEM, FIB and FFT.

After demonstrating the reliability and accuracy of Raman-based profilometry, a
wear-sensing coating system, composed of a-C:H and crystalline silicon coatings, was
successfully deposited on steel substrates. Then, Raman-based profilometry was employed
to measure the wear depth values across the wear track. Compared with the results
deriving from the optical profilometer, the Raman-based method could provide accurate
wear depth values based on the wear-sensing coating system. As this wear-sensing coating
system could be deposited on the substrate with various materials and shapes, it has the
potential to open a new pathway for realizing in-situ and real-time wear measurement in

diverse engineering applications.
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Chapter 1

Introduction

1.1. Background and motivation

1.1.1. Automation manufacturing in Industry 4.0

In Industry 4.0, machines in smart factories are getting highly networked. The main
challenge for cooperating in a more robust and autonomous way is minimizing the
downtime caused by unpredicted failure [1-4]. In view of this fact, the maintenance
strategies in modern manufacturing industries are transforming from traditional reactive
practices to predictive and preventive methodologies, which has driven numerous efforts to
develop reliable techniques for wear monitoring [3,5] due to its increasing critical role in
the maintenance strategies. Reactive maintenance describes the repairing strategy only after
the components has broken down or been run to the point of failure. Preventive
maintenance consists of maintenance tasks performed while the equipment is under normal
operation to avoid unexpected breakdowns and the associated downtime and costs.
Predictive maintenance connects the working condition of components to the computerized
maintenance management system through sensor data, directly monitoring the performance

during normal operation to anticipate and predict failures.

The main aim of wear monitoring is to detect the wear evolution rather than just recognize

severe wear or breakage [6,7]. Through continuously monitoring, the wear stage (e.g.,



running-in, steady state and severe wear) can be determined, which is crucial to predicting
the service life and failure. To date, most approaches for wear monitoring estimate the wear
condition based on the operation signals which are indirectly correlated to wear [3-9]. As
these approaches monitor wear conditions without machine interruption, they have been
widely adopted in the online monitoring system. However, their inherent drawbacks,
deriving from signal noise and lack of direct or visual wear information, always lead to the
inevitable reduction in the measurement reliability and accuracy [2,6,9]. In addition, since
these methods are incapable of direct application in a distinct process condition (e.g.,
material variation, different working conditions), model retraining for a new working
condition become necessary, which requires extensive tests to obtain various operation
parameters for estimating the wear level [4,5,7]. Therefore, it is necessary to develop novel
wear monitoring approaches capable of providing more accurate and direct wear

information under various working conditions.

1.1.2. Novel lubrication strategies

As a promising way for energy savings and emission control, combination of solid and
liquid lubricants in the tribological systems have attracted considerable research attentions
in diverse engineering fields, including lightweight design, manufacturing, aeronautics,
marine equipment, automobiles [10-15]. This approach can effectively integrate the
advantages of solid and liquid lubricants while minimizing their individual drawbacks
through interaction [10]. To meet the requirements of increasingly demanding lubricating
conditions in the future, it is therefore necessary to develop novel solid-liquid composite
lubricating systems. Considering most of the existing liquid lubricants are tailored for

ferrous-base surfaces [13], in-depth studies of the interaction between non-ferrous surfaces



and liquid lubricants are therefore essential for developing high-performance lubricating

systems and understanding further mechanisms.

To date, the majority of experimental studies on friction and wear mechanisms of boundary
lubricated systems are mainly based on understanding the tribofilm nature (e.g. chemical
composition, structure, and mechanical properties) and their tribochemical interaction with
contact surfaces [16-18]. To reveal the impact of tribochemical products, various surface
analytical techniques have been applied to identify the composition and microstructure of
additive-derived tribofilms formed on coating surfaces [13, 19-21]. Although a significant
progress has been achieved in understanding the chemical nature of tribofilms, the friction
and wear mechanisms are still not fully understood. The main reason is the difficulty in
continuously or periodically obtaining the tribofilm composition during the friction process.
It is well-known that friction process is always accompanied with the formation and
evolution of tribochemical products. In different stages, there exists specific tribochemical
products dominating the tribological behavior. It is therefore of great importance to verify
the tribofilm composition in the correlated stage. However, this remains a significant
challenge for conventional surface analytical approaches due to their limitations in
accessing the tribofilms in friction process or low signal intensities of thin tribofilms with

nanometers thickness [16].

1.2. Aims and Objectives

Inspired by the coating system with built-in wear sensing layer as reported in the previous
studies [22, 23], this project aims to develop a multilayer coating system with the potential
of in-situ and real-time wear detection by introducing a Raman sensing layer. By

monitoring the Raman signal during the friction process, this system is expected to report
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the wear depth and failure warning. In addition, wear detection can also provide valuable
insight on the wear mechanisms of coatings under oil-lubricated condition, which can lead

to the development of effective solid-liquid lubricating systems.

The main objectives of this study are summarized in the following:

1: To build coating wear quantification method based on Raman signal.

2: To investigate the formation mechanisms of additive-derived tribofilm based
Raman-based method.

3: To study the friction and wear mechanisms of coatings under oil-lubricated condition
based on the tribofilm formation mechanism.

4: To develop Raman sensing layer with strong Raman signal.

5: To construct coating systems on metallic substrates and conduct wear measurement

based on this coating systems.

1.3. Thesis Outline

This thesis is divided into eleven chapters including introduction. Chapter 2 presents basic
theories in tribology and coating deposition techniques. The literature review of wear
monitoring techniques and tribochemical interaction between DLC coating and additives is
presented in Chapter 3. The detailed information of tribotest, coating deposition methods,
and characterization and analysis techniques used in this project are listed in Chapter 4. The
coating thickness quantification method based on Raman signal is constructed in Chapter 5,
which is then used to measure the wear of a-C:H coatings under dry and oil-lubricated
conditions in Chapter 6. In Chapter 7 and 8, this Raman-based method is employed to
explore the formation mechanisms of additive-derived tribofilm on coating surface and

their influence on final wear and friction behaviors. In Chapter 9, Raman sensing layer of



crystalline silicon is developed by pulsed-DC magnetron sputtering and used in
constructing wear-sensing coating system for realizing wear measurement based on
Raman-based method. Discussions on key findings are presented in Chapter 10. Main
conclusions from this study and recommendations for future work are presented in Chapter

1.



Chapter 2

Basic Theories of Tribology, Lubrication, Coating

Deposition

2.1. Tribology

The definition of tribology is “the science and technology of two interacting surfaces in
relative motion and of related subjects and practices” [24, 25], which includes the research
and application of the fundamentals in the fields of friction, wear and lubrication. It is an
interdiscipline, involving mechanical engineering, materials science, physics, chemistry,
mathematics, and biology. Classical tribology mainly covers the applications in mechanical
engineering, like ball bearings, gear drives, clutches, brakes, etc. But it has been expanded
to some important applications in the last decades, particularly the micro- and
nanotechnology as well as biology and medicine. The word “tribology” derives from the
Greek roots of “tribo” and “logia”, which mean “rubbing or sliding” and “study of or
knowledge of”, respectively. Peter Jost first used the word “#ribology” in the Jost Report in
1966, which highlights the huge cost to the UK economy related to friction, wear and
corrosion. It was estimated over £500 million annually could be saved for the UK industry
through gaining deep insights into the tribological behaviors in diverse engineering fields

and improving the corresponding lubricating strategies [26-30].

Intensive research attention has been attracted in tribology since Jost Report for achieving

energy saving and emission control. Recently, considerable attempt was made to quantify



the impact of wear and friction worldwide in the main sectors of energy consumption,

including manufacturing, power generation, transport, and residential.

e In total, around 23 percent of energy consumption in the world derives from
tribological contacts. 20 percent of that figure is to overcome friction and the other 3
percent for remanufacturing or replacing components and standby equipment due to
wear and wear-related causes.

e Through employing the effective strategies for reducing friction and wear in the
mechanical components, energy consumption caused by friction and wear in vehicles
and machine equipment worldwide can be reduced by 40 percent in the long term and
18 percent in the short term. The potential savings would amount to 1.4 percent of
global GDP and 8.7 percent of total energy consumption annually in the long term.

e The largest potential of energy savings in the short term is expected in the fields of
transport (25 %) and power generation (20 %) while that of manufacturing and
residential sectors are estimated to be around 10 %. In the long term, potential savings
are estimated at 55%, 40%, 25%, and 20%, respectively.

e It was estimated the global emission of carbon dioxide could be reduced by as much as
1,460 million tons of carbon dioxide equivalent (MtCO2) by employing advanced
tribological strategies, leading to cost saving of 450,000 million Euros in the short term.
In the long term, it is expected that the reduction of emission could be 3,140 MtCO2

and the cost savings could be up to 970,000 million Euros.

2.2. Friction

Friction is the force that resists the relative movement between the friction pairs [30]. In

general, friction is represented as the friction coefficient which is denoted as p. The friction
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coefficient can be calculated according to the ratio of Fm/Fn, where Fy is the frictional
force between the contact surfaces and Fy is applied load. The desirable friction coefficient
depends on the application conditions. For example, high friction is desirable for braking
system while low friction is the basic requirement for most lubricated mechanical
components, like gears and bearings. Depending on lubricating condition, friction can be
clarified into dry friction, fluid friction and mixed friction. Reducing the friction is one of
critical functions of lubrication. Uncontrollable friction can lead to severe wear and
catastrophic failure of equipment. Meanwhile, friction has a high correlation with the
type of the relative movement (e.g., sliding and rolling). Table 2.1 shows the friction

coefficient under different lubricating conditions and types of relative movements [31].

Table 2.1 Friction coefficient under different conditions.

Friction regime Friction coefficient () Wear
Dry friction (sliding) 0.300 High
Dry friction (rolling) 0.005 Very Low
Mixed friction (rolling) 0.005-0.300 Noticeable
Fluid friction 0.005-0.100 Practically zero

2.3. Lubrication

Lubrication can be interpreted as a process or technique that employs lubricants to separate
the contact surfaces for reducing wear and energy consumption deriving from friction [32].
Effective lubrication can reduce the downtime and improve the operation efficiency of
equipment, while lubrication failure will result in destructive damage on mechanical
components and the significantly reduced machine life. In general, lubricants can be

clarified into five groups, including liquid (e.g., mineral oil, synthetic oil and vegetable oil),



semi-solid (e.g., lubricating grease), solid (e.g., coatings), gas (e.g., air) and supercritical

fluid (e.g., supercritical carbon dioxide).
2.3.1. Lubrication regimes

Based on the film thickness ratio A and friction coefficient, a Stribeck curve is established
as shown in Figure 2.1. According to the 4, the lubrication regimes can be classified into
four types, including hydrodynamic, -elastohydrodynamic, mixed, and boundary
lubrications [33]. Here, the film thickness ratio can be calculated via the following
equation:

ﬂ — hmin 2— 1

\R: +R;,

where R, and R, are the surface roughness values of two contact surfaces and /min 1s the
minimum thickness of lubricant films which can be obtained by the following equation
[34]:

hmin — 363X Rx U;).68 % G§.49 x VVZ—O.O73 (1 _ e—0.68ke ) 2.0

where v, = ZOZIJQ » Go=a £, w, = E?;z , U is the entraining surface velocity (m/s), R is

the reduced curvature radius (m), a,is the viscosity-pressure coefficient (m*/N), W is the
contact load (N), 7 is the dynamic viscosity of the lubricant at atmospheric pressure (Paes),

E* is the reduced Young’s modulus and k. is the elliptical parameter. For the contact

condition of ball on disc, k. = 1.0339.
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Figure 2.1. Modified Stribeck curve and the lubrication regimes [33].

As displayed in Figure 2.2a, when 4 > 10, the contact surfaces are separated completely by
lubricant films under hydrodynamic lubrication. There is no wear under this lubrication and

the friction mainly depends on the viscosity of lubricating oil.

Figure 2.2b. displays the elastohydrodynamic lubrication (EHL, 4 < 4 < 10). Although the
contact surfaces are also separated by lubricant films, the thickness of films is much thinner
(0.5 — 5 um) than that under hydrodynamic lubrication due to high local contact pressure. It
can result in the remarkable elastic deformation of contact surfaces, further affecting the
distribution of lubricant film. The flow features of lubricants still dominate the final

tribological performances.

With decreasing the speed or increasing the load, the lubrication regime will transform

from EHL to mixed lubrication with 1 < A < 4. As displayed in Figure 2.1, it an
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intermediary condition between hydrodynamic and boundary lubrication. Under mixed
lubrication, the potential of asperity contacts increases with the decrease of the thickness of
lubricant films. The influence of surface roughness on the tribological performance become
obvious while the flow features of lubricant have a weaker effect compared that under EHL.
The shear forces on the asperity contacts can lead to the formation of tribochemical films

which also play a critical role in the final tribological performances.

Under boundary lubrication, the 4 is below 1. The thickness of lubricating film is less that
the surface roughness, leading to large number of asperity contacts. The high local pressure
happened on the top of asperities can result in plastic deformation and the formation of new
contact surfaces by triggering tribochemical reaction between lubricants and the surface
materials. The friction and wear performances mainly depend on the tribochemical films
formed under shear forces. In general, boundary lubrication prefers to happen under high

load, low speed, and high temperature conditions.

B —
a Surface 1

Surface 1

Surface 2

Surface 2

Surface 1 " Surface 1

Surface 2
Surface 2

Figure 2.2. (a) Hydrodynamic lubrication. (b) Elastohydrodynamic lubrication. (c) Mixed
lubrication. (d) Boundary lubrication. [35]
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2.3.2. Lubricating oil

Lubricating oil are used between contact surfaces to reduce friction and wear. It is
composed of base oil and diverse additives. There are different types of base oils, including
mineral oil, synthetic oil and vegetable oil [31]. They can be grouped into five groups as
shown in Table 2.2. The physical and chemical properties of lubricating oil can affect the
effectiveness of additives in lubricating oil. The formulation of lubricating oil should be

designed according to the requirement of application conditions.

Table 2.2. Base oil categories [31].

Base oil Description Sulphur (%) Saturates (%) Viscosity index
Group-I  Solvent refined oil >0.03 < 90 80-120
Group-II Mineral oils <0.03 = 90 80-120
Group-III Mineral oils <0.03 = 90 > 120
Group-1V All polyalfaolefins (PAOs)

Group-V All base oil not in Group-I-IV

To meet the requirements of diverse working conditions, different types of lubricating
additives were developed to improve the properties of lubricating oils, like friction modifier,
antiwear additive, corrosion inhibitor, oxidation inhibitor and so on. Figure 2.3 displays the

development process of the most common lubricating additives.

2.3.2.1. Antiwear and extreme pressure additives

Antiwear and extreme pressure additives are employed to reduce friction and prevent
severe wear under boundary or mixed lubrication [31]. In general, the extreme pressure
additive contains active elements like sulphur and/or phosphorus, which could react with

the surface materials to form a protective layer. In addition, antiwear additive with polar
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head and long molecular chains (e.g., fatty oils, acids, esters) could form an absorbed layer
to protect the contact surfaces. ZDDP (Zinc dialkyldithiophosphates) is one of the most
crucial anti-wear/extreme pressure additives [36]. The shear forces under boundary
lubrication can result in the tribochemical reactions between ZDDP and ferrous surface.
ZDDP can form surface-bonded pad-like tribofilms of a gradient structure with a
short-chain glassy phosphate near the ferrous surface and a thin outer layer of long-chain

polyphosphates.

zoop [T
Moly FMs I:I
dispersants
antiwear I:I
detergents l
corrosion inhibitors .
antioxidants .
Organic FMsl VIl I:I
extreme pressure I
pour point I
oiliness I:I
I l I | I I | I l l l
1900 1920 1940 1960 1980 2000

Figure 2.3. Chronology of the development of the most common additives. Modified from

[36].

2.3.2.2. Friction modifiers

The main functions of friction modifier are reducing friction and increasing the strength of
lubricating films. There are two types of friction modifiers [31, 37]. One take effect

through physically absorbing on the contact surface (e.g., fatty acids and amides). The
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other one functions via additive-derived products. In the case of MoDTC (molybdenum
dialkyldithiocarbamate), they have been widely employed in engine oils as a classic friction
modifier (FM) which decomposes into molybdenum disulphide (MoS2) sheets and
molybdenum trioxide (MoQOs) under the action of friction forces. For ferrous-base contact
surfaces, its effectiveness in friction-reduction can be attributed to the formation of
tribofilms, containing nano-MoS» sheets with layer-lattice structure and weak interlaminar

shear forces.

2.3.2.3. Oxidation inhibitors

Oxidation inhibitor is used to prevent the oxidation of lubricating oil, especially under high
temperature conditions [31, 37]. It can be classified into three types, including
hydroperoxide decomposers, free radical scavengers, and metal deactivators. The
commonly used oxidation inhibitors are organic sulphur and organic phosphorus
compounds, zinc dialkyldithiophosphates (ZDDP), hindered phenols, alkylated arylamines,
ethylenediaminetetraacetic acid (EDTA), and salicylaldoxime. In the initial, the oxidation
can result in the darkening and thickening of lubricating oil, followed by the formation of
polymeric materials in the form of varnish deposits with the increased oxidation degree.
The detrimental effect caused by the oxidation will shorten the service life of lubricating oil

and the lubricating failure.

2.3.2.4. Viscosity Index Improvers

The main function of viscosity index improver is to increase the viscosity index of
lubricating oil by increasing the viscosity at high temperature and decreasing the viscosity

at low temperature [31, 37]. In general, the viscosity index improvers are composed of
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polymers with high molecular weight, like polyalkylmethacrylates, hydrogenated

styrene-diene copolymers and olefin copolymers.

2.3.2.5. Detergents

Detergents can neutralize the acidic products from combustion and lubricant oxidation and
increase the solubility of the deposit precursors and contaminants in oil, minimizing the deposit
formation on the lubricated parts [31, 37]. Specifically, the base group of detergents help
neutralize acids while their soap content makes the polar products suspending in oil. The
commonly used detergents are alkali metal or alkaline earth metal salts of organic acids, with or
without the base group. The acids could be alkylbenzenesulfonic acids, alkylphenols, and fatty

carboxylic acids.

2.5.2.6. Other Additives

In addition to the additives stated above, there exist some other important additives, including
dispersants, corrosion inhibitors, emulsifiers, pour point depressants, and antifoaming agents
[31, 37]. The main functions of these additives are protecting the contact surface or improve

the chemical or physical properties of lubricating oil.

2.4. Wear

Wear is a progressive damage process toward contact surfaces which is accompanied by
surface materials loss due to shear forces in the friction process [38]. The deformation and
materials loss on the component surface can result in the loss of dimensional precision,
further leading to the mismatch of contact surfaces and increased vibration. This can
accelerate the surface wear and cause early failure of lubricated components. Therefore, the

wear mechanisms are always the hotspots in the tribology and intensive investigations have
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been made on developing new ways for decreasing and/or controlling the wear. Currently, the

wear mechanism can be classified into five types as following [31, 39]:

e Adhesive wear, as the most common wear form, is recognized as the least preventable,
which can result in plastic deformation and even welding on the contact surface. Severe
adhesive wear will result in galling or scuffing phenomena, further leading to catastrophic

damage to contact surfaces.
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Figure 2.4. Adhesive wear. [40]

e Abrasive wear is the wear phenomena happened on the softer surface, which is caused by
the existence of hard particles between contact surfaces or hard contact asperities on the
hard surfaces. In general, abrasive wear can derive from micro fatigue, micro-fracture,
micro-cutting, and loss of material grains. Meanwhile, abrasive wear can be classified into

two body abrasive wear and three body abrasive wear as shown in Figure 2.5

Relative motion Relative motion
(a) == (b) (c) it

Strong adhesion Body 2

Body 2
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Body 2: abrasive particle
and protuberance

Body 2: abrasive particles Body 3: abrasive particles

Figure 2.5. Abrasive wear (two body and three body). [41]

o Fatigue wear is caused by repetitive stress over a working time, which can lead to

significantly loss of surface materials. Fatigue wear often happens in the application with
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cyclic loading, like rolling bearing, gears, cam/follower system and so on. It generally

starts with micro-pitting.

Figure 2.6. Fatigue wear. [42]
For a typical corrosive wear process, surface corrosion occurs at the initial stage when
contaminants present in the lubricants (e.g., acid, water, reactive lubricating additive),
which generally decrease the anti-wear property of surface materials (e.g., oxide films).
Then the wear process will be accelerated in the form of abrasive wear or adhesive wear
under shear forces. Fretting is a typical wear form deriving from the combined action of

corrosive, adhesive and abrasive wear.

Corrosive wear

Figure 2.7. Corrosive wear. [42]
Erosive wear is a degradation process of surface materials caused by the abrasion of
high-speed particles which could be solid or liquid. The wear mechanisms largely depend
on the physical parameters of particles, including particle size, impact velocity, impact

angle and the materials.
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Figure 2.8. Erosive wear. [43]

According to the Archard’s law, the volume of worn material removed V as a result of a
tribological interaction is directly proportional to the load N and also to the total sliding
distance S. However, since less wear is observed when the hardness of the softer member of the
tribological couple increases, V' can also be regarded as inversely proportional to the hardness H

of the material being worn away. In symbols, the above is represented as

v=kX 2-3

Both K and H reveal the material response and thus can be grouped in a single parameter,
called the wear rate, k = V /SN, which is used to replace the wear coefficient K. The equation

can be transformed into:

V = kSN 2-4

The friction force is proportional to applied load and can be expressed:

F =uN 2-5
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A proportional relationship between wear volume and the friction force can be established as:
V < FS 2-6

Based on this equation, the volume of wear is proportional to the energy dissipated by friction

and the wear rate can be calculated from the energetic approach [44].

2.5. Tribochemistry

Tribochemistry is defined as the chemical reactions which happen between the lubricant and
contact surfaces under the shear stress [45]. The lubricant can degrade into small molecular
groups which react with surface materials to form tribofilm to replace the original surface. In
addition, tribochemical reactions can result in the mechanical and physico-chemical changes on
the contact surfaces. The formation of tribofilm and property changes on the contact surface

can affect the wear and friction behaviors.

Two mechanisms were proposed for driving the tribochemical reactions: i, thermally activated
reactions occur at the contact asperities with high flash temperature; ii, stress-induced reactions

happen on the contact asperities with high local contact pressure.
2.5.1 Thermally activated reactions

In general, the reaction rate of thermally activated reactions depends on the reactant
concentration and temperature. It is accepted that flash high temperature on the contact

asperities under boundary Iubrication can promote the increase of the reaction rate.

The thermally activated reactions can be explained by the activated complex theory, which can

be expressed by the following equation. According to this theory, the product C can be
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synthesized via a reaction where an activated complex [AB]* of the reactants A and B is

formed.
A+Br—‘[AB]*—>C 2-7

The formation rate of C is given by:

d[C
% =r= kthermo [A] [B] 2-8

Where [A] and [B] are the concentrations of A and B. ku.-m i the reaction constant and is given

by:

kpT As* —aHt

kehermo = (Te R e RT
2-9

Where { is the transmission coefficient, AH# is the activation enthalpy, AS# is the activation

entropy, h is the Planck constant, ks is the Boltzmann constant, T is the absolute temperature,

and R is the gas constant.
2.5.2 Stress-induced reactions

Stress-induced reactions can happen under low temperature due to the decreased activation
energy under shear stress [45, 46]. Several models were proposed to calculate the reaction rates
dominated by stress activation. According to the modified Arrhenius equation, the degradation
rate of the additives under shear stress can be obtained by the following equation:

V—Eq
keripo = A, €xp el 2-10

Where A, is the pre-exponential factor, V' is the material constant, ¢ is the shear stress, kg is the

Boltzmann constant, E, is the activation energy, and 7 the temperature.
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2.6. Coating deposition techniques

2.6.1 Physical vapour deposition (PVD)

PVD is a thin film deposition process which is used to deposit diverse coatings (e.g., metals,
alloys and ceramics) with thickness ranging from nanometers to several micrometres [47]. In
the deposition process, the target materials transform from a condensed phase to a vapor phase
and then back to a condensed phase in the form of coatings on substrate. The most common

PVD techniques are sputtering and evaporation.

In a sputtering process, the sputtered atoms will be ejected from the target by the bombardment
of high energy ions (e.g., Ar") and fly in straight lines to impact on the substrate under high
vacuum condition. DC magnetron sputtering is one typical sputtering method. Magnetrons,
which are placed behind the cathodes, are employed to provide strong electric and magnetic
fields to confine the plasma gas (e.g., Ar") near the target surface. The high electric field
between target (cathode) and the substrate (anode) can cause the ionization of the gas atoms

(e.g., Ar to Ar") and the occurrence of sputtering process.

A

Substrate (anode) (+

Figure 2.9. Magnetron sputtering deposition.
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Evaporation deposition includes two basic processes: i, the target materials are evaporated by
the energy source (e.g., electron-beam, filament); ii, evaporated atoms condense on the
substrate. This deposition method needs a high vacuum condition to prevent collisions and

reactions of evaporated atoms with residual gas molecules.
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Figure 2.10. Thermal evaporation deposition. [48]
2.6.2 Chemical vapor deposition (CVD)

CVD is a deposition process where one or more precursors react and/or decompose on the
substrate surface to form coatings [49]. This technique is often employed in the semiconductor
industry to produce thin films. There are different types of CVD methods, like
plasma-enhanced CVD (PECVD), atomic-layer CVD (ALCVD), laser CVD (LCVD) and so

on.

In the plasma enhanced chemical vapor deposition (PECVD), plasma deriving from precursors
is generated first by radio frequency (RF) or direct current (DC) discharge between electrodes.

Then chemical reactions happen on the substrate to form coatings. PECVD employs plasma to
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increase the reaction rates of the precursors. Meanwhile, it allows low temperature deposition,
which is critical in the semiconductor industry.
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Figure 2.11. Plasma Enhanced Chemical Vapour Deposition. [50]
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Chapter 3

Literature Review

In this chapter, a comprehensive literature review will be conducted on wear monitoring
techniques. Then, coating deposition techniques of DLC and crystalline silicon coatings
will be described. In addition, the nature of tribofilms derived from MoDTC and ZDDP
additives and their interactions with DLC will be presented. This review will also show the
challenges for in-service wear monitoring techniques and surface analytical method of

identifying the tribofilm.

3.1. Wear monitoring techniques

With the increasing demands for manufacturing automation, the wear monitoring technique
plays an increasing critical role in the machine maintenance strategies, as it yields
necessary and key information of the service condition and fault prediction [1-4]. It is
known that the machines in the smart factories are getting highly networked, and the main
challenge for cooperating in more robust and autonomous way is how to minimize the

downtime caused by unpredicted failure.

Depending on the average downtime and fault frequency of various machine components,
it can be classified into four different groups as shown in Figure 3.1 [3]. The components
with long average downtime and high fault frequency in the upper right group can be

perfectly omitted in the design stage of modern machines. For the components with short
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average downtime and high fault frequency in the upper left group, the periodic
maintenance plan can be applied. A regular maintenance for the components in the lower
left group is enough considering their low fault frequency and short maintenance time. The
most critical components are the lower right group which have long downtime and low
fault frequency. The monitoring techniques in machine health management systems are
mainly developed for this kind of components, including tools, bearings, gears, electric

motors, and etc.
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Figure 3.1 Average downtime and fault frequency of diverse components. [3]

In view of this fact, the maintenance strategies in modern manufacturing industry are
transforming from traditional reactive practices to predictive and preventive methodologies,
which has driven numerous efforts for developing reliable techniques for wear monitoring.
The main aim of wear monitoring is to detect the wear evolution rather than just recognize
severe wear or breakage [6, 7]. Through continuously monitoring the wear, the wear stage
(e.g. running-in, steady state and severe wear) can be determined, which is crucial to
predicting the service life and failure. Up to now, the wear monitoring techniques can be

classified into two categories: indirect method and direct method.
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3.1.1. Indirect wear monitoring techniques

To date, most approaches for the wear monitoring usually estimate the wear condition
based on the operation signals which are indirectly correlated to wear, such as acoustic
emission, cutting force, vibration and motor power (Figure 3.2) [3-9]. More specifically,
these signals are processed to extract features related to the wear conditions which are
classified according to predefined conditions or trained monitoring model, and then the
maintenance decisions are made based on the status assessment [1, 3]. As these approaches
monitor conditions without machine interruption and extraction, they have been widely

adopted in the online monitoring system.
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Figure 3.2. Machine health management system. [3]

In addition, since these methods are incapable of direct application in a distinct process

condition (e.g., material variation, different working conditions), model retraining become
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necessary for a new working condition, which requires extensive tests to obtain various

operation parameters for estimating the wear level [4, 5,7].

3.1.2. Direct wear monitoring techniques

Direct wear monitoring techniques can be classified into two types: offline and online.
Offline methods can only be used in the offline condition while online methods can provide

wear information during friction process.

3.1.2.1. Offline methods

Currently, there are two typical modes of offline approaches widely used in industrial fields:
contact and non-contact optical profilometers [51, 52]. Highly reliable and accurate
topographic analysis of surface wear can be achieved via these approaches in the form of
two- or three-dimensional wear profiles. The significant advantage of contact approach is
that it captures real physical depth profile by using touch trigger probes. However, it cannot
provide continuous online measurements because the contact regions of moving parts are

generally inaccessible during running process.
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Figure 3.3. Working principle of contact profilometer. [51]
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The non-contact optical approach builds up three-dimensional topographic map by
collecting array signals of light interference of reflected light. Although highly accurate
surface analysis at nanoscale can be achieved for as-grown coatings via non-contact optical
approach, remarkable measurement errors will appear when characterizing the tribo-tested
coatings. Since non-contact optical approach possesses high sensitivity on the light signals,
tribo-induced variation of optical properties on the coating surface, which can be termed as
tribo-induced polishing effect, can significantly affect reflected light signal, further leading

to remarkable measurement errors.
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Figure 3.4. Working principle of non-contact optical profilometer. [53]
3.1.2.2. Online methods

Wear monitoring techniques which have been used in online monitoring mainly include
wear debris detection and radioactive tracer technology. This part begins with wear debris

monitoring techniques used in lubricating oil. Depending on the measurement principles,
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online debris detection can be classified into four types: magnetic, resistive-capacitive,

optical and acoustic methods [54, 55].

Magnetic method has been widely employed in oil debris monitoring due to the simple
structures and anti-interference capacity. It contains two categories: i, magnetic chip
detectors; ii, inductive sensors. The magnetic chip detector can count the ferrous metal
amount based on the principle of magnetic collection. One representative product is
Quantitative Debris Monitor (QDM) as shown in Figure 3.5. The core components are a
permanent magnet and an inductive coil. When the oils pass through the magnetic field, the
ferrous metallic debris will be attracted to the sensor tip. Then different pulse signals are
outputted by inductive coil and analysed to determine the generation rate and the amount of
wear debris. Additionally, by employing a vortex pump, entrained air and wear debris can

be separated from the lubricating oil.
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Figure 3.5. Schematic diagram of QDM sensor. [55]

Inductive sensor can measure the changes of the inductance and inductive voltage of
inductive coils caused by wear debris. This method is based on electromagnetic method.
The variation of the inductive voltage and inductance largely depends on the debris size

and materials. Figure 3.6 displays the working principle of a typical inductive sensor called
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in-line Metal Particle Detector (MPD). It can be observed that the debris materials can be

identified based on the wave forms of signals (e.g., ferromagnetic, and non- ferromagnetic).
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Figure 3.6. Schematic diagram of in-line MPD. [55]

Figure 3.7 displays the principle of resistive-capacitive method. A pair of poles, located on
both sides of oil flow, is used to produce electrical field. When wear debris pass through
the electrical field, they can be detected by monitoring the variation of resistance or
capacitance between the poles. Although the sensor structure is very simple, this method is
not widely used considering that the strong electrical field can result in the acceleration of

oil deterioration.
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Figure 3.7. Schematic diagram of the resistive-capacitive method. [54]

30



The key components of the optical method are light source and photosensor. As shown in
Figure 3.8, when wear debris particles pass through the light path, it can cause the changes
of light intensity. Although, this method has high sensitivity, obvious errors can be caused
by low oil transparency and the existence of bubbles.
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Figure 3.8. Schematic diagram of the optical method. [54]

The key components of the acoustic method are the acoustic transmitter and receiver,
which are located on both sides of oil flow as shown in Figure 3.9. When wear debris
particles pass through, the transmitted waves can be distorted with generating reflex waves.

Based on the information of acoustic waves, the debris size could be obtained.
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Figure 3.9. Schematic diagram of the acoustic method. [55]

Radioactive tracer technology has been employed as a highly sensitive method for real-time

wear and corrosion measurement [56, 57]. Through this approach, radioactive isotopes are
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tagged on the tribopairs by either direct activation on the component or implantation of
radioactive isotopes. In the friction process, the surface materials with radioactive atoms
are removed and dispersed in the lubricating oil. Real-time wear measurement can be
achieved by monitoring the increased radioactivity in the lubricating oil, or the reduced

radioactivity of the component surface.
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Figure 3.10. Schematic diagram of radioactive tracer technology. [56]

Fourier transform infrared (FTIR) spectroscopy has potential to be used to evaluate the
online condition of lubricating oils. When exposed to infrared radiation, molecules absorb
radiation at specific wavelengths in term of absorption peaks, which can be used to identify
the antioxidants, water, soot, wear debris in the lubricating oil. Meanwhile, the intensity of
absorption peak is a direct indication of the content of specific materials, which can be
employed to provide wear information by detecting the absorption peaks corresponding to

the materials of contact surfaces [58].
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Figure 3.11. FTIR spectra for analysing the content of wear debris. [58]

3.1.2.3. Coating thickness measurement methods

Apart from the above techniques, there are two methods which can be used to measure the
coating wear. As reported in the literature, luminescence spectra were used to detect the
coating wear by monitoring the intensity of spectra from the layers composed of
luminescent materials [22, 23]. As the upper layers of coating were removed in the wear
process, the intensity of spectra from the sensing layers increased. When luminescent layers
were damaged, the characteristic spectra disappear. This wear information could be used to
predict the coating life and report failure warning. However, the relationship between the
Raman signal intensity of sensor layer (sublayer) and the thickness of upper layer has

remained unexplored
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substrate

Figure 3.12. Multi-layered coating with embedded, luminescent wear sensor layers. [22]

Several studies by Thomas et al. proposed a Raman scattering model for quantifying the
thickness of Raman active coating (i.e., diamond-like nanocomposite (DLN)) [59-61]. By
clarifying the correlation between DLN thickness and the Raman intensity of carbon signal
of DLN in equations, this model allows us to present more detailed wear information in the
form of wear depth profiles, which show good agreement with measured results of the
stylus profilometer. However, the influence of tribo-induced effects on measurement
accuracy was not considered in these studies, which could lead to remarkable measurement
errors, especially for the long-term tribological tests. We note that the challenges posed by
the long term tribo-test include revealing the effect of tribo-induced variation of chemical
composition and optical property of coatings and lifting the error tolerance of wear

quantification method.

Specifically, the tribo-induced effect can result in enhancement of sp? phase (i.e., the
increase and local clustering of sp>-C phase). Since the Raman spectra of carbon of a-C:H
are dominated by scattering of sp? phase due to its high polarizability. Slight enhancement
of the sp? phase, especially ordering or clustering, could result in the remarkable increase of

the Raman intensity [62], further leading to obvious measurement errors in the
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transformation areas and low reliability in monitoring the coating thickness in the friction
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Figure 3.13. Calculated and measured profile wear depth of a DLN coating based on
Raman signal of carbon. [59]

3.2. Diamond-like carbon (DLC) coatings

3.2.1. Structure of DLC coatings

In general, amorphous carbon (a-Cs) is composed of three bondings (i.e., sp’, sp?, and even
sp') with the hydrogen content up to 60 at. % [62]. Figure 3.14 displays the ternary phase
diagram of a-Cs, which is based on the content ratio of sp*, sp?, and hydrogen. The a-Cs
with extreme high sp? ratio and disordering graphitic structure located in the lower left
corner, including soot, glassy carbon, and evaporated a-C. With increasing the hydrogen
content, the content of C-C networks decreases significantly with the formation of
hydrocarbon polymers (e.g., polyethylene). Amorphous carbon and hydrogenated
amorphous carbon with a significant ratio of sp® bonding are defined as diamond-like
carbon (DLC). When the sp? content is up to 80 %, it is termed as ta-C (tetrahedra

amorphous carbon) and ta-C:H (hydrogenated tetrahedra amorphous carbon). In addition,
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the clustering degree of sp? phase is considered as the fourth key parameter which can

significantly affect the electronic, optical, and mechanical properties of a-Cs [63, 64].
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Figure 3.14. Ternary phase diagram of in amorphous carbon. [62]
For DLC, sp? sites can from small clusters which are embedded in sp® matrix. The
mechanical properties and chemical stability of DLC are generally dominated by the sp’
bonding, while the optical and electrical properties depend on the content and orientation of
sp? phases [65]. The relative ratio sp*/sp> determines the overall properties of DLC coatings.
Depending on the composition and structure, the properties of DLC can range from soft
coatings with a wide optical gap to coatings with diamond-like mechanical properties and
low optical gap. Therefore, the DLC properties can be tailored for different engineering
applications. In addition, it should be pointed that hydrogen content critically affects the
properties of DLC coatings. Increasing the hydrogen content leads to the increase of the
optical band gap and transmittance, and the decrease of hardness and wearing resistance

[66].
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Table 3.1. Comparison of major properties of amorphous carbons. [62]

sp" (%) H (%) Density (g cm™?) Gap (eV) Hardness (GPa)
Diamond 100 0 3.515 35 100
Graphite 0 0 2.267 0
Ceo 0 0 1.6
Glassy C 0 0 1.3-1.55 0.01 3
Evaporated C 0 0 1.9 0.4-0.7 3
Sputtered C 5 0 2.2 0.5
ta-C 80-88 0 3.1 2.5 80
a-C:H hard 40 30-40 1.6-2.2 1.1-1.7 10-20
a-C:H soft 60 40-50 1.2-1.6 1.7-4 <10
ta-C:H 70 30 24 2.0-25 50
Polyethylene 100 67 0.92 6 0.01

3.2.2 Deposition methods of DLC coatings

DLC coatings with different composition and structure can be deposited by PVD or CVD
methods as displayed in Figure 3.15 [62]. Depending on the deposition method, the range
of deposition parameters (e.g., deposition pressure, bias voltage, and temperature) varies
over broad ranges. For most tribological applications, DLC coating should have high
adhesive ability towards substrates to prevent fracture and delamination under high shear
forces or applied load in the sliding process. The adhesive ability of DLC strongly depends
on the chemical nature of substrate materials. Strong adhesion can be obtained on the
substrates of carbide- and silicide-forming materials (e.g., Si, Ti, W and Cr). For the
substrates with low adhesion, interlayer is suggested to be deposited on these substrates
before DLC deposition in the same batch to minimize the point defects and chemical
impurities. These interlayers are also composed of strong carbide- or silicide-forming

materials, which can react with the substrate materials to form strong bonding.
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Figure 3.15. Schematics of various deposition systems for DLC. [62]

3.2.3. Raman spectra of DLC coatings

As a fast and non-destructive method, Raman spectroscopy has been employed to
characterize the chemical structure of a series of carbon materials as shown in Figure 3.16
[62-64]. In general, the main signals of carbons can be collected in the 800-2000 cm!
region of Raman spectra. The G and D peaks locate at around 1560 and 1360 cm™,
respectively. The G peak is caused by the stretching vibration of sp? bonding in both C=C
chains and aromatic rings, while the D peak corresponds to the breathing modes of sp?

bonding only in rings as shown in Figure 3.17.
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Figure 3.16. Comparison of typical Raman spectra of carbons. [62]

Figure 3.17. Eigenvectors of the Raman G and D modes in graphite and amorphous carbon.
[62]

The Raman spectra of a-Cs are dominated by scattering of sp? phases due to its higher

polarizability. It gives the sp? phase a 50-230 times larger Raman intensity than that of sp?

phases. Slight enhancement of sp? phases, especially ordering or clustering, could result in

a remarkable increase in the Raman intensity. The Raman spectrum mainly depends on (i)

clustering of the sp® phase, (ii) ordering of sp? phase, (iii) sp?/sp> ratio. These factors act as

competing forces on the shape of the Raman spectra as shown in Figure 3.18.
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Figure 3.18. Schematic of the factors affecting the position and heights of the Raman G and
D peaks of amorphous carbon. [62]

For obtaining the bonding information based on Raman spectra, it is important to select
appropriate fitting method. Currently, there are three methods for shape fitting of Raman
spectra of carbon materials, including all Gaussians fitting, all Lorentzians fitting, and the
method employing the Breit-Wigner-Fano (BWF) fitting for G peak and the Lorentzian
fitting for the D peak [67]. For crystalline carbon materials (e.g., disordered graphite),
Lorentzian fitting is suitable considering the finite lifetime broadening. For hydrogenated
amorphous carbons with a significant photoluminescence background, all Gaussian fitting

works better than BWF method.

After obtaining the fitting peaks of G and D, I(D)/I(G) ratio is used to reflect the structure
features of carbon materials. When using BWF and Lorentzian fitting method, the I(D)/I(G)
ratio is the ratios of peak height while it is peak area ratio for all Gaussian fitting. The
difference between height ratio and area ratio is not obvious for disordered graphite due to
the similar peak widths. For amorphous carbons, there is significant difference. For
example, the wider size distribution and disordering of sp® clusters can result in the
broadening of the D peak. In addition, after the fitting procedure is decided, it is suggested
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to use the same procedure for data analysis as it enables the result comparison between

different samples.

3.2.4. Optical properties of DLC coatings

DLC coatings have high transparency in the infrared wavelength and the absorption
coefficient increases with decreasing the wavelength, as shown in Figure 3.19 [62]. There
are three hybridizations in DLC (i.e., sp’, sp? and sp'). In the sp® configuration, four sp
orbitals are formed in a carbon atom and bonding with adjacent atoms via strong ¢ bonds.
In the sp? configuration, there are three sp® orbitals to form ¢ bonds and one pr orbital to

form a w bond.

As displayed in Figure 3.20, the o states in the valence band and empty ¢ states in the
conduction band formed by o bonds are separated by a wide 6- 6~ gap, while © states and 1"
states of m bonds show a much narrower gap [68]. Therefore, the final band gap of DLC is
mainly determined by the © bonds from sp? phases. Depending on the configurations of sp?
clusters, sp®> phases have variable band gaps. The final band-gap is given by the average
band gap of each sp? clusters. The wide distribution of cluster sizes can lead to a broad
absorption tail. The arrangement of sp’> phases dominates the electronic and optical

properties, while the sp> matrix determines the mechanical properties.
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Figure 3.20. Schematic DOS of amorphous carbon. [68]
The band-gap of crystalline materials is defined as the minimum energy gap between the
occupied and empty states. For the amorphous semiconductor, there is no true gap, and an
arbitrary definition is used. For determining the band gap of DLC coatings, the Eos gap and
Tauc gap are employed. Eos gap is defined as the energy when the optical absorption
coefficient o is 10 cm™ (Figure 3.21), and Tauc gap (Eg) is deduced by extrapolating the
linear behavior of (aE)'? as a function of photon energy E (Figure 3.22) based on the

following equation [64]:
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aE = B(E — Eg)? 3-1

Meanwhile, the band-gap of DLC coatings strongly correlates with their sp? fractions while

hydrogen has a little direct effect as the C-H states lie away from the band-gap region.

100000 5

10000 4

Absorption Coefficient, o (cm

1000 4
——2mTorr
100 4 —— 11 mTorr
b : ——20 mTorr
140e‘\/\: :Jggev :ygasev —— 50 mTorr

10 15 20 25 30 35 40 45 50 55
Energy (eV)
Figure 3.21. Absorption coefficients as a function of energy for DLC films prepared at

different working pressures on glass substrates at room temperature. Eos gaps are also
shown in the figure. [65]
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Figure 3.22. Tauc plots of DLC films prepared at different working pressures on glass
substrates at room temperature. [65]

DLC coatings can be deposited by diverse deposition methods [69, 70]. Though controlling
the deposition parameters, the optical properties can be adjusted according to application

requirements. For example, the gas pressure (e.g., Ar) in magnetron sputtering, as an
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important deposition parameter, significantly affects the energy of the sputtered atoms
arriving at the substrate, further determining the coating properties. As shown in Figure
3.23, working pressure has an important influence on the bonding properties, strongly

influencing the optical properties of the deposited films.
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Figure 3.23. Optical transmission spectra of DLC films prepared at different working
pressures on glass substrates at room temperature. [65]

3.3. DL.C/additives interactions

Additives are the crucial components of liquid lubricants and their tribochemical products
formed on coating surfaces in the form of tribofilm critically affect the wear and friction
behaviors. However, the mechanisms governing the tribofilm growth on coating surfaces
are not well understood since most of existing lubricating additives are developed for
ferrous surfaces [71]. It can result in severe wear and early failure of key components when
using the conventional lubricating solutions. It is therefore necessary to deepen the
understanding of tribochemical interactions between lubricating additives and coatings, and
the growth mechanisms of additive-derived tribofilm on coating surfaces, which can

significantly contribute to developing effective lubricating solutions for diverse coatings.
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3.3.1. MoDTC/a-C:H interaction

Molybdenum dithiocarbamate (MoDTC) has been widely employed in engine oils as a
classic friction modifier (FM) which decomposes into molybdenum disulphide (MoS,)
sheets and molybdenum trioxide (MoQO3) under the action of friction forces. For
ferrous-base contact surfaces, its effectiveness in friction-reduction can be attributed to the
formation of tribofilms, containing nano-MoS; sheets with layer-lattice structure and weak
interlaminar shear forces [72]. Figure 3.24 displays the corresponding chemical structure of

MoDTC and MoS:.
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Figure 3.24. (a) Molecular structure of MoDTC, (b) MoS» Structure.
When applying MoDTC-containing oil on the steel/DLC contacts, it dramatically
accelerated the wear rate of DLC, further triggering coating failure [73-77]. It is well
accepted that MoDTC-derived tribochemical products play a critical role in this detrimental
effect. Figure 3.25 displays the decomposition process of MoDTC. It can be observed that

the main products are molybdenum disulphide (MoS:) sheets and molybdenum trioxide.
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The wear acceleration mechanisms of MoDTC on DLC surfaces in previous studies can be
summarized as follows: i, oxidation-reduction reaction between DLC and molybdenum
oxides [77]; ii, abrasive wear of molybdenum oxides [69]; iii, abrasive wear of
molybdenum carbides formed via tribochemical reaction [76]; iv, re-hybridization of C-C
bonding from sp® to sp’ under severe tribological conditions and delamination of this
sp?-rich carbon layer [75]. It should be also pointed that some of the above mechanisms
(e.g., abrasive wear mechanism of molybdenum oxides and re-hybridization mechanism of
C-C bonding) remain controversial [74]. More importantly, it is still unclear which type of

tribochemical products dominates the coating wear behavior in different wear-stages when

lubricated with MoDTC.
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Figure 3.25. Decomposition process of MoDTC. [78]

3.3.1.1 Raman spectra of MoS:

MoS; is one of main decomposition products of MoDTC and plays a critical role in the
tribological performances. Raman spectroscopy has been applied to identify the formation

of MoS: based on the Raman peaks. Figure 3.26 displays diverse vibration modes of MoS»
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lattice structure, including Raman active, infrared active and inactive as listed in Table 3.2
[79]. The Raman peaks corresponding to the Raman active vibration modes E%, Eig, E'sg
and A, locate at 34, 287, 383 and 409 cm™, respectively [80]. Among these four vibration

modes, E'5; and Ajy possess strong Raman intensities.

i L T
w—> ™ 4 > L “—w )
»—> w ® o »—> W
* ) 't
« o 4 ¢ <« «
LY A
o t W 2> 9 -9 )
> L) L L > o 4
. o> ™ -9 : <9 v ™)
1“‘. E 1u A12u E1g A1g E21u A22u
o> 1 1 :
4 > o <@ [ |
2> Iy g  J ® > Iy :
e« € <«q “ -9 «
| <& «¥ o . ? o o« ¥
z-axis g v : g 3 - :
E22g 8229 E2u B1u E129 B129

Figure 3.26. Vibration modes of MoS; lattice structure. [79]
Raman peaks of MoS; has been employed to investigate the disordering and size of MoS:
crystals. It is indicated that disordering and size reduction of crystals can lead to the peak
broadening [81, 82]. Meanwhile, the peak shifts and width could be used to reflect the
thickness variation of MoS; [83-85]. With increasing the MoS; thickness from one layer to four
layers, red shifts (to lower wavenumbers) of E'», peak and blue shifts (to higher wavenumbers)
of Aig peak were observed. The Aig peak width (FWHM) was found to decrease with the

increase of MoS; layers.
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Table 3.2. Classification of vibration modes of MoS». [79, 80]

Infrared active Raman active Inactive
E'vu EZxg E
In-plane E%u E1g
Elyg
Alay A1g B2y
Outofplane | A2y By
By

In addition, the Raman peaks of MoS, are significantly influenced by pressure, temperature,
and laser power. Figure 3.27 displays the Raman spectra of MoS; under different pressures [86].
It can be observed that increasing the stress can result in the bule shifts of both E'5; and A,

peaks due to the pressure-induced disordering of lattice structure [86-88].
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Figure 3.27. Pressure-induced shift of Raman peaks of MoS». [86]
Temperature is also a key factor affecting the Raman peaks of MoS; [89-92]. Figure 3.28
shows the Raman spectra of MoS; under different temperature. It was found that the positions
of E'5, and A, peaks decrease linearly with increasing the temperature from 83 to 473 K. It
was also indicated that a non-linear relationship between frequency shift and temperature was
observed at higher temperatures [92]. Meanwhile, the broadening of peak widths was observed

with raising the test temperature. Additionally, high laser power can cause a sharp rise of local
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temperature on MoS; crystals, which results in adjustment of lattice structure and influences the
vibration. Red shifts of A, peaks were observed with increasing the laser power. Excessive

laser power can even result in the oxidation of MoS; into MoO:s.
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Figure 3.28. The influence of temperature on Raman peaks of MoS,. [89]

3.3.2. ZDDP/a-C:H interaction

In the past decades, a significant progress has been achieved in identifying the structure and
growth mechanisms of additive-derived tribofilm via advanced surface analysis techniques.
Particular attention is paid on the governing factors in the tribofilm growth of ZDDP which
is one of the most crucial anti-wear additives, highlighting the critical role of contact

pressure and temperature in the tribochemical reactions [93-95].
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Figure 3.29. The molecular structure of ZDDP.
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As indicated in the literature, the growth process of ZDDP-derived tribofilm on ferrous
surface includes three stages, including nucleation, growth, and thickness saturation [93]. It
well accepted that ZDDP can form surface-bonded pad-like tribofilms with a gradient
structure with a short-chain glassy phosphate near the ferrous surface and a thin outer layer
of long-chain polyphosphates [93, 95]. Some studies indicated that this reaction was driven
by the Lewis acid-base interaction between phosphate (hard Lewis base) and oxidized

surface layer (Fe*" is hard Lewis acid) based on the HSAB principle [94-99].

Organic sulphides/ZnDTP

Ta
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Figure 3.30. Schematic diagram of pad structure and composition of ZDDP derived
tribofilm [94].

As indicated in the literature, when employing DLC coatings with different chemical
structure (e.g., hydrogen content and sp?/sp® ratio) and mechanical properties as contact
surfaces, the tribofilm growth process of ZDDP is still dominated by effective local contact
pressure rather than the chemical structure of coatings [100]. However, it is interesting note
that the tribofilms formed on DLC surface are less durable than those formed on ferrous
surfaces [101, 102]. Meanwhile, by comparing the results of element composition on
ferrous and DLC surfaces, it is found that ZDDP tribofilms prefer to form on ferrous

surface [103, 104].
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Table 3.3. XPS quantification of tribofilms for a-C/ CI (cast iron) contacts. [104]

Element composition (at. %)
Cls Ols Fe2p P2p Zn2p

Plates (carbon) 86.1 8.5 0 1.8 2.3
Pins (CI) 509 339 25 35 5.5

Lubricants Surfaces

PAO+ZDDP

3.3.3. Governing factors in the growth process of additive-derived tribofilms

Stress-activated and thermal activated tribochemical mechanisms have been well accepted on

understanding the tribological behaviors of lubricating additives. Carpick et al. used AFM to

monitor the growth process of ZDDP-derived tribofilms on ferrous substrate [93]. It was found

that the thickness of ZDDP tribofilm increased with sliding cycles. More importantly, with

increasing the contact pressure and temperature, the growth rate of tribofilm increased

significantly as show in Figure 3.31. The growth rate can be calculated by the following

equation:

oAV—-E,
T =Tgexp keT
growth 0 p

3-2

Where 7o depends on the volume of the growth species and attempt frequency, AV is the

activation volume, o is the average stress component, E, is the activation energy, kp is the

Boltzmann constant and T is the temperature. It was indicated that the energy barrier of the

tribochemical reaction of ZDDP on contact surface becomes lower where the local stress is

higher and increasing the reaction temperature could promote the formation of tribofilms.
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Figure 3.31. The influence of pressure and temperature on the growth rate of ZDDP tribofilms.
[93]

Recently, De Barros Bouchet et al. reported the critical influence of surface nano-topography of
DLC coatings on the tribological performances with ZDDP as additives [100]. It is indicated
that under the same macroscopic hertzian contact pressure, different surface topographies of
diverse DLC coatings result in distinct local contact pressures, further leading to the
decomposition of ZDDP into different tribochemical species. For low contact pressure is below
3 GPa, the Zn-S bonds were broken under shear forces with the formation of Zn-C bonds to
form chemical absorption films in the initial stage. During this stage, ZDDP decomposed into
dithiophosphates. Then the antiwear films composed of polyphosphates were formed via
accumulation and cross-linking. When the local contact pressure exceeds 9 GPa, ZDDP can
decompose into small sulphur-rich species as shown in Figure 3.32(b). High shear forces

promote the doping of sulphur into the sub-surface of DLC which weakens the DLC matrix and

further leads to massive wear.
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Figure 3.32. Tribochemcial mechanisms of ZDDP on DLC under different contact pressure.
[100]

3.3.4. Effect of Hydrogen

As reported in the literature, hydrogen content of DLC coating plays a key role in the
interaction between DLC and additives [105, 106]. Although the effect of hydrogen content
attracts intense research attention, the mechanisms are still unclear. Carbon atoms on the
diamond surface have dangling bond which can be passivated by oxygen and hydrogen
elements from absorbed water molecules, leading to the decreased friction [107]. This
mechanism is also employed to explain the tribochemical behaviors of DLC lubricated by

different additives.

Dangling bond orbital
Free electron E—

Figure 3.33. Schematic illustration of dangling bonds in diamond and weak shear plane
between hydrogen-terminated diamond surfaces.

53



Yasuda et al. and Mabuchi et al. studied the effect of hydrogen content on the tribological
performance of DLC [108, 109]. It was suggested high hydrogen content resulted in poor
wettability of lubricant on the DLC surface and the high friction was due to the low absorption
of additives on the DLC surface. In contrast, De Barros Bouchet et al. [110] reported the
positive effect of hydrogen in the tribofilm formation on the DLC coating. It was found that
a-C:H displayed lower friction than hydrogen-free a-C. XPS results indicated that the
MoS,/MoOs ratio of tribofilms formed on a-C:H was five times higher than that formed on a-C.
Based on the chemical hardness approach (HSAB principle), it was suggested that a-C:H,
which are soft bases, preferred to interact with soft acids (e.g., Mo*") to promote the formation
of MoS;. Meanwhile, a-C, which is considered as “intermediate bases”, can react with Mo®"
with the formation of MoOs. Equey et al. [111] reported that the ZDDP tribofilm formed on
a-C:H/ a-C:H contacts could be easily removed by ultrasonic cleaning cyclohexane. It was
suggested that the adhesion of ZDDP tribofilm on a-C:H was weaker than that formed on

ferrous surface.

3.4. Silicon coatings

3.4.1. Deposition techniques of crystalline silicon coatings

Crystalline silicon coatings can be deposited by both CVD and PVD methods. The most
common CVD methods are plasma enhanced chemical vapor deposition (PECVD) and
hot-wire chemical vapor deposition (HWCVD) [112-115]. For obtaining silicon coatings
with good crystallinity, hydrogen gas is introduced to dilute the source gas SiHs4, while
amorphous silicon can be deposited under high SiH4/H> ratio. Through PECVD, silicon

coating can be deposited at high deposition rates and low substrate temperature. Note that
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PECVD with capacitively coupled plasmas (CCPs) is the most prevalent deposition

technique.
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Figure 3.34. Capacitively coupled plasmas. [116]

The most common PVD method for depositing silicon coatings is the magnetron sputtering
deposition, which mainly includes pulsed direct current (pulsed-DC) and radiofrequency
(RF) magnetron sputtering [117, 118]. It is demonstrated that the growth of silicon coating
can be significantly modified by controlling the ion-bombardment in sputtering process
[119, 120]. Recently, ion-assisted sputtering deposition techniques have attracted intensive
research attention for enhancing the bombardment of energetic particles and improving the
quality of silicon coatings. Shin et al. employed inductively coupled plasma method to
assist the growth of silicon coatings in an unbalanced magnetron sputtering deposition

system [121].
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Figure 3.35. Ton beam deposition.
Reinig et al. reported that crystalline silicon coatings could be deposited by employing
bipolar pulsed-DC magnetron sputtering deposition [122]. Meanwhile, it is demonstrated
that external magnetic field can benefit the growth of crystalline silicon when using
magnetron sputtering technique as it plays a critical role in adjusting the ion bombardment
conditions near the substrate surface. Gerbi et al. employed the Helmholtz coil to control
the magnetic field and the plasma density near the substrate surface, which were used to

adjust the growth of silicon coatings [123].
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Figure 3.36. Pulsed-DC power for magnetron sputtering. [124]
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Figure 3.37. RF magnetron sputtering. [125]

3.4.2. Raman spectra of silicon coatings

The crystallinity of silicon coatings can be obtained by Raman spectroscopy as shown in
Figure 3.38 [126]. Typical Raman peaks locate in the frequency range from 400 to 600
cm’!, which give information of the first order scattering of the transverse optical (TO)
modes of Si\Si vibrations [127]. The Raman spectrum of silicon coating can be fitted using
three Gaussians. Note that Gaussian fitting is selected due to the asymmetry and
broadening of Raman peaks caused by the disordering. The broad peak centred at 480 cm’!
corresponds to the amorphous phase. The intermediate peak centred at 505 cm™ is
attributed to tensile-strained Si\Si bonds at the grain boundary. The narrow and strong peak

at 520 cm™ originates from crystalline phase.
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Figure 3.38. Raman spectra of silicon coatings with different crystallinity. [126]
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Figure 3.39. Typical Raman spectrum of silicon coatings. [128]

A typical shape fitting process of Raman spectrum is given in Figure 3.39. The crystalline
content iS deﬁned as the I‘atiO Of (Acrystalline+Aboundary)/ (Acrystal]ine+Aboundary+Aamorphous), Where

Acrystalline, Aboundary and Aamorphous denote the integrated areas of crystalline, boundary, and
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amorphous phases [128]. In general, the Raman intensity of silicon peak at 520 cm™ will

increase with increasing the crystal content.

3.5. Summary

As indicated in the literature review, most approaches of online wear monitoring
estimate wear conditions based on the multi-sensor signals which are indirectly
correlated to wear, such as acoustic emission, cutting force, vibration, and motor power.
Their inherent drawbacks, deriving from signal noise and lack of direct or visual wear
information, always lead to an inevitable reduction in measurement reliability and
accuracy. In addition, since these methods are incapable of direct application in a
distinct service condition, model retraining becomes necessary, which requires
extensive tests to obtain various operation parameters for estimating wear level. In
comparison, highly reliable and accurate topographic analysis of surface wear can be
achieved via direct wear measurement approaches in the form of two- or
three-dimensional wear profiles. Currently, there are two typical modes of direct
approaches widely used in industrial fields: stylus and non-contact optical profilometer.
The significant advantage of the former approach is that it captures real physical depth
profiles using contact trigger probes. However, it cannot provide continuous online
measurements because the contact regions of moving parts are generally inaccessible
during running process. The non-contact optical approach builds up a
three-dimensional topographic map by collecting array signals of light interference of
reflected light. Although highly accurate surface analysis at the nanoscale can be
achieved for as-grown coatings via non-contact optical approach, remarkable

measurement errors will appear when characterizing the tribo-tested coatings as
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indicated in this study. Since the non-contact optical approach possesses high
sensitivity on the light signals, tribo-induced variation of optical properties on the
coating surface, which can be termed as tribo-induced polishing effect, can
significantly affect reflected light signal, further leading to remarkable measurement
errors. Consequently, there is a request to develop novel coating wear measurement
approaches that can provide accurate wear information at the nanoscale while
possessing online monitoring and high error tolerance capabilities and enabling
directly implementation in various engineering fields.

Advanced coating techniques have been increasingly applied in a wide range of
tribological applications, including manufacturing, vehicles, and aeronautics. In
combination with liquid lubricants, protective coatings on key mechanical components
can dramatically reduce friction and extend the service lifetimes by orders of
magnitude, leading to considerate materials and energy savings. Additives are the
crucial components of liquid lubricants and their tribochemical products formed on
coating surfaces in the form of tribofilm critically affect the wear and friction
behaviors. However, the mechanisms governing the tribofilm growth on coating
surfaces are not well understood since most of existing lubricating additives are
developed for ferrous surfaces. It can result in severe wear and early failure of key
components when using the conventional lubricating solutions. For example, when
using the traditional friction modifier MoDTC, which is designed for ferrous-based
surfaces, on the steel/DLC contact under ambient environment, MoDTC-derived
products can cause remarkably wear acceleration on diamond-like carbon coatings
(DLC). 1t is therefore necessary to deepen the understanding of tribochemical

interactions between lubricating additives and coatings, and the growth mechanisms of
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additive-derived tribofilm on coating surfaces, which can significantly contribute to

developing effective lubricating solutions for diverse coatings.
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Chapter 4

Materials and methods

This chapter outlines the detailed information about lubricating materials (coating, oil and
additives), tribotest conditions, coating deposition methods, and analysis techniques

employed in this project.

4.1. Materials

4.1.1. Additives and base oil

The base oil used in this study is PAO 4. The typical properties are listed in Table 4.1. The
classic friction modifier MoDTC (molybdenum dialkyldithiocarbamate) and anti-wear
additive ZDDP (zinc dialkyldithiophosphate) are employed as additives in the PAO 4.
Figure 4.1 displays the molecular structures of MoDTC and ZDDP. In this study, the
mechanisms of additive-derived tribofilms and their interaction with a-C:H coatings are

studied by combining Raman-based method and diverse surface analysis techniques.

Table 4.1. Typical properties of PAO 4 base oil.

Properties Typical value
Kinematic Viscosity @100°C (cSt, mm?/s) 3.9
Viscosity Index 124
Pour Point (°C) -57
Flash Point (°C) 204
Density @20°C (g/cm?) 0.82
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Figure 4.1. Molecular structures of MoDTC and ZDDP.

4.1.2. Coatings

The a-C:H films were deposited by a Plasma Enhanced Chemical Vapour Deposition
technique (PECVD) with acetylene as gas precursor (Flexicoat 850, Hauzer Corp.,
Netherlands). Two kinds of substrates, n-type silicon (100) wafers (10 mm % 10 mm x 0.5
mm, Ra < 1 nm) and glass plates (25 mm x 25 mm % 1 mm, Ra < 1 nm), are employed. The
a-C:H films deposited on silicon wafers were used for tribo-test, thickness quantification,
and characterizations of structure and composition, while those on glass plates were for
optical studies. The substrates were ultrasonically cleaned by acetone and ethanol. Before
the deposition, the vacuum chamber was evacuated to a base pressure of 3.0 x 10~ Pa and
heated to 200 °C. After that, the substrate surface was etched in argon plasma at the
pressure of 0.15 Pa for 5 mins. During the deposition, a pulsed DC power with bias voltage
at -500 V was applied to the substrates and the chamber pressure was 0.85 Pa with
acetylene as feeding gas with feeding rate at ca. 250 sccm. By controlling the deposition
time, a-C:H coatings with different thickness are synthesized. Detailed information of the
a-C:H film is as follows: hydrogen content of ca. 22%, hardness of ca. 21 GPa, Young’s

modulus of ca. 180 GPa, initial roughness of ca. 5.3 nm (Ra), and Poisson’s ratio of 0.2.
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A series of silicon coatings with different crystallinity were deposited on steel discs (M2

steel disc) in pure Ar atmosphere via pulsed-DC magnetron sputtering method under

different deposition parameters, including gas pressure, cathode power, temperature, and

substrate-target distance. Before the deposition, the vacuum chamber was evacuated to a

base pressure of 6.0 x 107 Pa and heated to 520 °C. During the deposition, a pulsed DC

power with the frequency of 100 kHz and duty cycle of 0.8 was applied to cathode. Table

4.2 gives the detailed information of deposition parameters of silicon coatings. Here, the

M2 steel is high speed steels with a hardness of 62—-64 HRC. The dimension of M2 steel

disc 1s @ 25 mm X 6 mm.

Table 4.2. Deposition parameters of silicon coatings

Sample Pressure Power Temp.

ID  (mbar) (kW) (°C)

S-T
(cm)

S-1 6.0x1073 4 520
S-2  4.0x107 4 520
S-3 3.0x107 4 520
S-4  4.0x107 5 520
S-5  4.0x107 3 520
S-6  4.0x107 4 520
S-7  4.0x107 4 520

S-8  4.0x107 4 480

16.5
16.5
16.5
16.5
16.5
15.5
20
16.5

S-T, distance between substrate and target on the cathode.

4.2. Tribotest

In this study, the tribological experiments were conducted via a ball-on-disc tribometer

(Bruker UMT-Tribolab) at room temperature under both dry and oil-lubricated conditions.
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The samples with coatings were fixed on a reciprocating platform while employing a fixed
upper ball (AISI 52100 steel, 6.35 mm in diameter, HRC 60-67) as the counterpart. In the
oil-lubricated condition, base oil and oils with different additives (PAO4+0.8 wt.% ZDDP,
PAO4+0.8 wt.% MoDTC, and PAO4+0.8 wt.% ZDDP and 0.8 wt.% MoDTC) were

employed.

Dry tribotest conditions: a-C:H/steel contact, test time of 30 to 140 min, applied load of 1 N
(580 MPa), frequency of 2.5 Hz, stroke of 2mm and ambient environment. Oil-lubricated
test conditions: a-C:H/steel contact, time of 30 to 140 min, applied load of 1 N and 10 to 40

N (1.2 to 2.0 GPa), frequency of 2.5 Hz, stroke of 2mm and ambient environment.

\ Reciprocating platform

Z axis or
carriage

Carriage rack
with sensor
connection points

Contact sample, in | &
this example. a 2
stainless steel ball

Figure 4.2. Images showing the structure of the UMT tribotester.

4.3. Raman spectroscopy

A Renishaw InVia Raman spectrometer as shown in Figure 4.3 was employed in this project.
Lasers with wavelength of 488 nm and 785 nm are equipped in this equipment with the
maximum lasers of 10 mW. This equipment possesses short-distance objectives of 5%, 20x and
50x and long-distance objective of 50%. Samples are fixed on the sample stage and focused.

This equipment is connected to a PC for collecting and analysing data.
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Figure 4.3. (a) Image of Renishaw InVia spectrometer. (b) Test area inside the Raman
spectrometer.

Figure 4.4 shows a schematic illustration of the operating principle of the Raman spectrometer.
The Raman spectrometer contains the following parts: laser sources, filters, lenses, microscope,
diffraction grating and CCD camera. Scattered light is collected at 180° backscattering
geometry. The holographic filters blocks reflected light and allowed scattered light to go
through to the diffraction grating where the light is split into different colours. The CCD
camera is employed to detect the colours. The 2400 I/mm and 1200 I/mm gratings are used for
the 488 and 785 nm lasers, respectively. A diffraction grating is used to separate polychromatic
light into its constituent wavelengths. Raman spectrometer diffraction gratings are used to
separate the constituent wavelengths of the collected Raman scatter onto different pixels of the
CCD camera for detection. All Raman spectrometers will require at least one diffraction
grating and will frequently be configured to contain more than one to allow the user optimum

grating selection for their samples and excitation wavelength(s).

When light is scattered by molecule, the oscillating electromagnetic field of a photon induces a
polarisation of the molecular electron cloud which leaves the molecule in a higher energy state
with the energy of the photon transferred to the molecule. This can be considered as the

formation of a very short-lived complex between the photon and molecule which is commonly
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called the virtual state of the molecule. The virtual state is not stable and the photon is
re-emitted almost immediately, as scattered light. In a much rarer event (approximately 1 in 10
million photons) Raman scattering occurs, which is an inelastic scattering process with a
transfer of energy between the molecule and scattered photon. If the molecule gains energy
from the photon during the scattering (excited to a higher vibrational level) then the scattered
photon loses energy, and its wavelength increases which is called Stokes Raman scattering.
Inversely, if the molecule loses energy by relaxing to a lower vibrational level the scattered
photon gains the corresponding energy and its wavelength decreases, which is called
Anti-Stokes Raman scattering. Quantum mechanically Stokes and Anti-Stokes are equally
likely processes. However, with an ensemble of molecules, the majority of molecules will be in
the ground vibrational level (Boltzmann distribution) and Stokes scatter is the statistically more
probable process. As a result, the Stokes Raman scatter is always more intense than the
anti-Stokes and for this reason, it is nearly always the Stokes Raman scatter that is measured in

Raman spectroscopy.

microscope dichroic cylindrical

] ob'fective mirror lens @

sample
lens @ ccD

} detector
- —| ] vibrational
==| | frequency
—
position
spectrometer on sample

Figure 4.4. Schematic illustration of the operating principle of Raman spectrometer. [129]
In this study, samples were analysed via the short distance objective of 50x. Raman tests

were conducted using 488 nm laser in two modes: i. Single spot mode: a single spectrum is
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collected from a single test point on the sample. ii. Line-scanning mode: A series of spectra
along the line-scanning trace are collected from different test points on the sample. In
addition, peak analysis was conducted via the Renishaw WiRE software. Gaussian fitting

was employed in the shape fitting of Raman peaks.

4.4. NPFLEX white light interferometer (WLI)

NPFLEX 3D non-contact optical profilometer (Bruker) was used to measure the thickness
of as-grown a-C:H coatings and characterize the wear scars on tribo-tested samples. The
results were analysed via Vision64 software. The optical profilometer builds up a 3D map
by collecting array signals of light interference of reflected light. Since the tribo-induced
variation of optical properties (i.e., reflectivity) on the top surface, termed the tribo-induced
polishing effect, can affect the intensity of light signal and further results in the remarkable
measurement deviation of the optical profilometer. To avoid the influence of the
tribo-induced polishing effect on the measurement accuracy of the optical profilometer, an
optical signal synchronization layer of iridium with uniform thickness was deposited on the
tribo-tested sample by DC magnetron sputtering to provide a top surface with consistent
optical properties. Then, the optical profilometer was used to characterize the tribo-tested
samples. This improved profilometry with an optical signal synchronization layer of
iridium was used to provide an accurate wear depth as a standard reference. A typical test

result of the wear scar obtained by Vision64 is shown in Figure 4.5.
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Figure 4.5. Typical NPFLEX wear measurements of wear scar.

4.5. Contact Profilometry

In this study, Talysurf 120L contact profilometer was employed to verify the feature
information of wear profile (e.g., depth rising) rather than the accuracy as its low resolution
could result in obvious measurement errors. In addition, surface wear profile was collected

and analyzed using Talysurf ultra software. A typical wear profile is presented in Figure

4.6.

Initial

st

Contact profilometer N

pm

Figure 4.6. Wear profile obtained by contact profilometer.

4.6. Coating deposition system

Coating deposition was performed with the Hauzer Flexicoat 850 multi-purpose
PVD/PECVD coatings system as displayed in Figure 4.7. This system is equipped with
multifunction, including the closed field unbalanced magnetron sputtering, cathodic arc

evaporation (CARC), high power impulse magnetron sputtering (HiPIMS), nanoparticle
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source, high powered pulsed microwave source, and PECVD together with advanced
plasma diagnostics including optical and Langmuir probes. Figure 4.8 displays the cathodes
arrangement of Hauzer Flexicoat 850. This coating deposition system has an effective
volume of 500mm x 500mm height and enables the application of diverse deposition

methods in one batch.

Figure 4.7. Hauzer Flexicoat 850 coating deposition system in the School of Mechanical
Engineering at the University of Leeds.

Position |

(Pulsed)
DC+HiPIMS

Front Door

Figure 4.8. Schematic illustration of the cathode arrangement of Hauzer Flexicoat 850 in
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the School of Mechanical Engineering at the University of Leeds.

4.7. Focused ion beam (FIB)

A focused ion beam (FIB, FEI Helios G4 CX DualBeam FIB-SEM) was used to prepare
thin cross-sectional lamellar specimens of friction contact area for the characterizations of
transmission electron microscopy (TEM), electron energy loss spectroscopy (EELS), and
energy dispersive X-ray spectroscopy (EDS). Prior to FIB milling, the contact area was
coated by a layer of iridium (20 nm) to eliminate contaminations. Then, samples were
transferred into FIB-SEM chamber and coated by a thick Pt film (~ 1 pm) in order to

protect coating structure during FIB milling (low-kV Ga+ ion milling).

Figure 4.9. Typical FIB preparation section for TEM.
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4.8. Transmission electron microscopy (TEM) / Electron energy
loss spectroscopy (EELS) / Energy dispersive X-ray

spectroscopy (EDS)

FEI Titan3 Themis 300 TEM/STEM (Scanning transmission electron microscopy)
equipped with Gatan Quantum ER energy filter and energy dispersive X-ray spectroscopy
(EDS) was employed for TEM characterization, elemental analysis, and electron energy
loss spectroscopy (EELS) as shown in Figure 4.10. HAADF (high-angle annular dark-field)
image was acquired in the STEM mode. Note that EELS in STEM mode could provide

detailed information of bonding structure in the atomic resolution.

Gaussian peak fitting of EELS spectra was adopted to quantify the bonding fractions within
the energy window of 280-310 eV through the Gatan DigitalMicrograph software. To
reduce the complexity and instability during fitting, two Gaussian peaks are fitted to n*
(C=C) and o* (C-H) bonds and the residual bond fraction is then assigned to ¢* (C-C). To
calculate the sp? bond (C=C) fraction in the C-K edge, the integrated area of m* peak
centred at ~ 285.5 eV is normalized to the total area (n* + ¢*) integrated in the window of
280-310 eV and the ratio is then referenced to the standard value (~ 0.119) of highly
oriented pyrolytic graphite (HOPG, 100% sp*>-C bonds), according to the following
equation [128, 129]:

Ag (m+) Az (total)

Apopg (T+)/Anopc(total) 4-1

sp?% =

where As (n*) and Anorc (1*) are the areas of m* peaks of the samples and HOPG, while A

(total) and Anorc (total) are the areas integrated in the energy region of 280-310 eV. The
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bond fraction of ¢* (C-H) at ~ 287 eV are also obtained by this method. EDS spectra were
obtained using line-scanning mode and mapping mode. Line-scanning mode was used to
verfiy the evolution of element concentraion and mapping modes were employed to verify

chemical composition.

Oxide Layer

— Spectrum
n* (C=C)

—1* (C=0)
c* (C-H)
Residual

Normalized intensity

Energy loss (eV)

Figure 4.10. (a) TEM images of cross section fabricated by FIB. (b) EDS image. (c) EELS
spectrum.

4.9. UV—vis—NIR spectrophotometer

UV-vis-NIR spectrophotometer (PerkinElmer Lambda 950) was employed to study the
optical properties of a-C:H films deposited on glass plates. PerkinElmer Lambda 950 is an
ultra-high UV-vis-NIR spectrophotometer withs an operating range of 175-3000 nm. It is
equipped with capabilities as following: i, 2D detector (PMT and PbS Detectors, full-range
wavelength coverage). ii, Universal Reflectance Accessory (Angles 8-65° with a 0.5° step
size, horizontal mounting, 185-3100 nm wavelength range, Spot size up to 5x5 mm). iii,
Integrating sphere (highly reflective spectralon coating, 200 to 2500 nm wavelength range,

sample size up to 150mm?).
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Figure 4.11. PerkinElmer Lambda 950 UV-vis-NIR spectroscopy in the School of
Chemical and Process Engineering at the University of Leeds.
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Chapter 5

Coating Thickness Quantification Methodology

In this chapter, a coating thickness quantification method was established by introducing a
Raman sensing layer of silicon under the target coating of a-C:H (hydrogenated amorphous
carbon), which was further employed in chapter 6 to measure the coating wear in the dry
and oil-lubricated condition. The chapter is divided into three sections. Section one
constructs the non-linear relationship between the a-C:H thickness and Raman intensity of
silicon underlayer based on Beer’s law. Section two compares the thickness of as-grown
a-C:H films obtained by Raman-based method and non-contact optical profilometer.

Finally, section three summaries the main findings in this chapter.

5.1. Construction of coating thickness quantification method

A schematic of the wear quantification method used in this study is shown in Figure 5.1a.
In the method developed in this project, Si wafers served as Raman signal provider due to
the high intensity of silicon 1st band at 520 cm ™! and a-C:H coatings were deposited on top
and employed as anti-wear and light attenuating layer. Since the light intensity will be
attenuated in the a-C:H due to absorption (A) and reflection (R), the Raman intensity of
silicon signal (/;) from the silicon substrate depends on the transmittance values of both

incident light (/,) and scattered light and is given based on Beer’s law by

IIs = IIoﬁToTl 5-1
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where S is the light scattering rate, /,f is the Raman intensity of silicon Ist band of silicon
substrate (Figure 5.1b), and 7, and 7, are transmittance values of incident light and
scattered light, respectively. Additionally, it should be pointed out that there exists a shift
of light wavelength on the sites of Raman scattering. As shown in Figure 5.1a, b, when
employing silicon substrate as Raman signal provider, the wavelength (49, 488 nm) of the

incident light will shift to 500 nm (4;, scattered light), according to the equation [132]:

A= 52

where Vv is Raman shift (520 cm ! for silicon 1st band).

(a) I, (488 nm) I (500 nm) (b) I, (500 nm) =I, B (C) I, (488 nm) l_c (528 nm)
=] T.T bl 9 _Ic (]'Ro)(l'Rz)
) B okl Light wavelength shift from 488 to S00nm exp(-A,-A,)dz
_____ Stokes Raman scattering p 022 )
: / R, : Raman spectroscopy v R,
. : i = 10(488 nm) l\':!\lk‘l.ﬂh ’
: i \ i scattering A, \ R,
'l,: ! Ri T e Calron ; Ay - H
g R, ! 11 Anti-stokes 3 ¥
t - A, :: Ay - Raman scattering d21 """"" S t
A : {DLC  Air Sl DLC
1
%/—/ /8
I, : Intensity of laser A: Light absorption of DLC t : Coating thickness of DLC Ty, Ags R, - 488 nm light
I, : Raman intensity of silicon R: Light reflection of DLC  a: Absorption coefficient of DLC T;,A;,R;-500 nm light
I, : Raman intensity of carbon S : Light scattering T = (1-R)%exp(-A), A= at T,, A5, R, - 528 nm light
T : Light transmittance of DLC P : Scattering rate

Figure 5.1. Schematic illustration of the coating thickness quantification methods under dry
friction.

By substituting the transmittance (7) in the equation 5-1 with the following expression

[133]:

T =(1—R)%exp(—4) = (1 — R)?exp(—at) 5-3

where a is the light absorption coefficient and ¢ is the thickness of a-C:H coating (unit: um),

the relationship between /; and ¢ can be constructed by:
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I;=1,p(1— Ro)z(l - Rl)zexp(—ao —ay)t 5-4

where R, and a, are the reflectivity and absorption coefficient of a-C:H for incident light
(488 nm), and R; and «a; are that for scattered light (500 nm). The thickness of a-C:H can be

obtained through rearranging the equation 5-4 as the expression:

S S S = L finl, — Inl,B — In(1 - R)* (1~ R)?] 55
1

o tery foﬁ{l_ﬁc}zfl_ﬁi]z tgt

Therefore, via independently measuring the R,, R;, and I,f, and obtaining the absorption
coefficients, the thickness of a-C:H coatings can be calculated based on I,. Here, the

absorption coefficient (a) of a-C:H can be obtained by

1 T
(I—_—tlnw 5-6

which derives from equation (3) and ¢ is measured by optical profilometer.

For comparison, the calculated thickness of a-C:H based on the Raman signal of carbon are
also provided according to the previous studies [59, 60]. The Raman intensity of carbon
signal (I, G band at 1555 cm ') can be calculated by integrating contribution from each

slice over thickness ¢ (Figure 1c) by
Ig = I (1= Ro)(1 — Rp)[1 — exp(—a, — a3)1] 5-7

which can be rewritten as

-1 Ig
nfl-—_1'
= aRoar

] 5-8

gt
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where /. is the intensity obtained at saturation for infinitely thick layer, R, and o, are the
reflectivity and absorption coefficient of a-C:H for incident light (488 nm), and R, and a>
are the reflectivity and absorption coefficient of a-C:H for incident light (528 nm for the G
band of carbon signal). Since G peak arises from the stretching vibration of all sp? sites in
both aromatic rings and C=C chains while D peak only derives from sp? sites in rings, G
peak intensity (/) is employed to quantify the thickness of a-C:H coatings in this study

[59].

5.2. Thickness quantification of as-grown a-C:H coatings

The a-C:H coatings with different thicknesses were deposited on silicon wafers and glass
plates in the same batches using the PECVD method. For transmittance and reflectivity
acquisitions, the UV-vis-NIR spectroscopy was employed to characterize the samples with
a-C:H deposited on glass plates, and the spectra in the wavelength region 400 to 600 nm
were displayed in Figures 5.2a and b. With increasing the thickness of a-C:H coatings, a
significant decrease in transmittance values was observed, while the reflectivity values
fluctuated between 19 % and 25%. Table 5.1 summarizes the optical parameters at the
targeted wavelength (488, 500, 528 nm), which will later be used to calculate the coating

thickness.

Figures 5.3a and b display the Raman spectra of silicon 1st band and carbon band of
samples (a-C:H coatings of different thicknesses deposited on silicon wafers). The Raman
intensity of silicon signal corresponds to the peak value of silicon 1st band, while that of
carbon signal (G peak) could be obtained through Gaussian fitting. As shown in Figure 5.3c,

two Gaussian peaks fitting is used in the shape fitting of the carbon band as this works
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better for hydrogenated amorphous carbon, especially for condition with a

photoluminescence background [67].
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Figure 5.2. Transmittance spectra (a) and reflectivity spectra (b) of as-grown a-C:H films of
different thicknesses deposited on a glass substrate.
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Figure 5.3. Raman spectra of as-grown a-C:H films of different thickness deposited on
silicon wafers (a, silicon 1st band; b, carbon band), and fitting curves of carbon band by
two Gaussians (c).
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Once the optical parameters of a-C:H coatings were obtained (Table 5.1), the thickness

could then be calculated based on the Raman signals according to equations (5.5) and (5.8).

Figures 5.4a and b summarizes the calculated thickness based on /s and /s, and measured

values by a non-contact optical profilometer. The calculated thickness of a-C:H coatings

showed good alignment with that of the optical profilometer. Furthermore, /¢ increased

exponentially with the a-C:H thickness, while /; showed an opposite trend. Additionally,

the silicon wafer was partially marked for measuring the thickness of a-C:H films by

NPFLEX 3D non-contact optical profilometer as shown in Figure 5.5.

(a) 300 (b) 300
Measured thickness by optical profiler Measured thickness by optical profiler -
1 <+ Calculated thickness based on Raman -+ Calculated thickness based on Raman
—~ 2501 intensity from Si substrate /g 250 intensity from DLC
c c
=200 ~ 2004
2% 2
8 (0]
£ 150+ £ 150 +
2 S
= 100 + = 100- &
(@) O
| | +
o 50 + o 504
+
+
O T T T T T + 0 T T T T T
0 5000 10000 15000 20000 25000 1000 2000 3000 4000 5000

Si intensity (a. u.)

Carbon intensity (a. u.)

Figure 5.4. Comparison between the measured thickness of as-grown a-C:H films by
optical profilometer and the calculated thickness based on Raman intensity of silicon band
(a) and G peak of carbon band (b).

Table 5.1. Optical parameters of samples with a-C:H coatings of different thickness
deposited on glass plates.

Thickness(nm) To(%) Ti(%) T2(%) Ro(%) Ri(%) R2(%) oo(cm™) oi(em?)  oz(cm™)
15.3£1.6 53.88 54.57 5627 2134 2145 21.52 9.04x10* 8.01x10* 5.89x10*
37.6£2.7 42.04 42.84 4466 2324 2381 2474 897x10* 8.07x10* 6.32x10*
110.442.4 24.61 25.83 28.65 19.87 19.71 19.33  8.68x10* 8.28x10* 7.43x10*
183.3£3.0 12.38  13.56 16.4 2155 21.82 2266 8.75x10* 8.21x10* 7.05x10*
277.142.3 5.20 5.94 7.54 22.03 2236 23.07 8.87x10* 836x10* 7.43x10*

Note: To, Ro, and a, for 488nm light; T1, Ri, and o1 for 500nm light; T2, Rz, and a2 for
528nm light. The thickness is measured by non-contact optical profilometer.
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Figure 5.5. 3D optical microscopy images of samples with a-C:H coatings of different
thickness deposited on Si wafers (A, 15.3 nm; B, 37.6 nm; C, 110.4 nm; D 183.3 nm; E,
277.1 nm) and the corresponding step height values (c).

5.3. Summary

The coating thickness quantification method presented in this chapter is based on a bilayer

structure: a top target layer of a-C:H film is considered as a light attenuating while an
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underlayer of silicon serves as Raman-sensing layer. The main findings are summarized as
below:
1. Via independently measuring the R,, R;, and I,f, and obtaining the absorption
coefficients of a-C:H, a-C:H thickness can be calculated based on /.
2. The a-C:H thickness decreased logarithmically with increasing Raman intensity of
silicon.
3. The calculated thickness values of a-C:H coatings obtained by the Raman-based

method show good alignment with that of the optical profilometer.
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Chapter 6

Wear measurement of a-C:H coating in dry and

oil-lubricated conditions

In this chapter, the developed Raman-based coating thickness quantification method is
applied to quantify coating wear in dry and oil-lubricated conditions. In the first section of
this chapter, a tribo-tested sample was thoroughly investigated to verify the accuracy of the
proposed method and error tolerance capacity by combining Raman, FIB, TEM, EELS and
profilometers. In sections two and three, the proposed method is applied to quantify coating
wear in dry and oil-lubricated conditions, respectively. Finally, section four summarises the

main results.

6.1. Wear measurement of the a-C:H coating from a dry friction

test

Tribological tests, with time ranging from 10 to 110 min, were performed directly on the
sample (a-C:H of 277 nm thickness on a silicon wafer) at the applied load of 1 N (~ 550
MPa), the velocity of 10 mm/s, the room temperature around 25 °C, and atmospheric
environment. Figure 6.1 shows the corresponding friction curves and optical images of
middle areas of wear scars. To verify the accuracy and error tolerance capacity of the
coating thickness quantification method, a typical sample (90 mins) was thoroughly
investigated in this section, and the results were compared with other measurement

methods to reveal the influence of tribo-induced effects on wear measurement accuracy.

83



Note that the tribo-induced effects can cause measurement errors for some methods (e.g.,
optical profilometer and Raman method based on carbon signals). Therefore, it is necessary

to develop a method which is hardly affected by tribo-induced effects. This is defined as

the error tolerance capacity in this thesis.
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Figure 6.1. Friction curves of a-C:H film deposited on silicon wafer under different test
time in the dry friction (a) and 3D optical microscopic images of the middle areas of wear
scars (b).
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6.1.1 Coating wear quantification via Raman spectroscopy

As shown in Figure 6.2a, a line-scanning Raman spectroscopy was conducted across the
wear track, and the spectra of silicon and carbon signals are presented in Figures 6.2b and c,
respectively. Figure 6.2d gives the corresponding Raman intensity values of silicon bands
and carbon G peaks and Ap/Ag ratios (area ratios of D peak and G peak). Then, the coating
thickness values across the wear scar could be given according to the equation (5.5) and
(5.8). After subtracting the thickness value of as-grown a-C:H, the wear profile curves were
obtained and displayed in Figure 6.2e. It could be observed that, at the edges of the wear
scar, the wear profile deriving from the silicon signal compared well with that of the carbon
signal. However, as approaching the centre region, the wear profile based on carbon signal
displayed a sharp rise of coating height, while that corresponding to silicon signal displayed

a consistent downward trend.
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Figure 6.2. Detailed information of data processing based on Raman spectra of silicon and
carbon bands. (a) Optical image of line-scanning trace of Raman spectroscopy across the
wear track (tribo-test time: 90 mins). (b) Raman spectra of a series of silicon bands
obtained from line-scanning. (¢) Raman spectra of a series of carbon bands obtained from
line-scanning. (d) Intensity of silicon bands, intensity and position of G peak of carbon
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bands, and area ratios of D peak and G peak (Ap/Ac). Ap/Ac increases obviously in the
centre region of wear track indicating the increase of sp® fraction. (¢) Calculated wear
profile curves based on the Raman intensity of silicon signal and carbon signal.

6.1.2 Coating wear quantification via profilometers

To validate the results based on Raman signals of silicon and carbon, a non-contact optical
profilometer and contact profilometer were used to characterize the same sample, as shown
in Figure 6.3. It is well known that a non-contact optical profilometer builds up a 3D map
by collecting array signals of light interference of reflected light (for example, the highest
points on the surface will cause interference first). Due to its high sensitivity towards the
optical signal, the variation of optical properties (i.e., reflectivity) on the top surface,
arising from tribo-induced polishing effect [134-136], could affect the intensity of the light

signal, resulting in coating height mismatch with the actual profile.

As shown in Figures 6.3b and e, it was found that after depositing an iridium layer (~ 20
nm in Figure 6.4) the height spikes emerging in the wear profile disappeared. The iridium
layer could provide a top surface with consistent optical properties. Here, the contact
profilometer was employed to verify the feature information of wear profile (e.g., height
rising) rather than the accuracy as its low resolution could result in obvious measurement
errors. As shown in Figure 6.3c, the measured result of the contact profilometer confirmed
the absence of height rising inside the wear scar. Since the width values obtained by contact
profilometer is close to that of non-contact optical profilometer (90 pm of contact
profilometer vs 87 um of non-contact optical profilometer), the height spikes appearing in
the edge should be due to the low resolution of the measuring mode of the contact

profilometer.
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Figure 6.3. (a) 3D optical image of wear scar after 90 mins tribo-test. (b) Wear profile
curves of marked lines in (a) obtained by non-contact optical profilometer. (c) Wear profile
curve obtained by contact profilometer. (d) 3D optical image of wear scar of the same
sample in (a) with iridium layer deposited on top. (¢) Wear profile curves of marked lines
in (d) obtained by non-contact optical profilometer. (f) Comparison between calculated
wear profile derived from Raman intensity of silicon and carbon bands and measured wear
profile characterized by non-contact optical profilometer (before and after depositing
iridium layer on top of a-C:H).

DLC 20 nm

Figure 6.4. HRTEM image of cross-sectional morphology of the a-C:H surface with
iridium and platinum layers. The thickness of iridium is ca. 20 nm which is employed to
provide a top surface with consistent optical properties.

6.1.3 Coating wear quantification via TEM/FIB

To further verify the results of the optical profilometer, FIB with the in-situ lift-out

technique was used to fabricate lamellar specimens in three typical areas of wear scar for
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obtaining the actual coating thickness by a combination of TEM characterization (Figures
6.5-6.9). Figure 6.7a shows the SEM image of the lamellar specimen (FIB) in the centre
area marked in Figure 6.5. Figures 6.7b and c display the corresponding TEM images and
the actual coating thickness values were measured at intervals of 300 nm along the
horizontal direction. Furthermore, the same process was employed to characterize the
coating thickness in the side and unworn areas, as shown in Figures 6.8 and 6.9. Figure 6.6
includes the results of the non-contact optical profilometer (with iridium layer), TEM (FIB),
and our quantification method for comparison. It was confirmed once again that there was
no height spike in the side area as shown in Figure 6.6b. Meanwhile, it is suggested that
after depositing iridium on the surface of tribo-tested sample, the optical profilometer could
be used to provide the accurate wear depth and this method will be employed as standard

reference to verify the results based on Raman signal in this study.

(b)3447— - T 0

3004 Side(FIB) --’----___AQ_‘
Sidl. S-menn e 2

250+ ‘
200- Unworn Center @ -4
: o Wkl -

i j 150 ynworn (FIB) center (FIB) .
. 100 : : -
%%" ' 504 -10
Center (FIB) o FERRERIE R

0.27  0.350.400.450.500.55
mm

Figure 6.5. SEM image of wear scar after 90 mins tribo-test (a) and the corresponding 3D
optical image obtained by optical profilometer (b). Three typical positions (centre, side and
unworn areas of wear scar) were selected to provide FIB samples. A non-contact optical
profilometer was used to locate actual FIB positions and give wear profile curves across
and beside the FIB areas.
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Figure 6.6. Comparison of the wear profile curves obtained by different methods (90 mins
tribo-test). Non-contact optical profilometer: wear profile curves before (blue line) and
after depositing iridium layer (green line), and wear profile curves in the FIB positions
(purple line). Wear quantification method based on the Raman intensity of silicon signal
(red line). Combination of FIB, SEM, and TEM measurements: actual thickness values (+)
in the marked areas of Figure 8. Grey areas are corresponding to targeted FIB areas.
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Figure 6.7. SEM image (a) of cross-sectional morphology of centre area and the
corresponding TEM images ((b) and (c¢)) in the marked areas as shown in (a).
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Figure 6.8. SEM image (a) of cross-sectional morphology of side area and the
corresponding TEM images ((b) and (c)) in the marked areas as shown in (a).

Figure 6.9. SEM image (a) of cross-sectional morphology of unworn area and the
corresponding TEM images ((b) and (c)) in the marked areas as shown in (a).

6.1.4 Characterization of tribo-induced bonding transformation

Figure 6.3f includes the results from the optical profilometer, and the calculated results
based on the Raman signals of carbon and silicon for comparison. It could be observed that
the wear profile curve deriving from the Raman signal of silicon showed good alignment
with the wear measured by optical profilometer after depositing the iridium layer, which
demonstrates the accuracy of our coating thickness quantification method. While for the
height spikes in the result based on the Raman signal of carbon, it should derive from the
tribo-induced enhancement of sp® phase (i.e., the increase and local clustering of sp*-C
phase). As shown in Figure 6.2d, the enhancement of sp2 phase is confirmed by the

increase of Ap/Ac and up-shift of G peak position emerging in the regions of height rising
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[62, 137, 138]. This is because the Raman spectra of carbon of a-C:H are dominated by
scattering of sp? phase due to its high polarizability. Slight enhancement of the sp? phase,
especially ordering or clustering, could result in the remarkable increase of the Raman

intensity [62], further leading to disagreement in the bonding transformation regions.

To explore the tribo-induced bonding transformation, the bonding structure of the above
FIB specimens from three targeted areas were further examined by EELS. Figure 6.10
present the EELS spectra (STEM mode) of C-K core-edge collected point by point across
the specimens. By fitting the C-K edges, more accurate bonding information could be
obtained (Figure 6.11). Figures 6.10c, f and i display the evolution of the calculated bonds
fractions in the C-K edges at targeted areas (Figure 6.5). The EELS result in Figure 6.101
confirmed the consistent bonding environment across the cross-sectional unworn area
(as-grown a-C:H). The calculated sp>-C fraction was in the range of 55-60%, with residual
fraction attributed to ¢* bonds (17-25% for C-H and 15-25% for C-C). While for the
coating in the wear scar centre, it was divided into two sublayers according to the EELS
result in Figure 6.10c: a top layer with bonding structure being similar to the case of
unworn area and a bottom layer near the silicon substrate with remarkable increase of sp>
phase (n* (C=C), up to ~72%) and decrease of ¢* (C-H) fraction (down to ~10%). Similar
trend could be found in the EELS result of the side area (Figure 10f). Hence, it is
reasonable to conclude that the bottom layer underwent a bonding transformation of sp’

(C-H) to sp? (C=C).
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Figure 6.10. TEM images showing the cross-sectional morphology of FIB lamellar
specimens from the centre area (a), side area (d) and unworn area (g), evolution of C-K
EELS (STEM) core-edge spectra recorded across the cross-sectional area from the wear
centre (b), side area (e) and unworn area (h) as marked in (a), (d) and (g) respectively, and
evolution of the calculated EELS C-bonds fractions across the cross-sectional area from the
wear centre (c), side area (f) and unworn area (i) from the EELS C-K edges presented in (b),
(e) and (h). Error bars denote s.d. of calculated bond fractions.
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Figure 6.11. (a) C K-edge spectrum of HOPG in the energy window of 280-310 eV
showing a Gaussian fit to the n* peak after background subtraction and deconvolution of
the C K-edge spectrum. By normalizing the n* peak area to the integrated area in the
energy window of 280-310 eV, a standard value of 0.119 is obtained. (b-d) Examples of
peak fitting to the C K-edges from centre, side and unworn areas as marked in Figure 6.10.
Two Gaussian peaks are fitted to n* (C=C) and 6*(C-H) bonds, respectively. The residual
bond fraction is then assigned to o*(C-C).

6.2. Wear measurement in dry friction test

The aim of the coating thickness quantification method is to develop a wear measurement
system. Figure 6.12 shows the wear profile curves from tribological tests at different time,
obtained by both optical profilometer and the wear quantification method developed in this
project (Chapter 5). As discussed in section 6.1, an accurate wear profile by non-contact
optical profilometer could be obtained by depositing an iridium layer on top of wear scar.

This method was employed here to verify the calculated wear results deriving from the
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Raman signal of silicon. Through comparison, our wear quantified results compared well
with the measured results by optical profilometer in all tribo-tests. Specifically, our
thickness quantification method could provide accurate values of maximum width and
depth, and detailed information about depth evolution along the wear profile, which was

crucial to wear monitoring and service-life prediction of coatings.
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Figure 6.12. (a)-(h) Comparison of the wear profile curves obtained by different methods
(dry friction with test time range 10-110 mins). Non-contact optical profilometer: wear
profile curves before (blue line) and after depositing iridium layer (green line). Wear
quantification method based on the Raman intensity of silicon signal (red line). The Ap/Ac
ratios across the wear scars (grey line). (1) Evolution of width and depth of wear scars with
test time.
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In addition, Figure 6.12i displays the evolution trend of wear scar, and it is observed that
the maximum width and depth of wear scars increase linearly with test time. This could be
used to monitor the wear and predict the service life of coatings. On the other hand, when
using an optical profilometer, there was a remarkable difference between the results before
and after depositing iridium layer, which was significantly intensified by the tribo-induced
polishing effect on some contact areas, especially in the long-term test (60-110 mins,

Figures 6.12f - h).

6.3 Wear measurement in oil-lubricated test

The most critical finding in this study is applying the method developed in this project to
quantify the coating thickness in oil-lubricated sliding conditions. Here, PAO base oil was
used as a lubricant in tribo-test and the tested samples were transferred directly to Raman
spectroscopy for characterization without removing PAO. The tested samples were also
characterized by an optical profilometer after removing the oil film with heptane and
depositing iridium layers, and the results were employed as standard references to verify
the wear quantified results based on Raman signals. Figure 6.13a displays the friction
behaviours with test time ranging from 30 to 110 mins. Figure 6.13b shows the Raman

spectrum obtained when adding PAO oil on the top surfaces of the a-C:H coatings.
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Figure 6.13. (a) Friction curves of samples

with a-C:H deposited on silicon wafer under

different test time under oil-lubricated condition (PAQO; test time 30-110 mins). (b) Raman
spectra of carbon band with oil film on the top (PAO; test time 110 mins).
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Figure 6.14. Schematic illustration of the coating thickness quantification methods under

oil-lubricated condition.
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Figure 6.14 illustrates the principle of coating thickness quantification under oil-lubricated
condition. Based on the assumption that the oil film with the roughly same thickness could
be formed on the top of the coating under stable friction process and slight thickness
difference of oil film could not result in a significant deviation of quantified results due to

the high transmittance of PAO, the Raman intensity of silicon signal could be obtained by

I. = LBT,T\TsT, 6-1

where £ is light scattering rate, I,f is Raman intensity of silicon 1st band of silicon
substrate, 7, and 77 are transmittance values of incident light and scattered light in a-C:H,
and 73 and Ty are transmittance values of incident light and scattered light in oil film. Then,

the coating thickness could be given by

-1

Ogtety

t= [Inl; — Inl,B — InT3T, — In(1 — R,)*(1 — Ry)?] 6-2

which could be rewritten as

f_ Nl -1 [Inl, —Inl,B —In(1 —R,)*(1—R,)7 6-3

g oy gty

lnT3T4
a, + aq

where the effect of oil film in the form of will result in the lowering of quantified
thickness than the actual value. With knowing all parameters in the right of equation (6.3)
as stated in section 6.1, we could obtain t—%. After subtracting the thickness of
as-grown a-C:H, the wear profile curves were obtained as displayed in Figures 6.15a-d
(black lines). Clearly, the initial calculated results were far below the measured results by

the optical profilometer. Here since 75 and 7, were regarded as constants based on above

InT3T. . InT3T,
3% could be considered as a constant. It was therefore suggested t - ——

assumption
p P, + oy a, +a;
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taken point by point across the wear scar could reflect the actual variation trend of wear
depth. When the value obtained on edge (unworn area) was set as reference (for example, it
is -35nm in Figure 6.15a (black line)), the expected wear profile was obtained by shifting
up the reference value (red line in Figure 6.15). As displayed in Figures 6.15a - d, the
revised wear profile curves compared well with that of the optical profilometer (with
iridium layers) in all tested samples. Figure 6.15¢ shows the evolution trend of wear width
and depth with test time. Compared with the results under dry conditions, the wear
condition was significantly improved with the maximum width and depth reduction of ~25%

and ~85%, respectively.
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Figure 6.15. (a)-(d) Comparison of the wear profile curves obtained by different methods
(oil-lubricated condition, PAO; test time 30-110 mins). Non-contact optical profilometer:
wear profile curves before (blue line) and after depositing iridium layer (green line). Wear
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quantification method based on the Raman intensity of silicon signal (black and red lines).
(e) Evolution of width and depth of wear scars with test time. (f) Comparison of the wear
profile curves obtained by different methods. Here, we drop PAO on top of the tested
sample under dry friction with test time of 110 mins as shown in Figure 6.12(h).
Non-contact optical profilometer: wear profile curves before (blue line) and after
depositing iridium layer (green line). Wear quantification method based on the Raman
intensity of silicon signal with oil on top (black and red lines).

It should be also pointed out that, when the initial quantified thickness (without tribo-test)
is set as a reference, the difference between thickness obtained in the friction process and
the reference value is just the wear depth and only depend on /s according to the equation
(5.5) and (6.2), as all the parameters except Is could be regarded as constant for the same
a-C:H sample. Furthermore, in view of the small wear depth under oil-lubricated condition,
the sample of dry friction (110 mins) with larger wear depth (Figure 6.12h) was covered
with PAO and used for verifying the quantification method under severe wear conditions.
As displayed in Figure 6.15f, it was confirmed that the method developed in this project
could provide accurate depth values under large wear depth. On the other hand, more
prominent tribo-induced polishing effect happened under oil-lubricated condition (blues
lines in Figures 6.15a - d). Compared with the results of dry friction (Figure 6.12), the

polishing effect under oil-lubricated condition appeared in the earlier stage (30 mins), due

to the role of liquid in accelerating the polishing process.

6.4 Summary

In this chapter, a novel strategy was introduced to achieve an accurate coating thickness
quantification by employing a bilayer structure with the top layer of a-C:H as tribological
and light attenuating layer and the bottom layer of silicon as Raman signal provider. This
approach was successfully applied to quantify the coating wear in dry and oil-lubricated

conditions. Since the Raman intensity of silicon signal varied as a function of a-C:H
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thickness, wear monitoring of a-C:H could be realized during the friction process, giving

the opportunity for in-situ wear measurement. The main results are summarized as below:

1.

Compared with the results deriving from profilometer and Raman signal of carbon,
coating thickness quantification method based on the Raman signal of silicon provided

more accurate wear profile in the long term tribo-tests.

The remarkable errors of non-contact optical profilometer was attributed to the
tribo-induced variation of optical properties on the top surface of a-C:H film, while the
obvious errors of the approach based on Raman signal of carbon was due to
tribo-induced bonding transformation of sp® (C-H) to sp* (C=C) in the bonding
transformation regions, resulting in noticeable enhancement effect of sp> C-phase

towards Raman intensity of carbon signal.

By introducing additional attenuating-layer of oil film into calculation process, this
method enabled the possibility of monitoring coating wear under oil-lubricated

condition.
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Chapter 7

Investigation on the effect of lubricating additive on wear
behaviors of a-C:H coatings via Raman-based wear

quantification method

In this chapter, the proposed Raman-based coating thickness quantification method was
employed for detecting tribofilms derived from lubricating additives and exploring their
influence on the wear behaviour of hydrogenated amorphous carbon. It was suggested that
tribochemical products with distinct optical properties were formed in different wear-stages,
resulting in extra attenuated intensities of Raman signals from silicon under-layer
compared with pure a-C:H, in the form of measurement deviations of wear depth. By
monitoring the deviation, critical information of tribofilm compositions were obtained,
which was further employed to reveal coating wear mechanisms under oil-lubricated
condition. Based on this approach, a two-stage wear acceleration mechanism was proposed
for the first time to clarify the detrimental effects of MoDTC (molybdenum
dialkyldithiocarbamate)-derived tribofilms on a-C:H wear. The detailed structure and
composition analysis of tribofilms were also performed by combination of TEM, FIB and

FFT to verify this Raman-based approach.

7.1 Improved profilometry for coating wear measurement

To obtain accurate topographic information of wear scars, both non-contact optical and

contact profilometers were employed to characterize the tribo-tested samples as shown in
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Figure 7.1 (tribo-test conditions: a-C:H of 277 nm thickness on the silicon wafer, dry
friction, time of 30 to 110 mins, applied load of IN, frequency of 2.5 Hz, stroke of 2mm,
ambient environment). Figure 7.1a gave the morphologies of the wear tracks under a test
time of 30 mins. Through comparison, the wear profiles obtained by different profilometers
show a similar depth evolution trend along the wear scar. However, when the test time was
extended to 60 mins (Figure 7.1b), the wear profile given by the non-contact optical
profilometer displayed evident depth spikes in the centre area, which was not observed in
the result of the contact profilometer. It is well known that a non-contact optical
profilometer builds up 3D map by collecting array signals of light interference of reflected
light. Given the high sensitivity towards the optical signal, it is suggested that the
tribo-induced variation of optical properties (i.e., reflectivity) on the top surface, termed
tribo-induced polishing effect, may affect the intensity of the light signal, resulting in

distinctive measurement deviations.
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(c) 90 mins
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Figure 7.1. Comparlson of wear profile curves obtained by non-contact optical profilometer
(before and after depositing iridium layer on top of a-C:H) and contact profilometer for
tribo-tested samples under dry friction (a, IN, 30mins; b, IN, 60mins; c, IN, 90mins; d, 1N,
110mins). The marked areas in (b)-(c) indicated the measurement deviations of optical
profilometer (before depositing iridium layers).

For verifying this finding, an optical signal synchronization layer of iridium with uniform
thickness (~ 20 nm in Figure 6.4) was deposited on the sample by DC magnetron sputtering
to provide a top surface with consistent optical properties. Then, an optical profilometer
was used again to characterize the sample, and it was found that the depth rising in the
centre area disappeared after depositing the iridium layer. As a result, the wear profile
showed similar evolution trend with that of contact profilometer. Meanwhile, a similar
tribo-induced effect was also observed for tribo-tested samples with test time of 90 and 110
mins as marked in Figures 7.1c and d. Therefore, it was demonstrated that the measurement
deviation (depth rising) in the original result of the optical profilometer was attributed to

tribo-induced polishing effect which could be avoided by depositing a top iridium layer

with consistent optical properties. This improved profilometry with optical signal
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synchronization layer was used in this chapter to provide accurate wear depth as standard
reference to verify the quantified results based on Raman signal, benefiting the

identification of additive-derived products.

7.2. Wear behavior of a-C:H under additive-lubricated

condition

For gaining fundamental insights into the wear behaviour of a-C:H coatings under
additive-lubricated conditions, surface topographic analysis of tribo-tested a-C:H coatings
was conducted by combining improved profilometry and Raman-based wear quantification
method. Here, MoDTC, as a typical lubricant additive, was employed to investigate the
impact of tribofilms on the wear behaviour of a-C:H coatings. As shown in Figure 7.2, a
series of tribo-tests were performed on the a-C:H/steel contact (test conditions: a-C:H of
183 nm thickness on silicon wafer, oil lubrication (PAO with 0.8 wt.% MoDTC), time of
30 to 140 mins, applied load of 1IN, frequency of 2.5 Hz, stroke of 2mm, ambient

environment).

After removing the oil, Raman-based approach was first used to quantify the wear depth
via the same process as stated in chapter 5. Then improved optical profilometry was
employed to characterize the wear scars to provide a standard reference. Compared with the
results of optical profilometer, significant deviations in the form of depth difference (black
bars) were observed (Figure 7.3). It is well-accepted that MoDTC tribofilm, composed of
various tribo-chemical products, could be formed on the sliding surface of a-C:H [137-141].
Since they possess different optical properties compared with a-C:H, apparent deviations of

Raman-based method were obtained as displayed in Figure 7.4. Meanwhile, the depth
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difference between the results of optical profilometer with and without iridium layers also

confirmed the formation of tribofilms with different optical properties.
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Figure 7.2. Friction behavior of a-C:H film under oil lubrication (PAO with 0.8 wt.%
MoDTC) and 3D optical microscopic images of wear scars of different test time (30 to 140
mins).

Table 7.1 summarizes the optical properties of MoDTC-derived tribochemical products
[144-151]. Based on equation (5.3) and (5.4) in chapter 5, it was suggested that tribofilms
should be composed of products with lower transmittance than a-C:H, since decreasing the
transmittance resulted in the reduction of Raman signal intensity which corresponded to the
thickening of coating in the form of depth rising. As shown in Table 7.1, MoSz, MoC, and
Fe;04 possessed lower transmittance (higher absorption coefficient or/and reflectivity) than

a-C:H coating. Therefore, based on Raman spectra in Figure 7.3f, it was suggested that

MoS; and MoC should be the main tribo-chemical products of MoDTC.
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Note that Raman signals of MoS2 and MoC were just detected on a small number of
deviation points as marked in the Figure 7.3. This should be attributed to the low Raman
intensity of small crystal size, or poor crystallinity of MoS> and MoC formed on other
deviation points. However, as quantified wear depth based on Raman scattering signals
depended on the transmittance of top coatings, this Raman-based approach could provide
insight into tribofilm formation and evolution on the top sliding surface based on the

measurement deviations.

- i
1N, 30 mins \

12\ 30 8 00
a) Before depositing Ir Before depositing Ir 1N, 60 mins Before depositing Ir 1N, 90 mins
After depositing ir MoDTC 700 250 After depositing ir MoDTC [ 700 150 4 After depositing ir MoDTC L 700
150 Calculated result 200 4 Calculated result E Initial calculated result ’E‘
T | Mos, 1001 1 Mos
600 E 150 4 2 600 £ 2 600 £
T 100+ 7 500 ° € 100 500 8 T 1 500 g
£ g€ = | enant
£ 50 E 400 g c oK) A I\ F400 O £ -50 N N F400 O
[<% £ b= a 504 v 5 o 100 g S
2 & Lo © Q oo o 21007 300
O o Vea < 0100 £ 0 £
- AT 200 & 150 08 ™7 20 &
, L 150 L L
y l 8 O 2004 o
-50 4 00 = -200 A - -
Avg[ ! 250 3 I i 250'|“l“| e Pa [ 100
-300 Lo -300 1t | A x 0
250 260 270 280 290 300 310 240 260 280 300 260 280 300 320
[V (VA VAN
A (um) A (uimj X {(uimj
(d) 20 Before depositing Ir 1N, 110 mins 800 (e) 300 Before depositing Ir 1N, 140 mins 800 (f) 1N
150 == After depositing Ir MoDTC 250 After depositing Ir MoDTC |
700 " 700
100 Calculated result ’g 2004 Initial calculated result —
| MoS,+MoC L600 € 150 | MoS,+MoC L 600 g -
501 © S o
E ol Je 500 2 € 100 5008 ©
S \ { 0 £ s <
= = o >
£ -50 1 —400§ £ . 400 o %‘
@ -100 5 & W A / TaE §
3 r30c & 0] A A F30T @
-150 o 100 ‘ £ £
t200 © - F200 & !
-200 o -150 | a 1
Avg.|- 100™ AYG: L 100 s 60 mins W
250.....g dp.. Dt Ll -200] il il - :
-300 Lo 2501w allll, Al Iy 0 - ; — - .
240 260 280 300 320 240 260 280 300 320 340 320 360 400 440 480 520

Figure 7.3. (a)-(e) Comparison between calculated wear profiles derived from Raman
intensity of silicon bands and wear profiles characterized by non-contact optical
profilometer (before and after depositing iridium layer on top of a-C:H) under oil
lubrication (PAO with 0.8 wt.% MoDTC, test time of 30-140 mins, applied load of 1 N).
Black bars displayed the depth difference of wear profile curves obtained by Raman-based
method and non-contact optical profilometer (after depositing iridium layer). Red and green
bars indicated the formation of MoS> and MoS: + MoC, respectively. (f) Raman spectra of
MoS; and MoS>+MoC detected on the tribo-tested samples under different test time.
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Table 7.1. Reflectivity (R) and absorption coefficient (o) of MoDTC-derived products in
the wavelength region 450-550 nm reported in the literature.

Materials R(%) a(cm™)

MoO;[28,29] ~20 ~4Xx10*
Fe03[30,31] ~10 ~5X10*
MoC [32,33] ~50 ~12X10*
MoS; [34,35] ~19 ~15X10*

As shown in Figure 7.3f, when test time was less than 90 mins only MoS; was detected,
and MoC always appeared simultaneously with MoS; in the longer test time. Meanwhile,
the blue shift of the E'y, vibration and red shift of A, vibration of MoS; in the Raman
spectra with the formation of both MoC and MoS: indicated the degradation of MoS:
crystal [152]. It was therefore suggested that MoS; crystals were gradually converted into
MoC in the friction process. Thermal carburization of MoS; into MoC has been reported in
the literature [153], where MoS: shell was broken first through the reaction between
hydrogen and sulfur atoms of MoS», followed by CH4 attack to form MoC. Therefore, the
critical reaction conditions for MoS; carburization were heat, active sites on MoS; resulting

from structure degradation as well as carbon source.

Indeed, these requirements can also be fulfilled in the friction process: (a) Tribo-contact
imposed shear forces on the coating can be partly dissipated as heat. Meanwhile,
tribo-induced shear stress can result in the activation energy reduction of chemical
reactions, leading to the decrease of reaction temperature [154]. (b) Tribo-induced
transformation or degradation of the microstructure of nano-additives can also be realized
in the friction process [155-157]. (c) Some studies have demonstrated the degradation of
lubricating oil into shorter chains in the friction process, which could further form solid
carbon-based films [158, 159]. While for PAO oil used in this study, the degradation of

olefin chains into shorter hydrocarbon fragments was also found under the action of friction
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forces [158]. Additionally, CH4 and H> have been demonstrated as the main products of

tribo-chemical degradation from PECVD a-C:H coatings [160].
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Figure 7.4. Schematic illustration of Raman-based coating thickness quantification process
with additive-derived tribofilms on coating surface.

For further verifying the finding of MoS, and MoC formation from MoDTC, FIB with the
in-situ lift-out technique was used to fabricate cross-sectional lamellar specimens of
tribofilms for structure and composition characterization by TEM and FFT. As shown in
Figure 7.5a, a thin tribofilm (thickness below 10 nm) with small patches of MoS: sheets
was formed under 30 mins test time. The distance between MoS; layers was measured to be
0.62 nm, agreeing with the lattice structure of MoS; [153]. When prolonging test time to 90
mins (Figure 7.5b), a significant increase of tribofilm thickness (up to ~ 35 nm) was
observed with the formation of highly crystallized MoS: structures (~ 3-4 layers). With
extending the time to 140 mins, the formation of hybrid structures of nano-MoS, and
nano-MoC was confirmed by TEM images and FFT patterns. The interplanar crystal

spacing and intersection angle agreed very well with those of (200) and (111) planes of
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cubic a-MoC (Figures 7.5¢-II and III) [161, 162]. It was demonstrated that MoS, was

formed in the initial stage and further converted to MoC.

Figure 7.5. HRTEM images showing the tribofilms formed under different test time (a,
30mins; b, 90mins; ¢, 140 mins) and fast Fourier transform (FFT) patterns clarifying the
crystal phases.

Figure 7.6a shows the evolution of maximum width and depth of wear scars with test time.

It was found that the width increased linearly while depth trend could be divided into two

stages. Compared with stage 1, the growth rate of wear depth in stage 2 was obviously
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increased, indicating a higher wear rate. For a better understanding of the underlying
mechanism, average values of depth difference between Raman-based wear measurement
results and improved profilometry are given in Figure 7.6a. As the depth difference was
attributed to the formation of tribofilm with different optical properties on the top surface
of a-C:H, the Raman-based wear measurement method could provide valuable information
about the tribofilm formation and evolution. Here the average depth difference increased
remarkably in stage 2 in contrast with stage 1, indicating the formation of tribo-chemical
products with lower transmittance. This agreed with the above finding of carburization of
MoS; into MoC under the longer tribotest time, as MoC displayed lower transmittance
(higher reflectivity) than MoS: as shown Table 1. Meanwhile, MoC can trigger abrasive
wear and speed up coating wear due to its high hardness. As suggested above, the shear

forces critically promoted the carburization of MoS; into MoC in the friction process.
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Figure 7.6. Evolution of width and depth of wear scars with test time under oil lubrication
(a, PAO + 0.8 wt.% MoDTC; b, PAO). The average values of depth difference between
Raman-based wear measurement results and improved profilometry in Figure 7.3 were also
displayed in (a), giving information about the evolution of tribofilm composition.

To further validate this hypothesis, the wear behaviours of a-C:H lubricated by
MoDTC-containing oil under high applied load (10-40 N) were investigated as shown in

Figure 7.7. Similarly, the wear rate was accelerated dramatically in stage 2 accompanied by
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the formation of abundant MoC (Figure 7.7d), indicating the critical role of MoC in wear

acceleration of a-C:H films in the stage 2.
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Figure 7.7. (a)-(d) Comparison between calculated wear profile derived from Raman
intensity of silicon bands and wear profile characterized by non-contact optical
profilometer (before and after depositing iridium layer on top of a-C:H) under oil
lubrication (PAO with 0.8 wt.% MoDTC, test time of 30 mins, applied load of 10-40 N).
Black bars displayed the depth difference of wear profile curves obtained by Raman-based
method and non-contact optical profilometer (after depositing iridium layer). Red and green
bars indicated the formation of MoS: and MoS: + MoC, respectively. (¢) Evolution of
width, depth, and average depth difference of wear scars with test time. The average values
of depth difference between Raman-based wear measurement results and improved
profilometry give information about the evolution of tribofilm composition. (f) Raman
spectra of MoS, and MoS>+MoC detected on the tribo-tested samples under different test
time.

Based on the above results, a two-stage wear process was proposed to explain the wear
acceleration mechanism. It is well accepted that MoS; is always formed accompanied by
MoO; formation. It is suggested that wear acceleration in the first stage can be attributed to
the catalytic effect of molybdenum [162-165]. Due to the easy-shear capability of oxidation
products [165-171], only tiny oxidation layer remains on the surface with a thickness

around several nanometers [167]. Considering the large probe depth of Raman (~300 nm)
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and its high sensitivity towards sp?>-C phase, the bulk signal of a-C:H dominates the Raman
spectra, explaining why we cannot detect the oxidation layer by Raman spectroscopy which
is in line with the literature. Meanwhile, to clarify the formation of MoQO; in tribofilm,
TEM and EDS elemental mapping were used to characterize the composition and structure
of tribofilm as shown in Figure 7.8. Figure 7.8a shows the HRTEM image of tribofilm
formed after tribo-test (1 N, 90 mins). In the selected area, obvious accumulation zones of
highly crystalline MoS, are observed, which are surrounded by a material with an

amorphous structure.

By comparing the EDS mapping images of Mo, S and O, it is found that elements Mo and
O are enriched in the areas of amorphous material, while the MoS, accumulation areas are
abundant in Mo and S. This finding gives direct evidence of MoO; formation in the
tribofilm and its accompanying relationship with MoS,. In addition, the main reason why it
is hard to detected MoOs via Raman is due to the low Raman intensity of the poor
crystalline MoOs in the tribofilm. Meanwhile, the formation of MoDTC-derived MoO3 in
the tribological process has also been confirmed based on the XPS analysis in the literature
[110, 142]. While for the second wear stage, the tribo-induced shear forces trigger the
degradation of PAO into hydrocarbon fragments (carbon source) and generate heat for
promoting the conversion of MoS: into MoC. Due to its high hardness, MoC acts like an

abrasive particle to further accelerate the wear of a-C:H in the second stage.
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Figure 7.8. (a) HRTEM image showing the tribofilms after tribo-test (1 N, 90 mins). (b)
High-angle annular dark-field (HAADF) image of selected area in (a). (c-f) The
corresponding EDXS elemental mapping images of Ir, Mo, O and S.

To further verify this wear mechanism, EDS was employed to characterize the element
distribution in the interface area between a-C:H and tribofilm as displayed in Figure 7.9.
Figure 7.9a shows the HRTEM image of tribofilm after tribo-test (1 N, 140 mins) where a
hybrid structure of nano-MoS2 and nano-MoC is observed as stated above. EDS
line-scanning was conducted from the bottom of the hybrid structure to a-C:H as shown in
Figure 7.9b, and the corresponding result is given in Figure 7.9c. Along the line-scanning
direction, the C concentration increases continuously and achieves maximum value when it
is close to the a-C:H surface, while the concentrations of Mo and S show opposite trend
and drop to zero when it reaches the a-C:H surface. An interesting finding is the oxygen
doping region in the subsurface of a-C:H (thickness of ca. 3 nm, a grey area in Figure 7.9¢),
which directly demonstrates the catalytic effect of MoOs on a-C:H surface under shear

forces leading to significant weakening and wear of a-C:H. In addition, the accelerated
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wear in the second stage is caused by the abrasive wear of hard MoC rather than the reason
of sulphur doping in the subsurface area of DLC reported in the literature [100]. As shown
in this literature, sulphur doping happens under high Hertzian contact pressure (> 5 GPa)
and on hard DLC surface (hardness > 50 GPa) which is inapplicable to our study (Hertzian

contact pressure from 580 MPa to 2.0 GPa, hardness 21 GPa).
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Figure 7.9. (a) HRTEM image showing the tribofilms after tribo-test (1 N, 140 mins). (b)
HAADF image of selected area in (a). (¢) EDS line-scanning results showing the elements
distribution (C, Mo, O, and S) along the direction as marked in (b).

7.3 Summary

In summary, the evolution process of MoDTC-derived tribofilms formed on a-C:H coating
surface was investigated by a combination of Raman-based profilometry, TEM and FFT.
The obtained results confirmed that the remarkable deviations of Raman-based coating
wear measurement were attributed to the tribofilm formation on the top surface of a-C:H
due to their distinct optical properties compared with a-C:H. Formation of MoS: nano-sheet
was observed in the initial stage, which was further converted into nano-MoC via
carburization reaction under the impact of shear forces. In combination with previous
studies about MoDTC-derived tribofilms, MoDTC-induced wear process on a-C:H/steel

contact could be divided into two stages. In the first stage, wear acceleration was attributed
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to the catalytic effect of molybdenum oxides (accompaniment of MoS, derived from
MoDTC) in the oxidation of a-C:H and easy-shear capability of oxidation layers. While for
the second stage, the tribo-induced MoS: carburization into hard MoC led to abrasive wear,
dominating the wear acceleration process. Based on this proposed mechanism, inhibiting
strategies for the detrimental effect of MoDTC were also provided. The findings of this
study may open a new pathway for detecting tribofilm composition formed on coating
surface and clarifying its relation to coating wear behaviour. This can help gain
fundamental insights into wear mechanisms of a broad range of additives and coatings, and
thus benefit the development and optimization of an effective solid-liquid lubricating

system.
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Chapter 8

Investigation on the growth mechanism of ZDDP-derived
tribofilm on diamond-like carbon coatings via

Raman-based wear quantification method

In the friction process, the additive-derived tribofilms formed on coatings will replace the
original surfaces and dominate the wear and friction behaviours under boundary lubrication.
Therefore, fundamental insight into the mechanisms governing the tribofilm growth
significantly contribute to the design and development of high-effective lubricating systems
for target coatings. To clarify the tribofilm growth mechanisms, the proposed Raman-based
profilometry is used in this chapter to in-situ identify the tribochemical products of
additives formed on a-C:H surfaces based on the distinct optical properties. Selective
growth of additive-derived tribofilm on a-C:H surface was observed when employing

different lubricating additives.

By combining detailed structural and composition analysis (EELS, EDS, and TEM)
towards the tribofilms and the upper surface of a-C:H, the effectiveness of Raman-based
profilometry in identifying the tribofilm compositions was verified. The obtained results
suggest that the surface oxidation layer on a-C:H, which is catalysed by MoDTC-derived
molybdenum oxides, plays a crucial role in the growth process of ZDDP tribofilm. The
oxidation process transforms a-C:H surface from Lewis base to Lewis acid, providing

active growth sites for ZDDP-derived products (phosphate-Lewis base) based on HSAB
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principle (Hard Soft Acids Bases). In view of the unobservable wear on the tribofilm
growth areas of a-C:H surfaces, it is suggested that the tribochemical reaction between
ZDDP-derived products and a-C:H surfaces is driven by interfacial Lewis acid-base
interaction rather than stress-dependent mechanism, highlighting the critical role of surface

chemical property in the initial nucleation stage of tribofilm growth.

8.1. Selective growth of additive-derived tribofilms on a-C:H

surfaces

As shown in Figure 8.1, tribo-tests were conducted on a-C:H/steel contact under oil
lubrication with different additives. The corresponding images of wear scars are given in
Figure 8.2. As displayed in Figure 8.1a, when MoDTC is introduced into the lubricating oil
with ZDDP as additive, the friction-reducing property is obvious improved with friction
coefficient reduced from ca. 0.125 to ca. 0.07 which is close to the condition with only
MoDTC as additive. Figure 8.1b displays the wear volumes on steel ball and a-C:H
coatings (plate). It can be observed that when using ZDDP as additive, the wear only takes
place on the steel ball, which is caused by the sacrificial nature of ZDDP tribofilm and its
significantly lower hardness compared with a-C:H. As shown in Figure 8.2a, the
ZDDP-derived tribofilm could only be observed on the surface of steel ball rather than
a-C:H surface under the mild tribo-test condition (contact pressure of 580 MPa). Therefore,
the surface-bonded tribofilms of ZDDP on steel surface are continually sacrificed and
replenished in the friction process, further resulting in obvious materials loss of steel
surface (severe wear). For the condition of employing MoDTC as additives (Figures 8.1b
and 8.2b), the main reason triggering the dramatical wear is attributed to abrasive wear

caused by MoDTC-derived products.
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Here, the interesting finding is that when both MoDTC and ZDDP were employed in the oil,
obvious tribofilms were observed on a-C:H surface with only slight wear as shown in
Figure 8.2c. To gain fundamental insights into this finding, a Raman-based profilometry is
employed to identify the tribofilm components by combining TEM, EELS, and EDS in the

later section.
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Figure 8.1. Friction and wear behaviors of a-C:H coatings under oil lubrication

(PAO4+ZDDP, PAO4+MoDTC, and PAO4+ZDDP and MoDTC; test condition: 1 N, 90
mins).
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Figure 8.2. 3D optical microscopic images of wear scars of a-C:H coatings under oil
lubrication (PAO4+ZDDP, PAO4+MoDTC, and PAO4+ZDDP and MoDTC; test condition:
1 N, 90 mins).

8.2. Identification of additive-derived tribofilm by Raman-based

profilometry

The proposed Raman-based profilometry is employed here to identify the tribofilm
components formed on a-C:H under oil-lubricated condition with both ZDDP and MoDTC
as additives. As indicated in former chapter, this method could provide accurate wear depth

of a-C:H under lubricating condition of base oil by monitoring the Raman signal intensity
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from silicon sensing layer. When additives are introduced in the oil, the additive-derived
tribofilms formed on coating surfaces can cause measurement deviations, which can
provide key information of tribofilm compositions based on the known optical properties of

tribochemical products.

As shown in Figures 8.3(A-D) and 8.4, a series of tribo-tests under different time were
conducted on a-C:H/steel contact under oil lubrication (PAO + ZDDP and MoDTC). After
removing the lubricating oil with heptane, the proposed Raman-based approach was
employed to quantify the wear depth under the line-scanning mode as shown in Figure 8.6.
Non-contact optical profilometer was then employed to characterize the wear scars along
the same traces of Raman line-scanning (marked as dot lines in Figure 8.3(A-D)). Note that,
for avoiding the measurement errors caused by tribo-induced effect and tribofilm formation,
optical profilometer is used only after depositing iridium layer with uniform thickness (ca.
20 nm) on a-C:H surface and the results are employed as standard reference. By comparing
the wear profiles obtained by Raman-based method and optical profilometer in Figures 8.3a
- d, it is interesting to find that on the positions with tribofilm formation, optical
profilometer detects obvious depth rising regions which cannot be detected through

Raman-based method.
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MoDTC) and the corresponding Raman intensity of silicon signals which are used to
quantify the a-C:H thickness.

As stated above, the effect of tribofilm formation on the measurement accuracy of
Raman-based method depends on their optical properties (e.g., absorption coefficient and
reflectivity). Specifically, tribofilms composed of tribochemical products with lower
transmittance (higher absorption coefficient and reflectivity) towards Raman laser (e.g.,
MoDTC-derived MoS; and MoC) can cause extra attenuation of Raman signal intensity
and consequently, remarkable measurement deviations of a-C:H thickness in the form of
depth rising as indicated in chapter 7, whereas tribofilms with the high transmittance hardly

affect the Raman signal intensity and accurate coating thickness can be obtained.

It is therefore suggested that the tribofilms formed on a-C:H should be composed of
tribochemical products with high transmittance. Considering the optical properties of the
tribochemical products from ZDDP and MoDTC, it is suggested that the main component

of this tribofilm should be glassy zinc/iron phosphate derived from ZDDP.

8.3. Governing factors in the growth of additive-derived

tribofilm

To verify the chemical composition of the tribofilm and exploring the growth mechanism,
FIB technique was employed to fabricate cross-sectional lamellar specimens of a-C:H
coating in the marked area as shown in Figure 8.3c and Figure 8.6 for structural and
composition analysis by TEM, EDS and EELS. Two windows for TEM observation were
displayed in Figure 8.7c. Windows 1 and 2 correspond to the tribofilm area and
no-tribofilm area on a-C:H surface, respectively. Figure 8.6a and b show the TEM images

of the cross-section of tribofilm area. Figure 8.6c displays the TEM image of no-tribofilm
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area. Through comparison, it is found that the a-C:H thicknesses in two areas are same (ca.
276 nm). More importantly, there is no observable wear on the area with tribofilm
formation, indicating that the stress-dependent mechanism of tribofilm growth is
inapplicable in this study. This is because the stress-activated tribochemical reactions
between additives and contact surfaces prefer to happen on the high local
stress-concentrated surface areas with substantial plastic deformation and wear [93], while
the tribo-test condition in this study is mild (contact pressure of ca. 580 MPa). Besides,
based on the wear profiles displayed in the Figure 8.3, it was found that the there is no

obvious wear in the area with tribofilm formation for all the tribo-tested samples.

-
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Figure 8.6. (a) TEM image showing the area with tribofilm formation, which correspond to
window 1 in Figure 8.8c. (b) Enlarged TEM image showing tribofilm as marked in (a). (c)
TEM image showing the area without wear and tribofilm, which corresponds to window 2
in Figure 8.8c.
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Figure 8.7. (a) 3D optical image showing FIB position. (b) SEM image of FIB position. (¢)
SEM image of cross-sectional morphology of marked area with two windows for TEM
characterization (window 1 with tribofilm and window 2 without tribofilm).

Figure 8.8a shows a high-angle annular dark-field (HAADF) image of the cross-section of
tribofilm area, showing the EDX line-scanning trace and test regions of EELS. In Figure
8.8b, the presence of elements P, Zn and O in the tribofilm is confirmed by EDX
line-scanning along the trace as marked in Figure 8.8a. Therefore, the main component of
tribofilm should be zinc phosphate, agreeing with the above deduction based on
Raman-based profilometry. Given undetectable element Mo, the small amount of element S
should result from partial substitution for O element in the chain backbone of phosphate
rather than MoDTC-derived MoSz [94]. An interesting finding is the existence of oxidized

layer on the a-C:H surface (Figure 8.8b), which can be caused by the catalytic oxidation

driven by the catalytic effect of MoDTC-derived MoOs [171-173].
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Figure 8.8. (a) HAADF image from area with tribofilm formation on a-C:H surface
showing the EDX line-scanning trace and EELS test positions. (b) EDX line-scanning
profile along the trace as marked in (a).

In order to clarify the chemical composition of oxidized layer on a-C:H surface, EELS
analysis was carried out in three different regions as displayed in Figure 8.9. The typical
bonds of C=C (sp?, 1s-to-n*) and C-H (sp>, 1s-to-6*) were centred at 285.5 and 287.5 eV,
respectively. It can be observed in Figure 8.9a that the main bonding structure of
ZDDP-derived tribofilm is sp* bond, agreeing with chemical composition of zinc phosphate.
Figures 8.9b and c present the EELS spectra of C-K core-edge collected from oxidized

layer and sublayer of a-C:H. Gaussian peak fitting was adopted to quantify the bonding

fractions and detailed fitting process was presented in the previous chapter.
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Figure 8.9. EELS C K-edge spectra in three regions of the cross-section of a-C:H (a,
tribofilm; b, oxide layer (a-C:H upper surface); 3, a-C:H sublayer). The residual bond
fraction is assigned to 6*(C-C, sp?).
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It can be observed that two Gaussian peaks corresponding to C=C and C-H have been well
defined in both EELS spectra, but there is an additional peak on the high-energy side of
C=C peak (located at -286.5, grey area in Figure 8.9b), which belongs to C=O (sp?
Is-to-n*) [174, 175]. Besides, the residual bond fraction is assigned to 1s-to-c* transition
of sp? phase (C-C). As shown in Table 8.1, the calculated sp? and sp® fractions in oxidized
layer of a-C:H are 63.2 % (C=C and C=0) and 36.8 % (C-H and C-C), while that in the
a-C:H sublayer are 60.2 % and 39.8 %. It can be observed that the oxidized layer
underwent a bonding transformation from sp® to sp>. Compared with the C-bond fractions
in the sublayer, the sp® fraction in oxidized layer decreases by 3 %, which is close to the
C=0 fraction (2.6 %, sp?). It indicates that the oxidation of carbon in a-C:H prompts the

bond dissociation of C-C and C-H, and the formation of C=0 bond.

Table 8.1. EELS C-bonds fractions of oxidized layer and sublayer of a-C:H.

Sp2 Sp3

C=C C=0| C-H C-C
Oxidized layer 60.6% 2.6% 239% 12.9%
Sublayer 60.2 % - 25.7% 14.1 %

Region

Based on EDX and EELS, the chemical structure of oxidized layer was confirmed, which
can transform a-C:H surface from Lewis base to Lewis acid (oxidized a-C:H) according to
HSAB principle [176, 177]. More importantly, the presence of surface oxidized layer on
a-C:H provides active sites to promote the tribochemical reaction with phosphate (Lewis
base). The above results give direct evidence that the selective growth of ZDDP tribofilms
on a-C:H surface in mild tribo-test condition is driven by Lewis acid-base interaction rather
than stress-dependent mechanism in view of the unobservable wear on the a-C:H surface as

indicated above.
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Additionally, since the oxidation process on a-C:H surface is accompanied by the
rearrangement (clustering or ordering) of sp?-hybridized carbon phase into six-fold
ring-like structure (i.e., graphite-like), the oxidized layer is more prone to wear [163, 166].
Figure 8.10 presents the wear behaviors of a-C:H under different applied loads. It can be
observed that the wear volumes of a-C:H under low applied load of 1 N kept at a low level
for the test time ranging from 30 to 140 mins, indicating ZDDP could form effectively
anti-wear tribofilms on a-C:H surfaces in the friction process. However, when increasing
the applied load to 10 N (1.2 GPa) and 30 N (1.8 GPa), the coverage of ZDDP tribofilms
on coating surface decreased notably (Figure 8.10b and c), resulting in a significant
increase in wear volume. Compared with ZDDP-derived tribofilms formed on ferrous
surfaces which show good anti-wear properties even under 5.2 GPa, the tribofilms formed
on a-C:H are less durable under high applied loads which is in accordance with the
literature [101, 178]. Based on above results, the less durability of ZDDP tribofilm on

a-C:H is attributed to the easy-shear capability of oxidized layer.
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Figure 8.10. Wear behaviors of a-C:H in additive-lubricated conditions (PAO + ZDDP and
MoDTC) under different time and loads. (a) Wear volumes. (b) 3D optical images under
the tribo-test condition of 10 N (1.2 GPa) and 30 mins. (c¢) 3D optical images under the
tribo-test condition of 30 N (1.8 GPa) and 30 mins.
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8.4. Friction and wear mechanism of a-C:H wunder

additive-lubricated condition

It is well accepted that friction and wear behaviors are dominated by tribofilms formed on
contact surfaces [16-18]. Gaining fundamental insights into the tribofilm growth
mechanism can benefit a better understanding of the tribological mechanisms. Figure 8.11
presents a schematic illustration of tribofilm growth mechanism on a-C:H surfaces with
different lubricating additives based on above findings, which could be used to clarify the
tribological behaviors in section 8.1. As shown in schematic illustration, when ZDDP is
used alone in lubricating oil, tribofilms prefer to form on the steel surface. Since the
hardness of a-C:H is obvious higher than steel [178], wear at initial stage mainly happens
on steel surface and results in abundant nascent surfaces that is easily oxidized in the
tribological process. These oxide areas provide active sites for the tribofilm growth based
on Lewis acid-base interaction (Fe*"-Lewis acid, phosphate-Lewis base). Given the Lewis
base property of a-C:H, ZDDP tribofilm (Lewis base) was formed on steel surface rather
than a-C:H. After that, wear mainly takes place on ZDDP tribofilm, considering its
significantly low hardness (hardness: a-C:H > steel > ZDDP tribofilm). As this wear
process on steel surface will be repeated constantly, remarkable wear was observed on steel
ball. In addition, since the friction behavior depends on the ZDDP tribofilms, the friction
coefficient is close to the condition of ferrous / ferrous contacts with ZDDP as additive
[180]. When adding MoDTC into the above lubricating oil, MoDTC-derived MoO3
performs action for catalytic oxidation of a-C:H surfaces which transforms a-C:H surface

from Lewis base to Lewis acid, providing active growth sites for ZDDP tribofilms. In view
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of lower hardness of ZDDP tribofilms than steel, slight wear was observed on a-C:H

surface.

PAO + ZDDP

ZDDP-derived tribofilm (Lewis base)

a-C:H : Lewis base

PAO + ZDDP and MoDTC

MoS, (MoDTC) P-de
MoO; (MoDTC) tribofilm

m M = M =
Oxide layer of a-C:H : Lewis acid
a-C:H : Lewis base

Figure 8.11. Schematic illustration of the growth mechanism of ZDDP-derived tribofilms
on a-C:H surface.

As indicated in the chapter 7, tribofilms composed of tribochemical products with low
transmittance (e.g., MoS2) can introduce measurement deviations of Raman-based
profilometry in the form of depth rising. Figure 8.3 presents the wear profiles obtained by
Raman-based method and there is no depth rising, indicating no formation of crystal MoS»

on a-C:H surface.

For locating the MoDTC-derived MoS>, Raman test were conducted on the wear scar of
steel ball as shown in Figure 8.12a. Compared with the lubricating condition with only
MoDTC as additive, the Raman signal intensity of MoS increased significantly when
using MoDTC and ZDDP as additives, indicating MoDTC-derived MoS; crystals preferred
to accumulate and grow into large size on steel surface under the existence of ZDDP. In the

friction process, ZDDP decomposes into small molecular fragments with abundant sulphur
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atoms which can react with ferrous surfaces to form mixtures of FeS/ZnS [110]. These
mixtures provide active S* to promote the sulphuration of molybdenum oxysulphide into
MoS: units. These units progressively grow into large lamellar sheets and cover the contact
asperities, further resulting in low friction. This explains why the friction coefficient with
MoDTC and ZDDP as additives kept between the values with only MoDTC or ZDDP as
additive in the initial stage and decreased over time to reach the same value with MoDTC

as additive.
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Figure 8.12. Raman spectra of MoS; detected on the wear scars of steel balls (counterpart)
with different lubricants (a) PAO with ZDDP and MoDTC. (b) PAO with MoDTC.

As indicated in the previous chapter, MoDTC derived tribochemical products can
accelerate the wear of DLC, which is attributed to the easy-shear capability of oxidized
a-C:H layer caused by MoOs in the first stage and the abrasive wear of hard MoC formed
via tribo-induced carburization of MoS; in the following stage. When using ZDDP in
combination with MoDTC, the wear acceleration of a-C:H was significantly improved
since a protective ZDDP-derived tribofilms are formed on the top surface and replace the
previous surface of oxidized a-C:H layer. More importantly, the local stress concentration

caused by increased surface roughness under severe wear can be obviously alleviated

133



[181-183], which weaken the effect of shear forces on the tribochemical reactions, such as

the oxidation of a-C:H coatings and the carburization of MoS; into MoC.

8.5. Summary

Raman-based profilometry was employed in this study to identify the additive-derived
tribofilms on a-C:H coatings based on their distinct optical properties. To demonstrate the
effectiveness of Raman-based method, the chemical composition and structure of tribofilms
were clarified by combining TEM, EDS, and EELS. The obtained results confirmed the
dominating role of oxidized a-C:H layer in the growth process of ZDDP-derived tribofilms.
This oxidation process catalysed by MoDTC-derived MoOs can transform a-C:H surface
from Lewis base to Lewis acid, providing active growth sites for ZDDP tribofilms in the
similar way happened on the oxidized ferrous surfaces. It gives direct evidence that the
tribochemical reaction between ZDDP-derived products (phosphate-Lewis base) and a-C:H
surfaces is driven by Lewis acid-base interaction rather than stress-dependent mechanism
in view of the unobservable wear on the tribofilm formation areas of a-C:H surfaces. In
addition, the lower durability of ZDDP tribofilms formed on a-C:H surfaces is attributed to
the easy-shear capability of oxidized layer. These findings propose a new pathway for
identifying additive-derived tribofilms formed on coating surfaces which can help gain
fundamental insights into tribofilm growth mechanisms, and thus benefit a better
understanding of the tribological mechanisms and the development of effective solid-liquid

lubricating systems for diverse surface materials.
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Chapter 9

Development of wear-sensing coating system on steel
substrate for wear measurement via Raman-based

profilometry

In this chapter, the silicon coatings with different crystallinity were developed by
pulsed-DC magnetron sputtering method. The influence of gas pressure, cathode power,
deposition temperature, and substrate-target distance on crystal size, crystalline content,
surface roughness, and Raman intensity of silicon coatings was investigated via Raman
spectroscopy, XRD and optical profilometer. After that, the wear-sensing coating system
composed of a-C:H and crystalline silicon was deposited on steel substrate and employed
to measure the coating wear. The results indicated that both Raman intensity and surface
roughness increased with increasing the crystal size of silicon coatings. To realize accurate
wear monitoring via Raman-based profilometry, a balance between high Raman intensity

and low surface roughness was achieved by controlling the crystal size of silicon coatings.

9.1. Development of the sensing layer of crystalline silicon

In the previous chapter, a Raman-based profilometry was developed to achieve accurate
coating thickness measurement. As displayed in Figure 9.1, this proposed approach is
based on a bilayer structure: a top layer of a-C:H film is considered as a light attenuating
and anti-wear layer while the underlayer of silicon serves as Raman-sensing layer. Through
constructing the relationship between a-C:H thickness and the Raman intensity of silicon

signal, coating thickness quantification method is established to quantify the a-C:H wear. In
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this chapter, this bilayer structure is transferred on the steel substrate for realizing the
coating wear measurement. The Raman intensity and surface roughness of silicon layers
are two key factors for the Raman-based profilometry. For obtaining high Raman intensity,
it is necessary to develop silicon coatings with high crystallinity by optimizing the
deposition parameters (e.g., temperature, power, gas pressure). Meanwhile, the surface

roughness of as-grown coatings should be controlled in a reasonable range as high

Wear scar

roughness can result in big errors of wear measurement.
Crystalline silicon

p—a
3
i
Seuiiering
Steel-Substrate

Figure 9.1. Schematic illustration of the Raman-based profilometry.

Here, a series of silicon coatings with different crystallinity were deposited on steel discs
via pulsed-DC magnetron sputtering method as shown in Table 9.1. The influence of gas
pressure, cathode power, temperature, and substrate-target distance on the crystallinity
(crystal size and crystalline content) was investigated by combining XRD and Raman
spectroscopy. Figure 9.2 displays the Raman spectra of silicon coatings deposited under
different conditions. To calculate the crystalline content, three Gaussian peaks centred at
520, 505, and 480 cm™ were used to fit the Raman spectra, which correspond to the

crystalline, boundary, and amorphous phases, respectively [122, 127, 128]. A typical shape
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fitting process of Raman spectrum is given in Figure 9.2c. The crystalline content is
defined as the ratio of (Acrystalline+Aboundary)/ (Acrystalline+Aboundary+Aamorphous), where Acrystalline,
Aboundary and Aamorphous are the integrated areas of crystalline, boundary, and amorphous

phases. The crystalline contents and average Raman intensity are listed Table 9.1.
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Figure 9.2. (a-b) Raman spectra of silicon coatings deposited via pulsed-DC magnetron
sputtering deposition under different conditions. (c) Fitting curves by three Gaussians,
corresponding to amorphous, grain boundary, and crystalline phases, respectively.

When the deposition temperature is up to 520 °C, the crystalline silicon coatings can be

synthesized by adjusting the deposition parameters. It can be observed that by reducing the

substrate-target (S-T) distance and increasing the cathode power and gas pressure, the
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crystalline contents of silicon coatings increase obviously (above 93 %). The surface
roughness values of silicon coatings are characterized via non-contact optical profilometer.
Figure 9.3 displays the corresponding surface morphologies of silicon coatings with
different crystallinity. With increasing the crystalline content, the surface roughness
increases dramatically from 16.4 nm (Ra) of amorphous silicon coating to 1347 nm (Ra) of
highly crystalline silicon coating. High crystalline content not only results in high Raman
intensities but also high surface roughness. One interesting finding is that for the silicon
coatings with similarly high-crystalline contents ranging from 93.5 to 97.8 % (S-1, S-2, S-4,
and S-6), there are notable differences on the surface roughness values and Raman

intensities (Table 9.1).

Table 9.1. Deposition parameters of silicon coatings

Sample Pressure Power Temp. S-T Ra Cry.Size Cry.Cont. Raman CV

1D (mbar) (kW) (°C) (cm) (nm) (nm) (%) (Avg.) (%)
S-1  6.0x107 4 520 16.5 1347  111.1 97.8 189234 314
S-2  4.0x107 4 520 165 629 32.7 93.5 8765.7 12.5
S-3  3.0x10° 4 520 16.5 32.6 - 49.7 - -
S-4  4.0x107 5 520 16.5 480 43.2 96.5 12699.1 47.5
S-5  4.0x107 3 520 16,5 275 - 33.6 - -
S-6  4.0x107 4 520 155 320 71.8 94.3 16081.2 36.5
S-7  4.0x107 4 520 20 173 - 0 - -
S-8  4.0x107 4 480 165 164 - 0 - -

S-T, distance between substrate and target on the cathode. Cry. Size, average grain size of
silicon crystal. Cry. Cont., crystalline content. Ra, surface roughness. Raman (Avg.),
average values of Raman intensity of 15 test points on each sample. CV, coefficient of
variation of Raman intensity.
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Figure 9.3. 3D optical images of silicon coatings deposited by pulsed-DC magnetron
sputtering method under different deposition parameters which are listed in Table 9.1. (a,
S-1.b, S-2.¢,S-3.d, S-4. e, S-5. f, S-6. g, S-7. h, S-8.)

To clarify the key factor governing the Raman intensity and surface roughness, XRD is

employed to study the crystal structure of the silicon coatings with high crystalline contents

(S-1, S-2, S-4, and S-6). Figure 9.4 gives the corresponding XRD results after background

subtraction. The diffraction peaks located at 28.4 °, 47.3 °, 56.2 °, and 69.2 ° correspond to
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the (111), (220), (311), and (400) planes of crystalline silicon [127]. The average grain
sizes of these four crystalline silicon coatings were calculated from the three main peaks at
(111), (220), and (311) based on the Scherrer equation, as shown in Table 9.1. The silicon
coatings with highly crystalline content (S-1, S-2, S-4, and S-6) display notably different

grain sizes ranging from 32.7 to 111.1 nm.
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Figure 9.4. X-ray diffraction patterns of high crystalline silicon coatings (S-1, S-2, S-4, and
S-6).

Figure 9.5 display the values of crystalline content, grain size, surface roughness and
Raman intensity of the crystalline silicon coatings. Through comparison, it is found that the
grain sizes rather than crystalline contents show high correlation with the surface roughness
and Raman intensity. Specifically, the surface roughness and Raman intensity increase with
grain size. It should be also pointed that with increasing the grain size, the coefficient of

variation of Raman intensity obtained on a series of test points increases significantly
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(Table 9.1), indicating the widening distribution of grain size of silicon crystals. The
sputtered yield and energy of sputtered silicon atoms arriving at substrate was increased by
reducing the S-T distance and increasing the gas pressure and cathode power in the coating
deposition process, which not only promote the grain growth of silicon crystal but also lead

to non-uniform grain growth, resulting in multimodal grain size distribution.

For improving the accuracy of wear measurement, the variation coefficient of Raman
intensity should be reduced to avoid the big measurement errors. It is therefore suggested
that the grain size of silicon coatings should be controlled at a reasonable value to reduce
the measurement errors caused by high surface roughness and big variation of Raman
intensities and provide high enough Raman intensity for achieving reliable
wear-measurement. Through adjusting the grain size to ca. 32.7 nm by optimizing the
deposition parameters, the silicon coating with low surface roughness at 62.9 nm, small
variation coefficient of Raman intensity at 12.5% and Raman intensity of 8765.7 was
obtained and denoted as S-2 in Table 9.1, which is employed as the sensing layer in the
later section for constructing wear-sensing coating system on steel substrate to realize wear

measurement via Raman-based profilometry.
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Figure 9.5. Image showing the relationship among crystalline content, grain size, surface
roughness, and Raman intensity of silicon coatings (S-1, S-2, S-4, and S-6).

To further study the crystal structure of silicon coating and the influence of cathode power
on the crystallinity, FIB with in-situ lift-out technique was used to fabricate cross-sectional
lamellar specimens of silicon coating deposited on steel substrate for structure and
composition characterization by TEM, FFT and EDS. As shown in Figure 9.6a, the bottom
layer of silicon coating was deposited using the parameters of S-5 while the deposition
condition of the top layer is same with S-4. The main difference is the cathode power (S-4,
5 kW; S-5, 3 kW). Figure 9.6b gives the corresponding EDS mapping (elements: Pt, Si, Fe)

of the selected area in Figure 9.6a.
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Si coating

Figure 9.6. (a) SEM image showing the cross section of silicon coating deposited under
different cathode powers on steel substrate. (b) The corresponding EDS mapping image of
the selected area in (a).

Figure 9.7a displays the HRTEM image of selected area in Figure 9.6a. It can be observed
that the silicon coating was transformed from amorphous to crystalline by increasing the
cathode power from 3 to 5 kW. The formation of amorphous and crystalline silicon was
also confirmed by FFT patterns, as shown in Figures 9.7b and c. In addition, HRTEM
images containing detailed information about the crystal structure of silicon coatings
deposited under high cathode power of 5 kW are given in Figures 9.7d and e. In the
interface area between amorphous and crystalline layers, the obvious nanograins of several
nanometers are observed, corresponding to the initial nucleation stage (Figure 9.7d). With
increasing the deposition time, the grains with columnar structure were formed in the
bottom area of S-4. In the top area of S-4, the recrystallized grain structure was observed
as displayed in Figure 9.7e. The main reasons of existing two crystalline structures (i.e.,

columnar and recrystallized) can be ascribed to the gradually increased cathode power from

3 to 5 kW.
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Figure 9.7. (a) HRTEM image showing the cross section of silicon coating deposited under
different cathode power (S-4: 5 kW; S-5: 3 kW). (b) Fast Fourier transform (FFT) patterns
clarifying the crystallinity of the marked area in (a). (c) and (d) HRTEM images of the
bottom area and top area of crystalline silicon coating (S-4) deposited under high cathode
power of 5 kW.
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9.2. Deposition of wear-sensing coating system on steel substrate

In this section, a bilayer coating composed of a-C:H top layer and silicon sensing
underlayer was deposited on steel substrate through PECVD and pulsed-DC magnetron
sputtering. The a-C:H layer was deposited directly on silicon coating (S-2) via the same
deposition condition in the chapter 4. Figure 9.8 shows the HRTEM image of the cross
section of bilayer coating which was fabricated by FIB. It can be observed that the
thickness of a-C:H was ca. 230 nm. In addition, the columnar grains were observed in the
bottom area of silicon layer while recrystallized structure was formed on the top area. The
crystal structure of S-2 is similar with that of S-4 in Figure 9.7. As shown in Table 9.1, the
average Raman intensity of S-2 is 8765.2 which is high enough for the wear measurement
via Raman-based profilometry. Meanwhile, compared with other crystalline silicon
coatings, S-2 shows the lowest variation coefficient of Raman intensity and surface

roughness.

200 nm

Figure 9.8. HRTEM image showing the bilayer structure of coating (top layer of a-C:H and
bottom layer of crystalline silicon) deposited on steel substrate by combining PECVD and
pulsed-DC magnetron sputtering.
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To verify the bilayer structure of coating, EDS elemental mapping was used to characterize
the chemical composition. Figure 9.9a shows the HRTEM image of the cross section of
silicon coating. Figure 9.9b-e displays the corresponding EDS mapping images of elements
Pt, C, Si and Fe, which demonstrate that the silicon layer and a-C:H layer were successfully
deposited on steel substrate. In addition, the carbon element appearing in the Pt layer comes

from the precursor gas used to deposit Pt in a FIB system.

Figure 9.9. (a) HRTEM image showing bilayer structure of coatings deposited on steel
substrate. (b-e) The corresponding EDXS elemental mapping images of Pt, C, Si and Fe.

9.3. Wear measurement based on wear-sensing coating system

via Raman-based profilometry

A series of dry friction tests, with time ranging from 60 to 110 min, were conducted on the

wear-sensing coating system deposited on steel substrate with the applied load of 1N (580
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MPa), frequency of 2.5 Hz, stroke of 2mm, and ambient environment. The counterpart is
steel ball. Figure 9.10 shows the friction curves under different test time. At the initial
running-in stage, the friction coefficients were around 0.27, which gradually decreased to

0.15 after 30 min test.
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Figure 9.10. Friction curves of bilayer coating under different test time in the dry friction.

Here, to avoid the tribo-indued measurement errors of optical profilometer, an iridium layer
with uniform thickness was deposited on the tribotested samples by DC magnetron
sputtering to provide a top surface with consistent optical properties. Then, the optical
profilometer was used to characterize the wear scars. This improved optical profilometry is
used to provide an accurate wear information as a standard reference to verify the results
obtained by Raman-based profilometry. In a typical process, the Raman-based profilometry
was first used to quantify the wear depth of tribotested samples. Then, the improved optical
profilometry (with the iridium layer on the top of coating) was employed to characterize the

wear profiles.
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The Raman line-scanning tests are conducted across the wear track and the Raman intensity
of silicon signal was collected along the trace every 4 um as shown in Figure 9.11. With
knowing the optical parameters of a-C:H, the thickness of top a-C:H layer can be calculated
based on the Raman intensity of silicon signal of crystalline silicon underlayer by the
equation 5.5 as stated in chapter 5. After subtracting the thickness value of as-grown a-C:H
layer of ca. 230 nm, the wear depth values along the line-scanning trace were obtained and

presented as red points as displayed in Figure 9.13.
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Figure 9.11. (a) Optical image of line-scanning trace of Raman spectroscopy across the
wear track (tribo-test time: 90 mins). (b) Raman spectra of a series of silicon signals
obtained from line-scanning.
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Figure 9.12 displays the images of wear scars characterized by the improved optical
profilometry. The corresponding wear profiles were presented as black lines in Figure 9.13.
It can be observed that with increasing the test time from 60 to 110 min, the wear width and
depth were increased obviously from ca. 75 to 120 um and from ca. 130 to 225 nm,

respectively.

Through comparison, it could be observed that the wear depth values of a-C:H layer
obtained by Raman-based profilometry shows good alignment with that measured by
improved optical profilometry. It is demonstrated that based on the wear-sensing coating
system, Raman-based profilometry could provide accurate wear information. As this
wear-sensing coating system could be deposited on the substrate with various materials and

shapes, it may open a new pathway for realizing in-situ and real-time wear measurement in

diverse engineering applications.
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Figure 9.12. 3D optical microscopic images of wear scars on bilayer coating under different
test time (a, 60 min; b, 90 min; ¢, 110 min).
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Figure 9.13. Comparison between calculated wear profiles obtained by Raman-based
profilometry and wear profiles characterized by the improved optical profilometer (with the

iridium layer on top) under dry friction (a, 60 min; b, 90 min; ¢, 110 min). Raman
intensities of silicon signals were collected across the wear tracks.

9.4. Summary

The Silicon coatings with different crystallinity were deposited on steel substrates through
pulsed-DC magnetron sputtering. The result indicated that the grain size of silicon crystal
plays a dominating role in controlling the surface roughness, Raman intensity, and the
variation coefficient of Raman intensity (CV), which are key factors for realizing the
accurate wear measurement via Raman-based profilometry. By adjusting the deposition
parameters to reducing the grain size to 32.7 nm, the crystalline silicon coating with low
surface roughness and CV, and high Raman intensity was successfully deposited on steel

substrate as the sensing layer. After depositing a-C:H on this silicon coating, the
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wear-sensing coating system was constructed and the Raman-based profilometry was
employed to measure the wear depth values across the wear track. Compared with the
results deriving from optical profilometer, Raman-based method could provide accurate
wear depth values based on the wear-sensing coating system. As this wear-sensing coating
system could be deposited on the substrate with various materials and shapes, it may open a
new pathway for realizing in-situ and real-time wear measurement in diverse engineering

applications.
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Chapter 10

Discussion on the key findings

10.1. The accuracy of Raman-based coating thickness

measurement

The proposed coating thickness measurement based on the Raman signal of silicon sensing
layer displays high accuracy compared with the non-contact optical profilometer, contact
profilometer and the method based on the Raman signal of carbon of a-C:H coatings, as
shown in Figure 10.1. The non-contact optical profilometer builds up a 3D map by
collecting the array signals of light interference of reflected light. Due to its high sensitivity
towards the optical signal, the variation of optical properties on the top surface (e.g.,
tribo-induced effect and tribofilm formation) can affect the intensity of the light signal,
resulting in measurement errors. To avoid these errors, it is suggested to deposit an optical
signal synchronization layer of iridium with uniform thickness and consistent optical
properties on the tribo-tested samples before using an optical profilometer. The contact
profilometer is employed to characterize the wear scars in this project. However, it is only
used to verify the feature information of wear profile (e.g., height spikes) rather than the
accuracy as its low resolution could result in obvious measurement errors. The remarkable
errors of measurement results based on the Raman carbon signal of a-C:H is attributed to
the bonding transformation of sp* (C-H) to sp?> (C=C) under shear forces. As indicated in
the former chapter, the Raman spectra of carbon are dominated by the scattering of the sp?

phase due to its high polarizability. The slight enhancement of the sp? phase, especially
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ordering or clustering, could result in a remarkable increase in Raman intensity, further

leading to measurement errors in bonding transformation regions.
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Figure 10.1. Comparison of the wear profile curves obtained by different methods
(non-contact optical profilometer, Raman method based on carbon signal and silicon
signal).

Meanwhile, it is necessary to clarify why the coating thickness method based on the Raman
signal of silicon could avoid the remarkable errors caused by the tribo-induced bonding
transformation. Table 10.1 shows the average values of EELS bonds fractions across the
test areas. It can be observed that the average value of the sp? fraction in the unworn area is
~ 59%. In comparison, only a small increase of the sp® fraction appear in the side area and
centre area (~ 60% for side area, ~ 63% for centre area). Therefore, the tribo-induced
bonding transformation should have a slight effect on the optical properties of the whole

coating and the final Raman intensity of the silicon signal. Considering the noticeable

enhancement effect of sp? phase on Raman intensity of carbon signal, the method based on
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the Raman signal of silicon is expected to provide a more accurate value of a-C:H thickness

in a tribological contact.

Table 10.1. Average values of EELS C-bonds fractions of three targeted areas.

Bond Unworn area Side area Centre area

sp? (c=c) 59 % 60 % 63 %
sp® (c-h) 21 % 18 % 17 %
sp’ (c-¢) 20 % 22 % 20 %

10.2. The bonding transformation from sp?® (C-H) to sp? (C=C)

Figure 6.10 shows that the bottom layer of a-C:H coating in the centre of the wear scar
underwent a bonding transformation from sp® (C-H) to sp? (C=C), leading to remarkable
errors of measurement results based on the Raman signal of carbon. This critical finding
further raises an interesting and important question of why bonding transformation was
observed on the a-C:H/silicon interface rather than the top sliding interface which is
subjected to the tribological contact. Based on previous findings of the tribo-chemical
reaction of a-C:H under different test environments [166-168, 184, 185], the absence of
bonding transformation on the sliding interface is attributed to the combined actions of
easy-oxidation of a-C:H and easy-shear capability of the oxidation product during friction

process.

Surface analysis of the oxide layer of a-C:H indicates that the oxidation resulted in the C-C
or C-H bond dissociation and rearrangement of bond structure to disordered sp? phase,
accompanied by the alteration of the mechanical properties which make the oxide layer
more prone to wear. Especially under high oxygen pressure, the removal of transfer film
(oxide layer) was almost entirely inside the wear scar, and loose wear debris could only be

observed on the edge areas around the two ends of sliding direction [164, 168], which was
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in accordance with our test results (Figure 10.2). Therefore, we could not observe the

structural or phase transformation on the top surface of a-C:H coating.
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Figure 10.2. Optical images of wear scars on the steel counterpart ball (a) and a-C:H
coating (b), and Raman spectra (c) on the marked points in (a).

On the other hand, TEM images in Figure 10.3 detected a sublayer with an increased
nano-porous structure formed at the bottom area of a-C:H coating. As displayed in Figure
10.3c, a porous layer with thickness up to ~10 nm was observed in the unworn area
(as-grown a-C:H), which should result from the thermally activated release of hydrogen
from the a-C:H coating during the high temperature deposition process [186-190]. Besides,
it was interesting to note that the porous sublayer in the sliding contact areas became more
prominent with the thickness increasing to ~20nm after the tribological test (Figures 10.3a
and b). As indicated in the literature, hydrogen emission was detected during friction from
PECVD a-C:H coating as the main product of tribo-chemical degradation [160] and could
result in a porous structure [191]. Meanwhile, the porous structure, especially more
nanopores emerged in the wear centre, can trigger high stress concentration, and further

promote the phase transformation during friction [130].

In addition, it should be pointed out that silicon is well known for its role in contributing to
the formation of a porous microstructure (micro-void) in the Si;xCx:H alloys [192-194].
Therefore, it is suggested that the stress concentration caused by structural evolution should

play a pivotal role in the bonding transformation, where hydrogen atoms are cleaved from
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C-H on the local stress-concentrated points, leaving C atoms rehybridized into disordered
sp? carbon bonds, as the activation energy barrier for C-H to C=C is significantly lower

than that for C-C to C=C [195-198].

Figure 10.3. TEM images of the cross-sectional morphology of the interface areas between
a-C:H and Si wafer from centre area (a), side area (b), and unworn area (c). The thickness
of layer with nanovoid increase as it moves towards to wear centre.

10.3. The effect of MoDTC on wear acceleration of a-C:H

coatings

As indicated in the literature review, the effect of MoDTC on wear acceleration of a-C:H
under ambient environment has become one research hotspot during the past decade. It is
well accepted that MoDTC-derived tribochemical products play a key role in this
detrimental effect. To reveal the impact of tribochemical products, various surface
analytical techniques have been applied to identify the composition and microstructure of
MoDTC-derived tribofilms. Although significant progress has been achieved in
understanding the chemical nature of tribofilms, the wear acceleration mechanisms are still
not fully understood. The main reason is the difficulty in continuously or periodically
obtaining the tribofilm composition during the wear process. It is well-known that the wear
process is always accompanied by the formation and evolution of tribochemical products.

In different wear-stages, there exist specific tribochemical products dominating the
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tribological behaviour. It is therefore of great importance to verify the tribofilm
composition in the correlated wear-stage. However, this remains a significant challenge for
conventional surface analytical approaches due to their limitations in accessing the

tribofilms in the friction process or low signal intensities of thin tribofilms with nanometers

thickness.

In this project, the Raman-based profilometry is used to identify the MoDTC-derived
products by monitoring the measurement deviations caused by the formation of
tribochemical products with distinct optical properties. Based on the results, a two-stage
wear process can be proposed to explain the wear acceleration mechanism. As shown in
Figure 7.6, the measurement deviations, in the form of depth differences, increase
remarkably in stage 2 in contrast with stage 1, indicating the formation of tribo-chemical
products with lower transmittance in stage 2. Based on the optical properties of
MoDTC-derived products, it is suggested that the main tribochemical products in stage 1
are MoS; and MoQs, considering that MoS; is always formed accompanied by MoO3
formation. The wear acceleration in stage 1 can be attributed to the catalytic effect of
molybdenum oxides in the oxidation of a-C:H coating and the easy-shear capability of
oxidation layers [163-165]. Due to the easy-shear capability of oxidation products, only a
tiny oxidation layer remains on the surface with the thickness around several nanometers.
Considering the large probe depth of Raman (~300 nm) and its high sensitivity towards
sp?-C phase, the bulk signal of a-C:H dominates the Raman spectra, explaining why we
cannot detect the oxidation layer by Raman spectroscopy which is in line with the literature.
However, MoOs formation has been confirmed based on the XPS analysis, due to the fact

that the main probe depth of XPS is on the order of several nanometers.
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In addition, it is suggested that the main product in stage 2 is MoC formed via the
carburization of MoS, under the longer tribotest time as MoC displayed lower
transmittance (higher reflectivity) than MoSz. Specifically, the tribo-induced shear forces
trigger PAO degradation into hydrocarbon fragments (carbon source) and generate heat for
prompting the conversion of MoS; into hard MoC. MoC can trigger abrasive wear and
speed up coating wear due to its high hardness. As shown in Figures 7.6 and 7.7, the wear
in stage 2 is obviously increased compared with that in stage 1 due to the formation of hard

MoC.
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Figure 10.4. Schematic illustration of the two-stage wear process for clarifying the wear
acceleration mechanisms of a-C:H films under MoDTC-lubricated condition.

10.4. Dominating role of oxidation layer in the growth of

ZDDP-derived tribofilm

It is well accepted that friction and wear behaviours are dominated by tribofilms formed on
contact surfaces. Gaining fundamental insights into the tribofilm growth mechanism can
benefit a better understanding of the tribological mechanisms. As stated in the former
chapters, ZDDP-derived tribofilm prefers to form on the steel surfaces on steel/DLC
contacts based on the results of surface element content analysis. Meanwhile, it is

interesting to note that the tribofilms formed on DLC surfaces are less durable than those
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on ferrous surfaces. Although the reasons for this selective growth remain unknown, these

findings clearly confirm the critical role of surface materials in the tribofilm growth.

For clarifying the governing factor of tribofilm growth in the friction process, the proposed
Raman-based profilometry is employed to reveal the growth mechanism of ZDDP tribofilm.
Since this proposed method is highly sensitive to the Raman signal, it is used to identify the
additive-derived tribofilms formed on a-C:H based on the distinct optical properties of
tribochemical products. It is well accepted that ZDDP can form surface-bonded pad-like
tribofilms with a gradient structure with a short-chain glassy phosphate near the ferrous
surface and a thin outer layer of long-chain polyphosphates. These glassy tribofilms
derived from ZDDP hardly affect the Raman intensity due to the high transmittance,
whereas the tribochemical products (e.g., MoS, and MoC) with lower transmittance (higher
absorption coefficient or/and reflectivity than a-C:H) towards Raman signal can cause extra
attenuation of Raman intensity and further remarkable measurement deviations of wear
depth. Therefore, through comparing the results of wear profiles obtained by Raman-based
method with that of optical profilometry, the compositions of tribofilms can be confirmed.
Specifically, the ZDDP tribofilm formation can be detected by optical profilometer in the
form of height rising, but it cannot be observed in the results of Raman-based method due
to the high transmittance of ZDDP tribofilm. Based on the Raman-based method, it is
found that no ZDDP tribofilm is detected on a-C:H when using ZDDP separately, while
ZDDP-derived tribofilms can form on a-C:H surfaces when using ZDDP in combination
with MoDTC. These results significantly benefit the deep understanding of the tribological

behaviours of additives on steel/DLC contacts and the mechanisms of tribofilm growth.

As indicated in chapter 8, when ZDDP is used on the steel/a-C:H contact, ZDDP-derived

tribofilms only form on the steel surface. Since the hardness of a-C:H is obviously higher
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than steel, wear at the initial stage mainly happens on the steel surface and results in large
nascent surfaces that is easily oxidized in the tribological process. These oxide areas
provide active sites for the tribofilm growth of ZDDP based on Lewis acid-base interaction
(Fe*"-Lewis acid, phosphate-Lewis base). Given the Lewis base property of a-C:H, ZDDP
tribofilm was formed on the steel surface rather than a-C:H. After that, wear mainly takes
place on ZDDP tribofilm, due to its significantly low hardness. Since this wear process on
steel surface will be repeated constantly when employing a-C:H as a counterpart,
remarkable wear was observed on steel surface. In addition, since the friction behaviour
depends on ZDDP tribofilms, the friction coefficient is close to the condition of ferrous /
ferrous contacts with ZDDP as additive. When introducing MoDTC into the above
lubricating oil, MoDTC-derived MoOs initiates catalytic oxidation of a-C:H. Based on
EDX and EELS, the formation of oxidation layer on the top of a-C:H was confirmed,
which can transform a-C:H surface from Lewis base to Lewis acid (oxidized a-C:H)
according to HSAB principle. More importantly, the surface oxidation layer on a-C:H
provides active sites for the tribochemical reaction with phosphate (Lewis base). The above
results give direct evidence that the selective growth of ZDDP tribofilms on a-C:H surface
in mild tribo-test conditions is driven by Lewis acid-base interaction rather than the

stress-dependent mechanism in view of unobservable wear on the a-C:H surface.

10.5. Key factors in constructing the reliable wear-sensing
coating system

Condition-based maintenance can effectively minimize the downtime caused by

unpredicted failure, reduce the degree of over-engineering and premature replacement of

machine parts, and ultimately directly impact the production competitiveness. Up to date,
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most online monitoring approaches use indirect signals from diverse sensors to estimate the
health status, such as acoustic emission, cutting force, vibration, and temperature. Since
these signals only provide indicators of secondary effect, early failure detection at the
component level remains a big challenge. Furthermore, their inherent drawbacks, deriving
from signal noise and lack of directly detection information, always lead to the inevitable
reduction in the measurement reliability and accuracy. As these indirect approaches are
incapable of direct application in a distinct process and model retraining for the new
condition is necessary, it is also crucial to consider the adaptability of newly developed
techniques when changing application scenarios. Given these, there is an urgent need to

find more powerful techniques to fulfil these challenges.

In this project, a Raman-based profilometry is developed to achieve accurate coating
thickness measurement. This proposed approach is based on a bilayer structure: a top layer
of a-C:H film and a sensing underlayer of silicon. To achieve the aim of in-situ and
real-time wear measurement on the machine parts, the wear-sensing coating system
composited of the above bilayer structure is developed on the steel substrates. Then wear
measurement is carried out on ftribotested samples. The Raman intensity and surface
roughness of silicon layers are two key factors for realizing accurate wear measurement
based on wear-sensing coating system. For obtaining high Raman intensity, it is necessary
to develop silicon coatings with high crystallinity by optimizing the deposition parameters
(e.g., temperature, power, gas pressure). Meanwhile, the surface roughness of as-grown
coatings should be controlled in a reasonable range as high roughness can result in big

errors of wear measurement.

Based on the results, it is suggested that the grain size of silicon coatings shows a high

correlation with the surface roughness and Raman intensity. Specifically, the surface
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roughness and Raman intensity increase with grain size. It should also be pointed out that
with increasing the grain size, the coefficient of variation of Raman intensity obtained on a
series of test points on the silicon coatings increases significantly, indicating the widening
distribution of grain size. The sputtered yield and energy of sputtered silicon atoms arriving
at the substrate can be increased by reducing the S-T distance and increasing the gas
pressure and cathode power in the coating deposition process, which not only promote the
grain growth of silicon crystal but also lead to non-uniform grain growth, resulting in

multimodal grain size distribution.

For improving the accuracy of wear measurement, the variation coefficient of Raman
intensity should be reduced to avoid the big measurement errors. It is therefore suggested
that the grain size of silicon coatings should be controlled at a reasonable value to reduce
the measurement errors caused by high surface roughness and big variation of Raman
intensities and provide high enough Raman intensity for achieving reliable
wear-measurement. Through adjusting the grain size to ca. 32.7 nm by optimizing the
deposition parameters, the silicon coating with low surface roughness at 62.9 nm, small
variation coefficient of Raman intensity at 12.5% and Raman intensity of 8765.7 was
obtained, which is then employed as the sensing layer for constructing wear-sensing
coating system on steel substrate to realize accurate wear measurement via Raman-based

profilometry.
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Chapter 11

Conclusions and Future work

11.1 Conclusions

In this project, a novel Raman-based profilometry has been developed to measure the
coating wear based on the Raman signal from the silicon sensing layer. This proposed
approach was successfully used to measure the coating wear under dry and oil-lubricated
conditions. Meanwhile, since this method is highly sensitive towards the Raman signal
intensity, it is employed to detect the formation of additive-derived tribofilms formed on
coating surfaces based on their distinct optical properties. The results provide fundamental
insights into the mechanisms of tribofilm formation and the tribochemical reactions
between additives and a-C:H coatings. In view of the potential for in-situ and real-time
wear monitoring of Raman-based profilometry, a wear-sensing coating system composed
of crystalline silicon underlayer and a-C:H top layer has been developed on steel substrate
by combining the pulsed-DC magnetron sputtering and PECVD. It is demonstrated that this
coating system could provide accurate wear information based on Raman-based

profilometry.

In summary, the key conclusions of this thesis are presented in the following:

e A Raman-based profilometry is developed based on two functional layers: the top
a-C:H serves as light attenuating and anti-wear layer while the silicon substrate is
employed as Raman sensing layer. Since the Raman intensity of silicon signal varied

as a function of the a-C:H thickness, wear monitoring of a-C:H could be realized in the
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friction process, giving the opportunity for in-situ wear measurement. Compared with
the results deriving from the profilometer and Raman signal of carbon, the coating
thickness quantification method based on the Raman signal of silicon provides more
accurate wear profile in long term tribotests.

The remarkable errors of non-contact optical profilometer was attributed to the
tribo-induced variation of optical properties on the top surface of a-C:H film, while the
obvious errors of the approach based on Raman signal of carbon was due to
tribo-induced bonding transformation of sp® (C-H) to sp?> (C=C) in the bonding
transformation regions, resulting in noticeable enhancement effect of sp? C-phase
towards Raman intensity of carbon signal.

By introducing an additional attenuating-layer of oil film into the calculation process,
this method enabled the possibility of monitoring coating wear under oil-lubricated
conditions.

The evolution process of MoDTC-derived tribofilms formed on the a-C:H coating
surface is investigated using a combination of Raman-based profilometry, TEM, and
FFT. The obtained results confirm that the remarkable deviations of Raman-based
coating wear measurement are attributed to the tribofilm formation on the top surface
of a-C:H due to their distinct optical properties compared with a-C:H.

The formation of MoS, nanosheets is observed in the initial stage, which is further
converted into nano-MoC via carburization reaction under the impact of shear forces.
In combination with the previous studies about MoDTC-derived tribofilms, the
MoDTC-induced wear process on a-C:H/steel contact could be divided into two stages.
In the first stage, wear acceleration is attributed to the catalytic effect of molybdenum

oxides (accompaniment of MoS; derived from MoDTC) in the oxidation of a-C:H and
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the easy-shear capability of oxidation layers. Meanwhile, for the second stage, the
tribo-induced MoS: carburization into hard MoC leads to abrasive wear, dominating
the wear acceleration process.

Raman-based profilometry is employed in this study to identify the additive-derived
tribofilms of ZDDP on a-C:H coatings based on their distinct optical properties. The
obtained results confirm the dominating role of the oxidation layer on the a-C:H
surface in the growth of ZDDP-derived tribofilms. This oxidation process catalysed by
MoDTC-derived MoOs3 can transform a-C:H surface from Lewis base to Lewis acid,
providing active growth sites for ZDDP tribofilms.

The tribochemical reaction between ZDDP-derived products (phosphate-Lewis base)
and a-C:H surfaces is driven by Lewis acid-base interaction rather than
stress-dependent mechanism in view of the unobservable wear on the tribofilm growth
areas of a-C:H surfaces. In addition, the lower durability of ZDDP tribofilms formed
on a-C:H surfaces than that on ferrous surfaces is attributed to the easy-shear capability
of oxidation layer.

The silicon coatings with different crystallinity are deposited on steel substrates by
pulsed-DC magnetron sputtering method. The grain size of silicon crystal plays a
dominating role in controlling the surface roughness, Raman intensity, and the
variation coefficient of Raman intensity (CV), which are key factors for realizing
accurate wear measurement via Raman-based profilometry.

By adjusting the deposition parameters, the crystalline silicon coating with low surface
roughness and CV, and high Raman intensity is successfully deposited on steel
substrate as the sensing layer. After depositing a-C:H on this silicon coating, the

wear-sensing coating system is constructed and Raman-based profilometry is
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employed to measure the wear depth values. Compared with the results deriving from
optical profilometer, Raman-based method could provide accurate wear depth values
based on the wear-sensing coating system.

e The main limitations of this developed Raman-based profilometry are: 1, the
additive-derived tribofilms can cause measurement errors under high concentration of
additives in lubricating oil; 2, although it has been demonstrated that this Raman
method could provide accurate wear information with oil film on coating surface, using
oil with low transmittance may cause measurement errors in the in-situ test; 3, this
developed method requires initial surface roughness under low level to prevent the

high measurement errors.

11.2 Suggestions for future work

Several suggestions are proposed for future work in this research directions:

e Given the growing demand of automation, online monitoring capability is strongly
required for wear measurement techniques. In this project, a Raman-based
profilometry with strong potential of online monitoring is developed. It is suggested to
conduct in-situ and real-time tribotests and use this proposed method to monitor the
coating wear in the friction process.

e Considering that most of the existing liquid lubricants are tailored for ferrous-base
surfaces, in-depth studies of the interaction between nonferrous surfaces and liquid
lubricants are therefore essential for developing high-performance lubricating systems
and understanding further mechanisms, such as tribochemical reactions on coating
surfaces under additive-lubricated conditions. In this thesis, the Raman-based

profilometry has been employed to study the formation mechanisms of tribofilms of
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MoDTC and ZDDP and demonstrates its usefulness in detecting the tribochemical
products based on the distinct optical properties. In view of this, it is suggested to use
this proposed method to study the tribochemical reactions between diverse additives
and coatings which can benefit the development and optimization of an effective
solid—liquid lubricating system.

The wear-sensing coating system composed of crystalline silicon and a-C:H has been
developed in this project and used to measure the coating wear based on Raman-based
profilometry. As this wear-sensing coating system could be deposited on the substrate
of various materials and shapes, it is suggested to conduct research work based on this

coating system in diverse engineering applications.
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