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“You should enjoy the little detours, enjoy them to the fullest, because that’s
where you’ll find more important things than what you were looking for.”

-F.G.
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ABSTRACT

For more than a decade now, Diamond-like carbon (DLC) coatings have been applied on
internal combustion engine sliding components e.g. cam lobes, tappets, finger followers, and
piston rings to reduce energy losses due to friction. These coatings are therefore lubricated
with traditional engine oils that were originally developed for steel parts. However, the effect
of certain additives, such as zinc-dialkyldithiophosphate (ZDDP), on the tribological behavior
of DLC:s is still unclear.

In this work, tribological tests, surface analysis techniques, and computer simulations are
combined to study the friction and wear properties of several types of DLCs in ZDDP-
containing solution, as well as the underlying micro/atomistic mechanisms responsible for the

observed macroscopic tribological behavior.

The experiments show that for DLC/DLC contacts, the tribological behaviour in ZDDP-
additivated oils can be optimized by tailoring their stiffness, surface nano-topography and
hydrogen content. An optimal combination of ultralow friction and negligible wear is
achieved using hydrogen-free tetrahedral amorphous carbon (ta-C) with moderate hardness.
Softer coatings exhibit similarly low wear and thin ZDDP-derived patchy tribofilms, but
higher friction. Conversely, harder ta-Cs undergo severe wear and sub-surface sulphur
contamination. Contact-mechanics and quantum-chemical simulations reveal that shear
combined with the high local contact pressure caused by the contact stiffness and average
surface slope of hard ta-Cs favour ZDDP fragmentation and sulphur release. In absence of
hydrogen, this is followed by local surface cold welding and sub-surface mechanical mixing

of sulphur resulting in a decrease of yield stress and wear.

To further investigate the effect of sulphur on the wear of hard ta-Cs, other additive molecules
with and without sulphur are tested. Wear is also observed with another sulphur-containing
additive, di-ter-butyl-trisulphide (TPS), while no wear occurs and ultra-low friction is
maintained in Zinc dialkylphsophate (ZP), which has a similar chemical structure to ZDDP
except that the sulphur atoms are replaced by oxygen. A different solution to avoid wear is by
replacing one of the DLC surfaces by steel i.e. switch from DLC/DLC to DLC/steel contacts.
In this case wear is avoided and friction is maintained low, thus ZDDP fulfils its role of anti-
wear (AW) agent. These solutions are in line with the search of reducing friction, avoiding

wear, and improving fuel efficiency of ICE in passenger cars.
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Chapter 1: General Introduction

This first chapter aims to provide the reader a brief introduction to the
general context of the topic, state the problem at hand and define the

research objectives of this work.



1.1 General Context

The importance of environmental and energetic sustainability is rising every year worldwide.
Our planet is facing major challenges such as: increasing world population, energy and
resources consumption levels growing, CO, emissions increasing, and rapid progression of
global warming. These are urgent matters that need to be controlled to avoid catastrophic
consequences. Researchers from all over the globe are striving to find solutions to improve
energy consumption efficiency, limit fossil fuel use and reduce greenhouse gas emissions to

comply with the requirements established in the Kyoto and Paris Protocols on climate change.

According to Holmberg and Erdemir', 23% of the world total energy consumption originates
from tribological contacts, among which 20% is used to overcome friction and 3% is used to
remanufacture worn-out parts. Energy losses could be reduced by 40% in the long term (15
years), and by 18% in the short term (8 years) by applying new tribological solutions. These
savings would amount to roughly 1.4% of the GDP annually and 8.7% of total world-wide

energy consumption.

In their latest report, it was estimated that almost 30% of the energy produced today is
consumed by transportation vehicles and 75% of that by road vehicles alone®. The internal
combustion engine (ICE) still represents 99% of all commercial vehicles®. A typical passenger
car only uses 21% of the energy consumed to generate movement, while the remaining 79% is
lost®, see Figure 1. 1 . Improving the energy efficiency by reducing friction and wear-related
energy losses would have positive economic and environmental impacts. In some countries,
government regulations are established upon car manufacturers to limit their carbon
emissions. In Europe the average emissions from passenger cars should be less than 95 g of

CO/km, severe financial penalties may apply if the objectives are not met’.
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Figure 1. 1. Breakdown of energy use for ICE driven passenger cars, tank-to-wheel calculations”.

Therefore, great efforts have been made in the past decades in the academic and industrial
sectors to reduce energy losses due to friction and wear in passenger cars by developing new
tribological solutions e.g. ceramics and composite materials, surface treatments, lubricant
additives, low viscosity oils, vapor phase lubricants, nanoparticles-based technology, surface

texturing, and surface coatings.

Among these different strategies, diamond-like carbon (DLC) coatings have been applied on
sliding components in ICE e.g. piston rings, cams, valve lifters and tappets to reduce friction
and wear. Friction coefficients below 0.01 (the so-called super-low friction regime) have been
obtained in liquid lubrication combined with certain organic additives and fatty acids. These
coatings have the potential to significantly reduce the energy losses of sliding contacts in ICE

and are the subject matter of this investigation.

1.2 Introduction to the problem

DLCs are usually lubricated with traditional engine oils suitable for ferrous surfaces (steel,
cast iron). Zink dialkyldithiophosphate (ZDDP) is the most commonly used
antiwear/antioxidant additive present in commercial engine oils due to its unmatched anti-
wear properties. However, its effects on the tribological properties and interaction
mechanisms on DLCs and are still unclear despite the great number of published scientific
articles on this matter. Results vary greatly between different studies and are often directly
referred to as contradictory, while in fact, a more accurate assessment would be to say that
they are complementary and valid in their own specific experimental conditions. There are
many parameters that can explain why different studies obtain contradictory results such as:

the type of DLC and additives used, counterpart material, initial surface roughness, contact



pressure, sliding speed, working temperature etc.... All of these parameters need to be
rigorously controlled in order to understand their individual and combined effect on the

tribological behavior of DLC/ZDDP sliding interfaces.

1.3 Objective and relevance of the investigation

In this investigation, a multi-approach systematic study is carried out combining experiments,
analytical measurements and computer simulations carried out for part of this work in
cooperation with Prof. Michael Moseler and his colleagues from Fraunhofer Institute for
Mechanics of Materials (IWM), in order to understand the effect of ZDDP and other similar

additives on the friction and wear properties of different DLC coatings.

Five different DLCs lubricated with a ZDDP-containing solution are tested to study its
tribofilm formation capacity, and anti-wear and friction modification properties. The
experiments are coupled with computer simulations in order to better understand the
underlying atomistic/nano-scale mechanisms responsible for the macroscopic tribological
behavior. Other zinc-phosphate and sulphur-containing additives are also studied in order to
better understand the effect of the structure and chemical composition of the additive
molecules. Additionally, tribological tests are conducted in a controlled atmosphere
environment using simple gas molecules without the presence of base oils and air exposure to

better understand the tribochemical interactions of certain atoms with DLC surfaces.

The end goal of this investigation is to provide guidelines for developing DLC systems to
effectively reduce friction and wear in ICE sliding contacts that could also be applied to other

DLC/ZDDP systems such as wind turbines.

1.4 Outline of the thesis

Chapter 2 provides the general context of this study as well as a brief introduction to DLC

coatings for tribological applications.
Chapter 3 describes the experimental methodology and materials used in this study.

Chapter 4 studies the effect of ZDDP on the friction and wear properties of five different
DLCs.

Chapter 5 investigates other mechanical and chemical parameters and their effects on the

tribological behavior of DLC/ZDDP systems.



Chapter 6 presents the results obtained from tests performed in various controlled
environments to study simple systems with standard molecules to further understand the

tribochemistry of DLC and ZDDP.

Chapter 7 is a summary of the main conclusions from this investigation and suggestions for

future works.



Chapter 2: Background

This chapter provides an introduction to diamond-like carbon (DLC)
coatings, and goes over some of their mains aspects related to tribology and
concludes with a brief discussion of DLCs lubricated with ZDDP and its
relevance to the automotive industry.



2.1 Introduction to DLC coatings

Diamond-like carbon (DLC) coatings refer to a family of amorphous carbon-based thin films
that contain a mixture of sp® and sp> coordinated bonds. It is common for them to contain
hydrogen or other metal and non-metal doping elements depending on their production
method. They are synthesized by different chemical vapor deposition (CVD) and physical
vapor deposition (PVD) methods. One of their main advantages is that their properties can be
tailored by adjusting the deposition process, therefore making them suitable for a wide range
of engineering applications in the manufacturing, microelectronic, optics, space,

transportation and biomedical fields.

2.1.1 History

In 1955, Schmellenmeier reported a black carbonaceous film derived from acetylene (a-C:H)
in glow-discharge plasma®. However, it was not before 1971 that these films started to gain
attention after Aisenberg and Chabot conducted a more comprehensive analysis’. By means of
an ion-beam deposition technique, they were able to grow carbon films on various substrates
at room temperature. For the first time these hard carbon films were referred to as “diamond-
like carbon”. The films were very hard and resistant to scratching, they had high dielectric
constant, high refraction index, were optically transparent, and very resistant to corrosion in
strong acidic solutions. In 1973 they applied the DLC coatings on paper cutting blades and
discovered that the coatings improved wear resistance and reduced friction®. This sparked the
interest of other researchers and a few years later, Holland et al. reported the growth of
similarly hard carbonaceous films by applying a radio frequency bias to the substrate material
to generate a glow-discharge plasma’. At first it was speculated that these films were
composed of crystalline diamond due to their high mechanical properties, but in the late 1970s
Weissmantel et al. dispelled the uncertainty when they demonstrated that their structure was,
in fact amorphous, by conducting a series of analyses by electron microscopy and electron
energy loss spectroscopy (EELS)'. In 1981 King et al. reported that DLC-coated hard disks
used in magnetic recording media showed higher wear resistance compared to standard
overcoat materials that were used at the time. They correctly predicted that in future years the
use of DLCs as protective films would greatly improve the performance of magnetic hard
disks. At the same time Enke et al. studied the friction coefficient of a-C:H films against steel
counterparts'"'?. In low humidity conditions, the friction coefficient was ~ 0.01. In 1986
Memming et al. also performed friction tests with a-C:H/steel tribopairs in different
atmospheres e.g. ultra-high vacuum, humid air, dry nitrogen and dry oxygen and began to

7



shed some light on the friction mechanisms of such coatings'’. Their potential to reduce
friction and wear in different application fields started to attract more attention and finally in
the 1990s the research of DLC coatings really took off. Figure 2. 1 shows that the number of
scientific publications and patents on DLCs have been steadily rising ever since. Nowadays
DLC coatings are used in a variety of industrial applications and continuous research is

carried out to keep searching for new technological solutions.

600
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Figure 2. 1. Evolution of the number of published scientific articles (top) and issued patents in the US
(bottom) of DLCs throughout the years.

2.1.2 Classification

DLC coatings are commonly classified based on their hydrogen content, sp*/sp> hybridized
carbon ratio and the presence of metal or non-metal doping elements. The different types with

their abbreviations are illustrated in Figure 2. 2.
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Figure 2. 2. Classification of DLC coatings.

Non-doped DLCs have been typically presented in the well-known ternary phase diagram

shown in Figure 2. 3 proposed by Robertson'

*. The top corner corresponds to pure sp’ carbon

(like in diamond), the bottom-left corner corresponds to pure sp2 carbon (like in graphite) and

the bottom-right corner represents pure hydrogen. There are four main regions labeled in this

phase diagram. The first corresponds to a-Cs in the left axis. The second region corresponds

to ta-Cs that are very rich in sp’ carbon. The third and fourth regions correspond to the

hydrogenated DLCs, a-C:H, and ta-C:H. The mechanical properties of the designated DLCs

are not given in the diagram.

ta-C
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glassy carbon
graphitic C

Diamond-like
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/( \//K \ HC polymers

2
sp

Figure 2. 3. Robertson’s ternary phase diagram of DLCs'*.




Vengudasamy proposed a modified classification which also includes some doped-DLCs'
(see Figure 2. 4). The sp’ fraction and hydrogen content seem to more accurately represent
modern DLCs, although some data is missing to fill in the gap between a-C and ta-Cs. There

is also a very large gap between the region designated as ta-C:H and a-C:H.

Diamond Polyethylene
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|
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Soft Films/’ 7

l
/' Polyacetylene

Graphite | |

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08

Hydrogen content

Figure 2. 4. Modified Classification of DLC coatings'.

Recently, Ohtake et al. measured the sp’ fraction, hydrogen content, hardness and other
properties of 74 DLCs produced by different CVD and PVD methods'®. The measured results
were plotted in the ternary diagram according to their sp® fraction and hydrogen content as
before, but additionally, their hardness was included. The new diagram is presented in Figure
2. 5. Based on their positions on the diagram, the DLCs were designated into the four
common regions: a-C, ta-C, a-C:H and ta-C:H. A summary of their properties is given in

Table 2. 1.

10
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Figure 2. 5. Ternary phase diagram of 74 different DLCs. The circle diameter is proportional to their
hardness obtained by nano-indentation'®.

Table 2. 1. Classification of DLC films for industrial applications based on [16] *°.

DLC Sp3 fraction Density (g/cm’) H (at. %) Hardness (GPa)

a-C 0.1-0.5 14-1.7 H<5 9-25

ta-C 0.5-0.9 2.6-35 H<5 25-90
a-C:H 0.1-0.5 1.4-2.0 5-50 9-25
ta-C:H 0.5-0.9 20-2.6 5-50 9-35

Although the newly proposed ternary phase diagram includes additional information
(hardness), and is a step towards a better representation of DLCs, the data points distribution
could be improved; there are very little a-Cs compared to the other DLCs. Additionally, the
hardest ta-C was 54 GPa, when ta-Cs have been found to have hardnesses of 80 GPa.
Nevertheless, it gives a good reference point of the classification of DLC coatings and is now

published under the international standard ISO 20523:2017".

2.1.3 Deposition Processes

There are many different PVD and CVD processes used for the production of DLC coatings.
Some of the most common techniques for each type of DLC are shown in Figure 2. 6. By
modifying the type of process and/or the deposition parameters, it is possible to obtain a wide
range of DLCs with different physical and chemical properties, allowing for fine-tuning of the
coating microstructure and chemical composition to fulfill specific requirements. In addition,
their production is relatively cheap and convenient which allows large-scale production in

different sectors such as the automotive industry.

11
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Figure 2. 6. Commonly used deposition techniques for each type of DLC coating including their
carbon sp’ fraction and hydrogen atomic percentage'®.

In principle the DLC film is condensed from a beam of carbon or hydrocarbon ions. The DLC
properties depend heavily on the ion energy per carbon atom. To obtain a carbon sp® rich film,
the ion flux needs to have an energy close to 100 eV with low energy dispersion and the least
amount of non-energized (usually neutral) species'’. In general, the lower the energy is, the
lower the carbon sp> content will be. This neutral species are sp” rich and may cause growth
defects in a conical shape (also referred to as droplets) that may lead to increase surface
roughness. Additionally, it is important to obtain strong interfacial bonding between the DLC
coating and the substrate material in order to avoid delamination and failure. An intermediate-
adhesion layer is often used between the substrate and the DLC for this purpose. Metals

forming carbides or silicides, e.g. Cr, W, Si, Ti, are generally used.

For automotive applications (which is the focus of this work) the most common industrial
processes used are plasma-enhanced/assisted chemical vapor deposition (PECVD, also known
as PACVD) for the production of a-C:H coatings, with a hydrocarbon gas (methane,
acetylene, ethylene...) used as the carbon precursor. For a-Cs and ta-Cs, cathodic vacuum arc
(CVA also known as arc-PVD), and filtered cathodic vacuum arc (FCVA) deposition methods
are used, the carbon precursor usually being a solid graphite target. Other noteworthy methods
include magnetron sputtering, pulsed-laser deposition (PLD) technique, and inductively

coupled plasma (ICP).

The CVA process consists of generating an electric arc that can be continuous or pulsed in

high vacuum by using an electrode (carbon striker) that touches and releases the graphite

12



cathode. This will produce a high flux of energetic plasma that condensates to produce the
coating. To increase the energy of the incident ions, a DC or R.F. bias voltage is applied to the
substrate. Solid neutral particles can also detach from the graphite cathode and contribute to
the growth of the film. FCVA is a similar technique that uses a magnetic duct to guide the
plasma beam and prevent neutral particles from reaching the substrate. A schematic

representation of these processes is shown in Figure 2. 7.

(d) Cathodic Vacuum Arc
substrate
anode
tube
Striker E:' Graphite
cathode
+ ( +25V

magnetic filter | | =
;VQBA C’ p|a§ﬂa '—iq —_&\i
«/‘o?/ - ‘\% S-bend filter
) B A N
;/// J \\ v~
f D substrate Plasma SN \

g{ 5 source a \\*5‘
[ \\ @
) - AN\ \%\ﬁ n
plasma source &\\ < e
Striker — Y AN
Graphite target \g:\ ——
-
Arc power supply
substrate
(a) (b)

Figure 2. 7. Schematic diagrams of the CVA (top) and FCVA (bottom) processes'*.

The PECVD process (illustrated in Figure 2. 8) uses a plasma where free highly energized
electrons impact the gas molecules of the reactants (carbon precursor) to break their chemical
bonds. This results in the formation of reactive radical groups that flow towards the substrate
material for film growth. This method allows for lower deposition temperatures compared to

traditional CVD processes that depends on thermal decomposition of the reactant.
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Figure 2. 8. Schematic diagram of the PECVD process™’.

2.1.4 New DLC architectures

Recently, Mesh and Pillar-type ta-C coatings (produced by Nippon ITF Inc.) were obtained by
gradually increasing the substrate temperature above 200°C during the deposition process
(arc-PVD)*!. For conventional ta-Cs, the substrate temperature is maintained below 150°C.
Their different structures can be observed in Figure 2. 9. The pillar and mesh-type ta-Cs have
a crystalline graphitic structure (studied by TEM) on the top 25% of the coating thickness and
therefore reduced hardness compared to the classical ta-C. These new ta-C structures were
found to have higher resistance to fracture and wear (although wear on the steel counterpart
was not specified), but higher friction coefficients compared to classical ta-C sliding in pure

base oil against a steel counter-part.

I

(a) (b) (c)

Figure 2. 9. Cross sectional cuts of conventional ta-C (a), pillar ta-C (b), and mesh ta-C (c)*".

Alternating soft and hard multilayered DLCs were produced by unbalanced magnetron
sputtering technique for tribological applications under high stress**. Coatings with different
number of layers were produced and it was found that the coating with 1:1 ratio that ended

with the soft coating on top (see Figure 2. 10) gave the lowest wear rate. Multi-layered
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coatings that ended with the hard coating on top actually had worse wear resistance compared

to the single-layered soft coating.

Figure 2. 10. TEM Cross-section of a multilayer DLC sample with a 1:1 soft-to-hard-layer ratio™.

Other multilayered coatings have been produced, e.g. CrN/DLC/Cr-DLC*, Cr/CrN/Cr-
C/DLC*, periodic SiC/DLC layers on a cupper substrate’, and Ti/Ti-DLC layers on
aluminum substrates”... The authors argue that the residual stresses of the coatings are
decreased by these multi-layered structures, therefore providing better adhesion and superior
wear and friction properties in certain solicitation conditions. The results are interesting, but
more research needs to be done with these types of coatings before definite conclusions can

be made.

2.1.5 Industrial application in ICE engines.

For more than a decade now, DLC coatings have been applied to multiple components in
ICEs. Some examples are shown in Figure 2. 11. The mass production and application of
DLCs was strongly driven by the need to reduce carbon emissions and improve fuel
efficiency due to environmental considerations. In 2006, the Nissan Motor Company started
introducing ta-C coated tappets to their Skyline and Infinity G35 models®’. In combination
with a GMO-containing oil, this resulted in a reduction of friction torque between the cam and

ta-C coated tappet of about 40%”.
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Figure 2. 11. DLC-coated engine parts in ICE'®.
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Other applications include”: cutting and forming tools, razor blades, data storing hard disks
and recording heads, barrier films in PET bottles, IR antireflection films, dielectric layers, thin

film sensors, decorative films, and biomedical components.

2.1.6 Wear of hard ta-C coatings in commercial fully-formulated oil (SW30)

DLCs have been applied on internal combustion engine sliding components e.g. cam lobes,
tappets, finger followers, and piston rings to reduce energy losses due to friction. These
coatings are therefore lubricated with traditional engine oils with complex formulations that

were originally developed for steel parts.

Hydrogenated amorphous carbon (a-C:H) coatings are well established in the automotive
industry in France. Its harder counterpart material, tetrahedral amorphous carbon (ta-C), is
particularly interesting due to its ability to attain ultra-low and superlow friction in lubricated

3031 thus potentially reducing energy consumption even more. However, at the end

conditions
of 2017, tribological tests (reciprocating sliding) conducted in the research laboratory of the
industrial partner of this work (HEF Group) revealed severe wear of hard ta-Cs lubricated
with a fully formulated oil (5W30 provided by Total company), while no wear was observed
in pure PAO base oil. For softer a-C:H coatings, wear did not occur in either lubricants. The

worn ta-C samples were sent to LTDS laboratory (where most of the experiments of this work
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were carried out) and XPS analysis were performed to study the surface chemistry of the wear
tracks. The analysis revealed the presence of P, S, and Zn on the worn surfaces, suggesting
that the AW additive ZDDP was involved in the tribochemical reactions and wear of hard ta-
Cs. The tribological tests were reproduced in LTDS laboratory, but the complex SW30 oil
was replaced by a simple PAO + ZDDP solution. The concentration of ZDDP used in the
solution was 1 wt.% wt, which corresponds to the amount of ZDDP in commercial oils, such
as SW30. The friction and wear results were identical to the ones obtained with the SW30 oil,
confirming that the ZDDP AW additive was at the origin of the wear of hard ta-Cs. The

experimental results are available in Figure A. 1.

A review of the available literature at that time did not provide any explanation to the
observed wear phenomena. In fact, the results from different studies about the effect of ZDDP
on the tribological properties of DLCs were diverse, and even referred to as contradictory by
some of the authors (discussed in the next chapters). These are the events that lead to the
development of the present work, where the main focus is to study the effect of ZDDP on the

tribological behaviour of DLC coatings.
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Chapter 3: Materials and experimental

methods

This chapter contains the information regarding the tested DLC materials
and lubricants, the test parameters used for tribological tests, and the
analytical techniques used to analyze the samples.
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3.1 Test materials

Five types of DLC coatings, labelled by a-C:H, a-C, ta-C(51), ta-C(66) and ta-C(78), were
prepared by the company HEF IREIS. The numbers in between parentheses represent the
hardness values of in GPa. The main properties of the DLC coatings are tabulated in Table 3.
I (the methods used for measuring them are given in the following sections). The coatings
had a thickness of 2 um and were deposited onto mirror-polished steel discs, cylinders, and
balls. The tests were performed in cylinder/disk, and ball/disk configuration. The steel discs
had a diameter of 25 mm and a thickness of 7 mm, and were made of M2 steel (0.85% C, 6%
W, 5% Mo, 4% Cr, 2% V, hardness 64 HRC). The cylinders and balls were made of 100Cr6
steel (0.95% C, 0,25% Mn, 0,15% Si, 1,5% Cr, hardness 223 HB). The cylinders had a radius
of 5 mm and a length of 10 mm, and the balls had a radius of 5 mm. During the deposition
process, an intermediate layer was applied onto the steel surfaces to improve the adhesion of

DLC films and reduce residual stresses.

Table 3. 1. Main properties of the DLC coatings studied.

Label Composition (at.%) m\(()(()illlllqus'sE Hardness ~ Demsityp ¢ sp°
C H Gpay TGP (gem?)  (0)
a-C:H 80 20 259 27 2.07 -
a-C >99 <1 287 24 2.34 31
ta-C(51) >99 <1 493 51 2.77 62
ta-C(66) >99 <1 572 66 291 73
ta-C(78) >99 <1 625 78 3.01 79
Deposition

Ragige (nm)  Rquige (nm)  Racytinger (M) Reytinger (Nm) Method

a-C:H 10+1.2 12+1,5 13+1,7 17+2,6 PACVD

a-C 12+ 1,6 16+ 2,0 12+1,1 16+ 1,7 Arc-PVD
ta-C(51) 13+2,4 17+ 3,0 11+1,1 14+ 1,4 Arc-PVD
ta-C(66) 10+2,0 13+2,9 10+1,5 13+2,3 Arc-PVD
ta-C(78) 12+2,1 15+2,6 11+1,5 14+1,8 Arc-PVD
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3.1.1 Surface polishing

In order to remove surface defects formed during the deposition process and obtain smooth
surfaces to minimize friction and wear, the DLC-coated disks and cylinders were polished
prior to tribological tests (the balls were not polished). There are several methods that can be

used to polish DLC coatings:

e Automatic rotating steel brush: The preferred method to polish the cylinder samples
due to their geometry is by brushing the surface using a rotating steel brush
(tribochemical wear process involved). This method also works on flat samples, but
leaves steel particles embedded on the surface that can react with the lubricant
additives and could disturb the test, having an effect on friction and wear. It should be
noted that brushing is a manual process so it requires experience to obtain smooth
homogenous surfaces.

e SiC abrasive paper: An automatic polishing machine can be used, where the samples
are pressed down onto a SiC abrasive paper that rotates at a predetermined speed.
Water is used to lubricate the contact between the samples and the SiC paper.
Similarly with the previous method, this procedure leaves SiC particles embedded on
the sample surface which could also modify the friction and wear properties of the
sample. Therefore, this method was not used for the tests presented in this work.

e Diamond particles suspension: The same automatic polishing machine is used as with
the SiC paper, but instead a soft cloth covered with a diamond particle suspension is
used to polish the surface. This method is the fastest and most effective way to polish
the flat surfaces homogenously with excellent reproducibility and was used for the

tests presented in this work.

3.1.2 Surface roughness by tactile profilometer

Before each test, the surface roughness was controlled for every sample with a tactile
profilometer. This technique allows rapid measurements to be made in different areas of the
samples. It was used to ensure that they were properly polished and smooth surfaces were
obtained. Multiple Line scans with a length = 56 mm were performed using a filter cut-off of
Ac = 80 um. The roughness parameters: Ra, Rq, Rvk, and Rpk were calculated for each
individual line scan and an average of all the measurements is reported with its standard
deviation. These parameters were chosen to obtain information about the contribution of

peaks and valleys of the surface. A typical line measurement is shown in Figure 3. 1.

20



o
52}
=
=}
3 o
T T
1
1
|
|
|
1
1
1
1
1
1
1
1
1
1
—— k-4
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
L_4
1
1
1
1
1
1
1
1
1
1
1
1
1
1
1
]
[
|
1
1
1
1
1
1
1
1
1
1
1
1
1
1
——tr-4--r-4

Figure 3. 1. Typical line scan measurement for roughness evaluation of the samples before sliding
tests.

3.1.3 Hardness and Elastic Modulus by Nano-indentation

The mechanical properties of the materials were determined by nanoindentation using a
Nanoindenter XP®. Indents were done with a diamond Berkovich indenter (tetrahedral
geometry, 115.12 ° between edges). The maxium applied load was 450 mN assuming a
Poisson’s ratio of 0.20. A continuous stiffness measurement method was used. An oscillating
displacement with a frequency of 32 Hz and an amplitude of 1 nm was superimposed at the
continuous displacement. The tests were performed using a constant strain rate procedure.
The ratio of the loading rate to the load was kept constant and was equal to 3 x 102 s™. With a
Berkovich indenter, the strain was constant during loading experiments’. Seven tests were
made for each sample. Simultaneous measurements of the applied normal load, the contact
stiffness versus displacement were recorded. Thus, hardness H (related to a contact pressure)
and reduced elastic modulus E’ were continuously calculated and analyzed versus plastic
depth. For thin coatings the measurements should not exceed more than 10% of the coating
thickness, otherwise the substrate material influences the results. Figure 3. 2 shows typical H
and E’ measured curves versus indentation depth. It can be seen that the H and E’ values
decrease linearly as the indentation depth increases. Thus, the calculated H and E’ values only
take into account the measured points above 200 nm (10% of the coating thickness which is 2
um). The mechanical properties of the DLC coatings on the cylinders are assumed to be the

same as those on the discs.
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Figure 3. 2. Hardness (a) and reduced elastic modulus (b) measurements obtained by nano-indentation
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3.2 Tested lubricants and additives

PAO-4 was used as the base oil for this work. At T = 100°C it has a kinematic viscosity of 3.8
cSt. Different additives were mixed with the PAO base oil to obtain the lubricant solutions.
The additives used in this work are shown in Table 3. 2. All lubricant solutions were prepared
at equivalent phosphorus content (1200 ppm), which corresponds to 1.0 — 1.5 wt. % of the
additive (depending on its molecular weight) in the solution. This concentration was
determined to be representative of the amount of additives that can be found in commercial
engine oils. To study the effect of the additive concentration, some tests were performed with
smaller and larger concentrations that can also be found in the literature (800 ppm and 1600
ppm) and were found to yield similar results. The TPS additive was prepared to have an
equivalent sulphur content as the one of the ZDDP additives (2400 ppm). The PAO +
additives solutions were heated at 40°C and stirred during 2 hours to obtain a homogenous

solution. This procedure was suggested by one of the additives suppliers, Nippon Oil.

Table 3. 2. Additives and lubricant solutions used in this work.

Label Name Chemical structure Role Lubricant Solution
PAO-4 Polyalphaolefin . ottt Base oil PAO
i, e it Bk ot
RO S S_ OR PAO +ZDDP 1 C4
ZDDP 1 | Zinc dialkyldithiophosphate p? zn %’
phosp ro? N N Nk AW (P = 1200 ppm)
. S S
C4 primary C4 B (S = 2400 ppm)
R=C,H,
RO OR PAO +ZDDP 1C8

ZDDP 1 | Zinc dialkyldithiophosphate (P = 1200 ppm)

2N NN AW
. RO S S OR
C8 primary C8 (S = 2400 ppm)
R=CsH,;
RO O 0O, OR PAO +ZP
AR Zn » 2
P P _
7P Zinc dialkylphosphate ro’ %o’ %o’ ‘or AW (P = 1200 ppm)
R=C,H,, (8 =0ppm)
>[/S\s/s PAO + TPS
TPS Di-ter-butyl-trisulphide 7< EP (P =0 ppm)

(S =2400 ppm)
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3.3 Friction tests

3.3.1 Reciprocating sliding tests

Cylinder-on-disc sliding tests were performed using a home-made linear reciprocating
tribometer®. A 3D model of the apparatus is shown in Figure 3. 3. The tested conditions were
chosen to resemble the real operating conditions in sliding engine components such as cam-
follower systems and jacket-piston ring contacts in passenger cars. The contacting surface
between the cylinder and disk (flat coupon) was immersed in 3 ml of lubricant. A good
contact between the disc and cylinder was ensured for every test thanks to an auto-alignment
spring system of the cylinder holder. The friction coefficient was calculated as the average of
the instantaneous friction coefficient over one complete cycle (300 points per cycle). The

testing conditions used are given in Table 3. 3.

Table 3. 3. Test parameters used in reciprocating sliding tests.

Standard reciprocating sliding tests conditions

Contact: cylinder-on-disk
Applied load FN=23 N
Puerz= 210 MPa
Temperature T = 110°C

Average speed v=0.1 ms™

Stroke length 1 = 10 mm

Test duration t = 90 min (27,000 cycles)
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e |

Figure 3. 3. 3D model of the reciprocating linear tribometer.
3.3.2 Friction regime estimations (A calculations)

In reciprocating friction tests, the sliding speed v is not constant. At the edges of the stroke
(where there is a change of direction), v falls to zero, whereas v reaches its maximum value
(v ~ 0.157 ms™') in the center of the stroke. This means that at the edges of the stroke, much
less lubricant is entrained in the contact zone between two contacting bodies, resulting in a
transition from mixed/hydrodynamic lubrication (ML/HL) to boundary lubrication (BL). To
estimate the friction regime of the sliding tests, elastohydrodynamic lubrication (EHL) film
thickness calculations were made using a Moes’ equation for line contacts® and calculated
Tallian’s lambda values®. The central EHL film thickness Hgy is calculated by

-7/2 ‘25/7]5_1

3s/7 _
Hew, = |(HE{* + ™)™ + (g + b (83)

where s is an auxiliary variable defined as s = %(7 + 8 exp(—2 Hg;/Hgy)), and Hgy, Hg;,

Hgp, and Hgp are also defined as Hg; = 3M~!, Hg = 2.621M~Y/5 | Hpp = 1.2871%/3 ,

Hgp = 1.311M~Y/813/% | respectively. The dimensionless lubricant number L and load

1/4 1o\ 1/2
number M are defined as aE’ (%) and %(5—5) , where E' is the reduced Young’s
0
2 1-v? | 1-v3 . .1 . . . . .
modulus (; =t ), v is the sliding speed, 1, is the lubricant viscosity, « is the
1 2

viscosity pressure coefficient, R is the radius of the cylinder, and F is the normal load per unit

length. The Tallian’s lambda values A is defined as :EHL

, where hps is the composite root-

rms

mean-square roughness of the cylinder and disc (defined as

2 2
hrms = \/(hrms,cylinder) + (hrms,disc) ) Here, hrms,cylinder and hrms,disc are taken from
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Table 4. 2 for all DLC coatings. Figure 3. 4 shows a visual representation of the friction

regimes in the reciprocating sliding tests for a-C:H and ta-C(51). BL (4 < 1) and ML

(1 £ A < 3) apply at the edges and middle of the stroke, respectively. In the a-C:H system,

about 18% of the stroke are under BL, where tribochemical reactions of ZDDP with DLC

surfaces occur. For ta-C(51), the BL regime accounts for 32% of the stroke.
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Figure 3. 4. Tallian’s lambda (red), sliding speed (green), and flash temperature (blue) as a function of
the cylinder position over the stroke length (—0.005 < x < 0.005 m) for (a) a-C:H, (b) a-C, (c) ta-
C(51), (d) ta-C(66), and (e) ta-C(78).
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3.3.3 Calculation of flash temperatures.

For rectangular contacts (i.e. cylinder on flat)’®, the flash temperature rise (T;) at a
dimensionless position X on a homogeneous body subject to a uniform heat flow

UW |vgisk—Vcylinder| -
[vais 4bl°y inder| is calculated from

1
2qK (X+L _ B e-(n?+82)2
Te(X) = — nd —d 1
f( ) Ky fX—L € T’fo (n2+{2)% Zﬂ ( )
where [ and b are the half width and length of the rectangular contact, respectively, K is the
thermal conductivity, pu is the friction coefficient, W is the normal load, and v is the sliding
speed of the homogenous body relative to the contact. The thermal diffusivity k is calculated

from k = K/pC,, where p is the mass density and C, is the heat capacity. The dimensionless

vb

L. o
e and ;—K x is the position on the body along the

parameters X, B, and L are defined as %,

sliding direction. First, we consider the temperature rise of a homogeneous body consisting of
steel and correct for the presence of a thin DLC coating in a following step. The material
parameters for 100Cr6 steel pgree) = 7.704 g cm™, Koo = 26.1 W m™ K, and Cp steel =

0.446 J g K are taken from the literature®’.

In the following, we choose a reference frame with a stationary cylinder in contact with a
moving disk. The integral in the formula for T¢(X) is evaluated numerically for the stationary

situation (v — 0) providing the maximum temperature 1i8€ Temay cylinder O the cylinder as

well as for velocities |v| > 0 providing the maximum temperature rise Ty ax gisk On the disk.

Now, we correct both flash temperatures for the presence of a coating. For a layered body
consisting of a thin film (DLC) and substrate (steel), the maximum flash temperature for DLC

TtmaxpLc 18 calculated from the ratio of Tepnaxprc to that for the homogeneous steel

38.
Tfmax,steel .

T = Tfmax,DLC — Ksteel {1 — ﬂf*(A, DP)}, (2)

Tfmax steel aKpLc 1+A

for 0.1 < PeDLC < 10.0

1
142.329(1+4)~(0:475+0.88Dp) ppb(A exp(-0.62Dp)’

f*(A,Dp) = 3)

b(A) = 0.206 — 0.04134 + (0.0406 + 0.0224 — 0.02634%)°>, (4)
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for PeDLC < 01,

f*(A,Dp) = ( . 3_361 )b(A)’ ()

(144) 1.097Dp

b(A) = 1.42 + 0.3994 — 0.116A2 + 0.14343, (6)

l
where Pepic = and Pégiee) = > “ are the Peclet numbers of DLC and steel,

2KpLC Ksteel

. A-a K 1+Pe
respectively, A =>—, 1 == g = fﬁ for 0.1 < Pep;c < 10.0 and a =1 for
AMa KpLc 1+Pegteel

Pepic < 0.1, and Dp = D?(1 + Pepyc). The dimensionless thickness parameter D is defined
as d /21, where d is the thickness of a DLC coating (d = 2 pm).

39,40

According to articles by Robertson and his co-workers™ ", the correlations between the

density p and Young’s modulus £ of a DLC coating are given by

p = 1.37 + E?/3 /44.65 for a-C and ta-Cs, (7)

p =0.257 + 0.011(E + 511)/44.65 for a-C:H. (8)

The heat capacities C, are taken from the literature®'. The thermal conductivities K for the
DLCs are estimated by a linear fitting of the relation between experimental values of K and
E**. A friction coefficient u = 0.02 is used for ta-C(51) and u = 0.1 for the other coatings.

Trmax 18 defined as a maximum T during the stroke.

At the end, the maximum flash temperature rise Tgy,5x Mmust be the same for both stationary

cylinder and moving disk, and can be calculated from™

1 — 1 + 1 (9)

Ttmax Tfmax,cylinder Ttmax,disk

Most relevant are the flash temperature rise in the BL regime (i.e. at low sliding speeds near
the edges of stroke) where reactions of ZDDP happen and thus our simulation models are
valid. The detailed results are given in Supplementary Note 9. An average maximum flash
temperature in the BL regime (18% of the stroke) Ty g1, 15 2.3 °C for a-C:H. For ta-C(51),
the BL regime accounts for 32% of the stroke and Ty oy 1, 15 0.5 °C. The temperature rise is
negligibly small for all DLCs, and indeed no correlations of Ty g1, With DLC properties and

observed phenomena were found. For example, for a-C:H, tribo-patches form predominantly
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near the ends of the stroke while T¢is larger at the middle of stroke (i.e. at higher sliding

speeds) and regardless of the local temperature the hard ta-Cs undergo much more wear.
3.3.4 Calculation of root-mean-square heights and slopes

20pm X% 20um AFM topography maps were measured with a resolution of 512x512 pixels.
The discretization size Al of our AFM data is about 39 nm — slightly above the diameter of the
AFM tip (dip = 20 nm). Note that discretization smaller than the tip size is prone to mapping
errors. In contrast, increasing the grid spacing would lead to the loss of nanoscale
characteristics of the surface and as a result, numerical contact mechanics calculations would
give smaller local contact pressures. Since our interest lies nanoscale contact pressures, the
spacing should be as small as possible without biased by AFM errors. Moreover, the RMS
slope h;s is a central quantity in Persson’s theory44. While h,,s is dominated by power-law
scaling behaviour of a power spectral density at the largest wavelengths, h/,s depends
entirely on the surface structure at a smallest scale. A comparison of the RMS slope Ay
between a 20pum x 20um topography with 512x512 pixels and a Spum x Sum topography with
256x%256 pixels (corresponding to Al = 20 nm) for a ta-C(51)-coated disc shows that the
calculated values are very similar and thus indicates that the original grid size Al = 39 nm is
sufficiently small. Additionally, the self-affinity of the surfaces was check by obtaining and

verifying the power spectra.

Figure 3. 5 shows AFM surface topography maps after running-in inside the wear tracks on
both the cylinder and disc, which were used in our contact mechanics calculations. During
running-in, large asperities are removed and thus h,,s and hy,s decrease for the three softer
DLCs (a-C:H, a-C, and ta-C(51)). For example, h/,s values measured outside the wear tracks
for a-C:H are about twice as large as those inside the weak tracks after running-in. In contrast,
for ta-C(66) and ta-C(78), wear events are observed especially at the edge of the stroke after
2,000 sliding cycles. Figure 3. 5 d and e show scratches on the cylinder and disc due to wear,

resulting in an increase in hyyg and Apps.
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Figure 3. 5. AFM surface topography maps of DLC cylinders and disks: (a) a-C:H, (b) a-C, (c) ta-
C(51), (d) ta-C(66), and (e) ta-C(78). For all panels, (h) = 0.0.

A height map h, ,, of a surface topography image with N, X N,, grid points along the x and y
axis was obtained using AFM. The root-mean-square height h.,s and slope h/,s were

computed using the following standard definitions:

Ryms = {II?) = \/ﬁyzxzy(hx,y —(m)’ (S1)
s = (10R) = |3 3, ((22) 4 (B22)), (s2)

We used a first-order finite-difference approximation for computing the partial derivatives in

Eq. S2. The composite RMS slopes are defined as \/ (h;ms,cylinder)z + (h;ms,disc)z.

3.3.5 Analytical Tribometer in Controlled Environment (ATCE)

Reciprocating ball-on-disk sliding tests were carried out with an Analytical Tribometer in
Controlled Environment (ATCE). The samples were introduced in the load lock chamber and
transferred through the radial distribution chamber into the tribometer chamber where the
sliding tests are performed. Afterwards, the samples were transferred into the XPS analysis
chamber without being exposed to the outside environment. The whole system pressure was
kept under ultra-high vacuum (UHV) by means of primary and secondary pumping systems
and managed by connecting valve gates between each separate chamber. A schematic

representation of the system is shown in Figure 3. 6. During the sliding tests, the disk (flat
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coupon) was fixed and the ball was displaced horizontally in reciprocating motion. The
applied normal force was regulated to be stable throughout the test by a motor that controlled
the vertical displacement of the ball. The friction coefficient u was calculated as the average
of the acquired points for one passage (half cycle). The test parameters used for the standard
reciprocating sliding tests are given in Table 3. 4. The parameter values were chosen taking
into account practical reasons and the limitations of the tribometer. For example, to regulate
well the applied normal force it is needed to use a sliding speed of only a few mm/s. It was
necessary to increase the contact pressure to obtain a wear track with a diameter close to 100

um so it could be visible and analyzed in the XPS chamber.

XPS analysis
Radial chamber N
Distribution
Chamber N
Tribometer
chamber N
Preparation
chamber

Figure 3. 6. Schematic representation of the ATCE system.

Table 3. 4. Test conditions used in the sliding experiments.

Standard reciprocating sliding tests conditions

Contact: ball-on-disk
Applied load Fy=5 N
Pyeriz = 800 MPa

Temperature T = 20°C

Average speed v=0.2 mm s

Stroke length [ =2

Controlled environnement : diverse
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3.4 Surface characterization techniques

3.4.1 Optical Interferometer

The wear volumes of the samples were measured using an optical white light interferometer
(Contour GT-K1, Bruker). When the wear tracks were too large to be captured in one single
image (such as 4 x 10 mm wear tracks on the disks), an automatic stitching procedure was
used to capture and combine multiple images to obtain the whole wear track. A terms removal
(F-operator) was used to straighten the base line of the sample. Figure 3. 7 shows the raw
measurement (left) performed on a cylinder and the straightened image (right). To measure
the wear (negative volume), a mask was applied to limit the analyze area close to the wear

track and minimize the measurement error.

Raw Straightened

060 0.10 0.20 0.30 0.40 0.50 0.60 ) obo 0.10 0.20 0.30 0.40 OVSO 0.60
mm mm

Figure 3. 7. Optical interferometer measurements of a cylinder: raw (left) and straightened (right).

3.4.2 Raman Spectroscopy

The wear tracks of the DLCs samples were analyzed by Raman spectroscopy using a
Renishaw inVia™ Qontor® Confocal Raman Microscope, equipped with a 50x magnification

lens. The Raman spectra were recorded using a 633 nm laser with a spot size of 1.0 um.

343 AFM

To investigate the surface topography inside and outside of the wear tracks, AFM
measurements were carried out with a NX 10 (Park Instruments) equipped with silicon probes
having a nominal spring constant of 37 N.m™ and a nominal tip radius of 10 nm (ACTA AFM

probes from App nano) and operated in standard Tapping Mode with an operational resonance
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frequency =~ 190 kHz after automatic calibration. Firstly, the cantilever and tip were mounted
on the holder and aligned with the photodetector so the signal intensity approximated 3.0 V
with lateral and vertical deviations of less than 0.1 V each. At this point, the tip could be
automatically approached to the surface to begin the measurements. Firstly, 50 x 50 pm’
images were recorded at low resolution (256x256 px°) and afterwards a 20x20 pum?” high
quality image (512x512 px?) were recorded in the region of interest. The scanning speed was
kept under 0.3 Hz per line to avoid damaging the AFM tip. The data was treated (base line

correction) and analyzed using Gwyddion software.

3.4.4 SEM analysis

The surfaces were observed after tribological tests to study its topography and chemical
composition without any conductive coating by Scanning Electron Microscopy (SEM) using a
FEI XL30-FEG equipped with an Everhardt-Thornley secondary electron detector and
operating under high vacuum. The acceleration voltage was set to 2 kV or 5 kV. Chemical
composition analyses were carried out by Energy Dispersive X-Ray Spectroscopy (EDS)
using an Oxford Instruments X-max silicon drift detector (80 mm? ultra-thin window).

Quantitative analysis of the EDS spectra was performed using the Aztec software.

3.4.5 FIB machining and TEM analysis

Cross-section of the flat wear track was prepared in Manutech-USD by Dual Beam Focused
Ion Microscopy. A platinum gaseous precursor was first used to deposit a platinum layer onto
the DLC surface, to protect it during milling and avoid any re-deposition. This layer was
deposited in two steps. First, a low-energy electron beam was used to avoid damaging the
DLC surface. Afterwards, a Ga ion beam was used at high energy to increase the growth rate

of the protective platinum film and accelerate the process.

The a-C:H thin foils obtained were analysed by TEM using a Jeol 2010F-UHR TEM
equipped with a Schottky field emission gun operating at 200 kV. Bright field images were
acquired using a Gatan Orius 100 CCD camera and High-Angle Annular Dark Field
(HAADF) images in the Scanning Transmission Electron Microscopy (STEM) mode. EDX
(80 mm? silicon drift detector from Oxford Instruments) was used for local chemical analysis
(spectra or elemental maps). The ta-C(66) thin foil was analysed using a FEI Titan ETEM G2
electron microscope operated at 300 keV and equipped with a Cs image aberration corrector.

To avoid contamination prior to the analysis, the samples were plasma-cleaned with Argon
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for 30 seconds. Compositional analyses were conducted in TEM mode with an energy

dispersive X-ray spectrometer (SSD X-max 55 mm? from Oxford Instruments).

3.4.6 XPS analysis

After the friction tests, the samples were cleaned twice in an ultrasonic bath with n-heptane
(Chimie Plus: > 99%) for 10 minutes to remove residual oil. The samples were handled with
metallic tweezers without touching their surfaces. XPS analysis was performed on the
samples using an ULVAC-PHI Versa Probe II spectrometer equipped with a monochromatic
Al Ko X-ray source with a beam diameter of 200 um. The binding energy scale was
calibrated with respect to the Cls photo-peak at a binding energy of 284.8 eV. The error of
binding energies is estimated as +0.1 eV. First, a survey spectrum was performed using a pass
energy of 187.85 eV to identify all the elements present on the surface. Afterwards, narrower
scans with a range of 20 eV were acquired using a pass energy of 23.5 eV to accurately
identify the chemical state of each element and to perform quantitative analysis using PHI
Multipack software. The contribution of the background was approximated by the Shirley
method and Wagner sensitivity factors (corrected for the transmission function of the
apparatus) were used for the calculation of the atomic concentrations. An Argon ion beam
was used to sputter the samples surfaces at an angle of 45°. The ion beam was accelerated at
250 V with a current density of 120 nA mm™. A digital camera was used to take pictures of
the samples to identify the wear tracks. When the wear tracks were too small to be seen on the
picture (often the case for ball samples), a Scanning X-ray Imaging (SXI) image was recorded
to obtain a chemical contrast between the inside and the outside of the wear track (see Figure

3.8).
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Figure 3. 8. Example SXI image showing the wear track (black line) at the center of the image.

However, when the contrast was not noticeable by this technique, narrow-range XPS spectra
could be obtained using a high pass energy to record fast spectra (1 or 2 minutes per analysis
point) in a determined grid-space containing up to 8 x 8 analysis points on the area where the

wear track was expected to be found (on the top of the ball).

Inside the wear track

the S2p signal is
1600\ thes strongest -

\\ Getting close to
\\ the wear track |

No S2p signal outside
of the wear track

1 1 1
175 170 165 160 1586
Binding Energy (eV)

Figure 3. 9. Chemical mapping technique used to find the wear track by recording narrow-range XPS
spectra using a high pass energy in a user-defined space-grid. The S2p signal (left) is the most intense
inside the wear track and there is nothing significant outside. Picture of the ball sample where the wear
track is not visible (right).

34



3.5 Computer simulations (Fraunhofer Institute)

The computer simulations were carried out Prof. Michael Moseler and his colleagues from the
Fraunhofer Institute of Materials as part of a joint collaboration. For the anecdote, this
collaboration started after the Tribochemistry satellite conference that took place in Hakodate
on September 2019; where both parties agreed that the experimental and simulation results

complimented each other very well, and so, a fruitful working collaboration began.
3.5.1 Contact mechanics simulations

Elastic-plastic contact of two rough DLC surfaces were modelled using experimental AFM
topography maps with discrete height profiles h, ,, over a scan area of 20x20 umz (including
512x512 data points). Local contact pressures py, and elastic displacements u, , were
calculated under an external normal pressure of 210 MPa (equal to the maximum cylindrical
Hertzian contact pressure used in our experiments) using the PyCO code developed by
Pastewka and co-workers. Plasticity of surface asperities was taken into account if the local
contact pressure p,, went beyond the material hardness™. However, no significant
differences in P o (defined as the median values of the pressure distribution) were observed
between elastic-plastic and full elastic calculations. The details of numerical techniques used
in the contact mechanics calculations are described somewhere else’®™". Young’s moduli and
hardness values are tabulated in Table 4. 2 in Chapter 4. A typical value of 0.2 was used for
the Poisson’s ratio of DLC. For each pair, 25 contact mechanics calculations were carried out
by moving a topography map with respect to the other along the x axis with a step of 20
pixels. We assumed that the load was entirely supported by asperities and no fluids were
entrained in the contact zone. Thus, P, o is only valid for boundary lubrication, i.e. at the
ends of the stroke. We employed AFM topography maps measured inside the wear tracks
after running-in since they are representative of DLC surfaces in a steady, low-friction state.
A contact mechanics calculation of DLC topographies measured outside wear tracks showed
that significant amounts of surface asperities undergo plastic deformation (corresponding to
an initial high friction in Figure 4. 1b). However, the high friction state lasts only for the first
few hundred cycles and u drops immediately. For example, for a-C:H, the RMS heights and
slopes outside the wear track are 2—3 times larger than those inside the wear track after
running-in, which results in a much larger P, ¢f¢, and no correlation between P; o¢r and E*hyps

was found.
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3.5.2 Quantum chemical simulations

Bond-breaking and -forming of ZDDP in contact with DLC surfaces were studied using third-
order density-functional tight-binding (DFTB3) calculations’’ as implemented in the
Atomistica software suite’>. Atomic forces were extracted from quantum chemical
calculations in order to describe complicated bond-breaking and -formation processes under
tribological conditions. The accuracy of Slater-Koster parameters for modelling the
interactions between ZDDP and DLC surfaces was confirmed by first-principles density-

functional theory (DFT) calculations (shown in Figure 3. 10.)
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Figure 3. 10. Comparison of DFTB3 with ab-initio DFT-PBE calculations for quasi-static contact-
closing of unpassivated a-C:H surfaces interacting with a ZDDP molecule. Averaged numbers of (a)
S—C bonds (Ang_c) formed between ZDDP sulphur and DLC carbon atoms as well as (b) sulphur
atoms (Ngyiphyr) released from ZDDP to the DLC after opening the contact as a function of the
contact pressure P, for DFTB3 (red) and DFT-PBE (green). For both DFTB3 and DFT-PBE, the same
a-C:H samples were employed. The error bars represent standard error of the means.

In this study, three types of DLC surfaces were considered: a-C:H with the density p = 2.0 g
cm™ and hydrogen content Cy = 20 at.%, a-C with p = 2.0 g cm™, and ta-C withp = 3.0 g
cm”. The aims of the simulations in Figure 4. 12 and 13-15 are different. In Figure 4. 12, the
bulk shearing of sulphur-doped DLCs aims to understand weakening of the bulk regions
under shear. Thus, the three computational models were chosen to exactly correspond to
experimental a-C:H, a-C, ta-C(78), respectively. In contrast, in the simulations of Figure 4.
13-15, we considered the former two DLC models due to the following reasons. Our focus is
on understanding tribochemical reactions of ZDDP on DLC surfaces. In general, hydrostatic
compression of a-C increases its density and sp> percentage in the bulk and as a result forms

ta-C with a high sp® percentage Dsp3 >3 However, a superimposed shear motion drives the

system away from its equilibrium phase. At the sliding interface, a ta-C surface layer
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undergoes sp’-to-sp” rehybridisation resulting in a significant decrease of Dsp? >4 This
tribolayer with pg,3 = 10% should be universal for any hydrogen-free DLC coatings and

therefore we modelled the reactive zone on top of the ta-Cs as a low-density a-C.

All DLC samples were generated by quenching a melt from 5000 to 0 K at a constant rate of
1 K fs™'. For Figure 4. 12, sulphur-doped ta-C samples with initial densities p = 2.0 and 3.0
g cm™ and a same initial cell size of 14x14x14 A’ were produced as starting configurations.
For the DLCs in Figure 4. 13-15, three samples with a cell size of 15x15x10 A® were
generated. For each sample, three surfaces were then created by cutting them perpendicular to
the z-axis at different z coordinates, separating the resulting slabs by 2 nm and introducing a
ZDDP molecule (with ethyl groups) into the created vacuum region. Before inserting the
ZDDP molecule, the DLC slabs were fully relaxed. Thus, in total, 9 independent quasi-static
molecular statics contact-closing/reopening trajectories were generated for each type of DLC.
During QMS simulations, the cell size L, in the z-direction is decreased with a step AL, =
—0.2 A and once the system reaches a desired contact pressure Py, L, is increased to the initial
one (Lo = 30.0 A) in steps AL, = +0.2 A. For each step, the entire system is relaxed so that
all force components are below 5.0 x 1073 eV A" with the FIRE algorithm®>. This quasi-
static contact-closing/opening simulation mimics an experimental situation in which two
asperities come into contact and then detach from each other in the limit v —» 0 m s™.
However, the effect of shear stress is not explicitly taken into account within this quasi-static

simulation, but is taking into account in the dynamic MD shearing simulations.

MD shearing simulations of two systems (ZDDP/DLC and sulphur-doped ta-C) were carried
out with Lees-Edwards boundary conditions™. The system temperature T was kept constant at
300 K using a Peters thermostat®’, and the equations of motion were integrated with a time
step At=0.5 fs using the velocity-Verlet algorithm®®. The system pressure was controlled
using a Berendsen barostat™. The systems were sheared at a constant speed along the x axis,

and the averaged shear stress 7 was calculated from the component 7,, of the stress tensor.

Although boundary conditions in our atomistic simulations were matched to local
experimental conditions (e.g., temperature and local contact pressures), the sliding speed of
vmp = 30 m s in MD simulations is two orders of magnitude larger than the experimental

60-62

values (Vexp = 0.157 m s1), as in previous MD studies™ "°. The use of such high sliding

speeds is necessary to simulate a long sliding distance, sufficiently sample phase space, and
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especially describe tribochemical reactions and subsequent phase transitions at sliding

interfaces®*®3

. In principle, one must keep the sliding speed well below the speed of sound in
materials. The speed of sound in DLC is two or three orders of magnitude larger than our
sliding speeds®. This ensures that the heat generated in the contact during sliding is rapidly
dissipated from the sliding interface to surrounding materials. The criterion is a prerequisite

for reliable modelling of the shear response of materials.

In addition, at low enough temperatures (when thermal activation of reactions can be
neglected) the reaction products are entirely determined by the mechanochemical competition
of the mechanical strength of the different chemical bonds. In this case, mechanochemical
reactions observed in our MD simulations should also be independent of the sliding speed and
are thus transferable to our low speed experiments. This argument is confirmed by the
observation that our MD shearing simulations reveal similar results as our quasi-static

calculations.
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Chapter 4: Interplay of Chemistry and
Mechanics govern the wear of DLC coatings

in ZDDP-additivated o1l

In this chapter, the friction and wear properties of five DLCs are
tested in ZDDP-solution. Combined experiments, analytical
techniques, and computer simulations are carried out to provide a
better understanding of the underlying mechanisms responsible for the
observed macroscopic behavior of DLCs lubricated in ZDDP-solution.
The results presented in this chapter were reported in a scientific paper
accepted for publication at the end of May 2021 in Nature

Communications journal.
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4.1 Introduction

Diamond-like carbon is an excellent solid lubricant that exhibits high wear resistance and

superlubricity (i.e., friction coefficient u below 0.01) under boundary®®

and mixed
lubrication®® with organic friction modifiers (FM), including oleic acid and glycerol. It has
been increasingly applied as a protective coating in internal combustion engines, where
operating conditions are extremely severe and thus the use of anti-wear (AW) additives, e.g.
zinc dialkyldithiophosphate (ZDDP) and FM additives, e.g. molybdenum dithiocarbamate
(MoDTC), admixed with base oils is essential for reducing wear and friction. However, it has
been proven that some additives (e.g. MoDTC®’) can cause massive wear of some DLCs, and
especially the role of ZDDP with respect to wear in DLC/DLC contacts remains

controversial®® 72

, since research on these additives has been mainly focused on conventional
ferrous surfaces”. Consequently, a better understanding of interactions between such
additives and DLC as well as an improvement of the AW performance of additives on DLC

are of technological importance.

ZDDP is one of the most indispensable and effective AW additives for automotive
combustion engines’>. However, since sulphur and phosphorous produce environmentally
hazardous waste substances and degrade catalyst converters, alternative additives have been
sought to replace ZDDP with other ash- and phosphorous-free AW agents for the sake of
reducing the environmental load”*”. Nevertheless, owing to its extraordinary AW properties,
ZDDP is still a principal AW additive. Substantial efforts have been made to identify

6-79 Sy
67 which is

chemical structures and formation mechanisms of ZDDP-derived tribofilms
necessary not only to improve the AW performance of ZDDP but also to formulate alternative

sulphur- and phosphorous-free lubricants.

Particular attention is paid to whether ZDDP is effective with DLC, which has been already

. - - . 68,69,72,80,81
investigated for various types of DLC coatings®®®">*"

, including hydrogen-free tetrahedral
amorphous carbon (ta-C) and hydrogenated amorphous carbon (a-C:H). Vengudusamy et al.
carried out comprehensive experimental studies on the effect of different types of DLC
coatings, such as a-C:H, a-C, ta-C, and doped DLCs®*"°. They reported that ta-C lowers
boundary friction, but exhibits higher wear compared with a-C:H and a-C. They concluded
that the wear resistance of DLC is mainly governed by the type of DLC, an the role of ZDDP

as AW agent is unclear.
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Interestingly, ZDDP-derived patchy layers are likely to form on DLC surfaces, but are less
thick and durable than those observed on steel probably due to weaker interactions of ZDDP
with DLC surfaces’**. The thicknesses and morphologies of these tribofilms are affected by
intrinsic parameters of the DLC coatings, i.e. hydrogen content, sp’/sp’ ratio, presence or
absence of dopants, surface roughness and mechanical properties®”**. The former three factors
would alter chemical reactivity of DLC surfaces and thus reaction rates of ZDDP, whereas the
latter two factors affect the mechanical response of the system such as contact pressure and

geometry, and elastic/plastic deformation of surface asperities.

Mosey et al.** simulated the cross-linking of bulk zinc phosphate precursors with ab-initio
molecular dynamics (MD), showing that high hydrostatic pressures induce the formation of
poly-phosphates. It would be tempting to ascribe the low quantity of ZDDP-derived
polyphosphates on DLC to reduced contact pressures. However, DLCs are stiffer than steel
and therefore ZDDP on DLC should experience higher contact pressures. This indicates that
the chemical interactions between ZDDP and surfaces cannot be neglected in the ab-initio
modelling. So far, only decomposition processes of other sulphur-** and phosphorous-

containing additives®® on iron surfaces have been simulated.

Here, we combine experiments and simulations to understand the reaction mechanisms of
ZDDP with DLC surfaces and the role of mechanics, surface roughness and chemistry.
Friction and wear of five different self-mated DLC coatings sliding in a ZDDP solution with a
PAO base oil are studied. First, a combination of reciprocating sliding tests, XPS surface
chemical analyses, and contact mechanical calculations suggest that wear and friction regimes
are strongly affected by asperity-scale contact mechanics of two rough surfaces. The effective
local contact pressure P, o varies with the Young’s modulus £ and root-mean-square (RMS)
slope h;ys of the DLC coatings. Therefore, surface asperities on soft DLC experience lower
contact pressures (P ¢ S 3.5 GPa) than on hard DLC (P ¢ = 9 GPa). While on the former
20-nm-thick tribo-patches form and no visible wear is observed, the latter undergo severe
wear accompanied by a drastic increase of the friction coefficient x. On hard DLCs, we
observe significantly more S—C than Zn—S bonds, indicating that ZDDP is more likely to
react with the hard DLC surfaces.

Second, quantum-chemical simulations reveal that the kinetics of ZDDP’s chemical
decomposition reactions is accelerated by an increase in P ¢ and it is independent of the bulk

chemical structure of DLC. However, chemical differences between DLC surfaces alter the
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response of the frictional interface to shear action at high contact pressures (P qgr > 5 GPa).
Non-hydrogenated DLC surfaces are likely to cold-weld at high contact pressures due to
lower steric hindrance and stronger attractive interactions. The cold-welded surfaces undergo
chemical mixing under shear, resulting in sub-surface sulphur doping, which in turn weakens
the DLC matrix (reduces its yield stress) and causes severe wear. In contrast, local contact
pressures on soft DLC are small enough (P ¢¢ < 3.5 GPa) to prevent cold welding and
sulphur doping. In this case, ZDDP chemisorbs and decomposes into atoms and small

fragments that accumulate and cross-link to form anti-wear tribofilms on the softer DLCs.

Our study elucidates the crucial role of inter-asperity nano-mechanics and chemistry in
determining the chemical reactions of ZDDP with DLC surfaces and their macroscopic
tribological behaviours. In this context, the effective local pressure P o at asperity contacts
and the hydrogen content of the coatings are the crucial mechanical and chemical factors,
respectively. The former dominates the mechanochemistry of ZDDP, whereas the latter
affects shear accommodation of the sliding interface. The understanding of the interplay
between mechanical and chemical stimuli and the correlation between atomistic and
macroscopic phenomena pave the way for prediction and control of tribological properties of
DLC lubricated with ZDDP-additivated oils. The underlying concepts might be also
applicable to ferrous and other non-ferrous materials in tribological contact with sulphur- and
phosphorous-containing additives, and even useful for a comprehensive understanding of the

formation of lubricant-derived tribofilms with enhanced anti-wear performance.

4.2 Friction and wear results

In order to investigate the impact of ZDDP on friction and wear of DLC coatings,
reciprocating cylinder-on-disc sliding tests are performed for self-mated DLC/DLC tribopairs
in both pure poly-alpha-olefin (PAO-4) base oil and PAO-4 mixed with 1 wt.% ZDDP
primary-C4. The test parameters were given in Methods section 3.3.1 and reminded in Table
4. 1. The tests were repeated at least 4 times each to ensure the repeatability of our
experiments. Five DLC coatings with varying properties are tested under the same conditions.
They are labelled as: a-C:H, a-C, ta-C(51), ta-C(66) and ta-C(78). The numbers in parenthesis
represent the hardness of ta-Cs in GPa. Their main properties are reminded in Table 4. 2. The
reported RMS heights h,.,s and slopes h;,s are average values measured inside the wear

tracks of DLC-coated cylinders and discs after running-in (800 cycles for ta-C(78) and 2000
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cycles for the others). The mathematical definitions of the RMS heights and slopes are
available in the Methods section 3.3.4.

Table 4. 1. Test parameters used in the reciprocating sliding tests.

Standard reciprocating sliding tests conditions

Contact: cylinder-on-disk
Applied load Fy=23 N
Pherz=210 MPa
Temperature T = 110°C

Average speed v=0, m s’

Stroke length 1 = 10 mm

Test duration t = 90 min (27,000 cycles)

Table 4. 2. Chemical compositions, mechanical and structural properties, and surface roughness

parameters of the tested DLCs. The densities p and percentages of sp3 carbon atoms pg,s are

estimated from Young’s modulus using empirical formulae suggested by Ferrari and co-workers”*.

Label Composition (at.%) ngﬁlllugs'SE Hardness H Density3 p(g sp3 Cpsps
C H (GPa) (GPa) cm”) (%)
a-C:H 80 20 259 27 2.07 -

a-C >99 <1 287 24 2.34 31
ta-C(51) >99 <1 493 51 2.77 62
ta-C(66) >99 <1 572 66 291 73
ta-C(78) >99 <1 625 78 3.01 79

RMS after running-in
Label height Ay (nm) slope Apms (<)
Cylinder Disc Composite Cylinder Disc Composite
a-C:H 5.0+0.7 6.7+1.3 8.4+1.0 0.051+0.015  0.087+0.043  0.104+0.032

a-C 13.4+3.9  26.5+0.1 29.8+1.4 0.072+£0.002  0.131+0.005  0.150+0.004
ta-C(51)  3.9+1.3 9.0+2.0 9.8+1.5 0.025+0.002  0.054+0.028  0.060+0.020
ta-C(66)  3.8+0.6 9.1+0.4 9.9+0.4 0.044+0.010  0.078+0.009  0.089+0.008
ta-C(78)  10.9+0.8  10.4+4.3 15.3+2.5 0.099+0.013  0.080+0.015  0.128+0.012
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Significant differences in both friction and wear are observed between pure PAO and
PAO+ZDDP lubrication. Figure 4. 1a and b show the evolution of the friction coefficient u
in pure PAO and PAO+ZDDP, respectively. For a-C and a-C:H, u increases gradually and
reaches a steady state with 4 = 0.1 in PAO (Figure 4. 1a). Conversely, in PAO+ZDDP, the
running-in periods are much shorter than those in PAO and u decreases slightly to 0.08 —
0.09 (Figure 4. 1b). The three ta-Cs reach rapidly a steady, ultralow friction state (u =
0.01 — 0.03) in PAO. In PAO+ZDDP, the friction curve for ta-C(51) is almost the same as
that in PAO. However, for harder ta-Cs, i.e. ta-C(66) and ta-C(78), the addition of ZDDP
significantly changes their tribological performance. Friction increases gradually to p =

0.08 — 0.10 after 2000 and 12000 sliding cycles for ta-C(66) and ta-C(78), respectively.

a Sliding distance (m)
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Figure 4. 1. Friction curves of five self-mated DLC tribopairs in (a) pure PAO-4 base oil and (b) a
mixture of PAO-4 and 1 wt.% ZDDP.
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Figure 4. 2 shows composite wear volumes W measured on the cylinders (a) and discs (b)
measured by optical interferometry. In PAO the wear volumes are not measurable for most
DLCs. However, in PAO+ZDDP wear increases drastically for ta-C(66) and ta-C(78) in
correlation with the increased x4 (Figure 4. 1). It should be noted that the wear volume of the

discs (Figure 4. 2b) is 10 times larger than that of the cylinders (Figure 4. 2a).
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Figure 4. 2. Wear volumes of DLCs cylinders (a) and discs (b) after sliding tests in PAO and PAO +
ZDDP.

Optical images of wear tracks on both cylinders and discs after sliding show deep scratches
for ta-C(66) and ta-C(78) on PAO + ZDDP lubrication (Figure 4. 3). The rubbed surfaces are
much rougher than the pristine surfaces as shown by optical interferometer images in Figure
4. 4. The average depths of the wear scars are about 0.5 and 1.5 um for the disc and cylinder,
respectively (the DLC coating’s thickness is 2.0 um). Conversely, the wear scars of the other
softer DLCs are barely visible under the same observation conditions. Thus, ZDDP has a
negligible effect on the friction and wear of soft/moderate-hard DLCs but a catastrophic effect

on those of harder ta-Cs.
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Figure 4. 3. Optical images of the wear tracks of the DLC-coated cylinders and discs after sliding tests.
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Figure 4. 4. Optical interferometer images of the wear tracks: (a-b) ta-C(66) flat and cylinder, (c-d) ta-
C(78) flat and cylinder, respectively. The images of the cylinders are flattened in order to observe the
wear volume.

4.3 Contact mechanics calculations

Our friction experiments are carried out with the same initial macroscopic cylindrical
Hertzian contact pressure (Pyertz = 210 MPa) for all tribo-pairs. However, the DLC coatings

differ in their mechanical properties and surface topographies (

Table 4. 2) and thus local contact pressures P, at the asperity level can be different. Here, we
perform contact mechanics calculations using the numerical boundary element method with
experimental surface topographies to estimate these effects at the nanoscale (see details in
Methods section 3.5.1). Surface topographies of all five DLC coatings are measured by
atomic force microscopy (AFM) with a scan area of 20x20 pm? inside the wear tracks of the
cylinders and discs after running-in. The AFM topographies of the cylinder and disc are
brought into contact under an external pressure of 210 MPa. For the softer DLCs (a-C:H, a-C,
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and ta-C(51)), the P, probability density distributions have a high peak around P; = 0 and
decay rapidly, with most asperities experiencing a P; of less than a few GPa (Figure 4.5a). In
contrast, the P, distributions for ta-C(66) and ta-C(78) are broader and contact pressures
P, > 10 GPa occur frequently.

Figure 4.5b shows the effective local contact pressure Pqg (as the median of the P
distribution over all contact spots where P, > 0) as a function of a material parameter E*h ¢
(the product of the contact modulus E* and the RMS slope hys, discussed later on). For ta-
C(66) and ta-C(78), P egr is 9.2 and 10.5 GPa, respectively. In contrast, for the three softer
DLCs, P ¢fs values are in the range 1.7 — 3.5 GPa. Interestingly, P ¢ for ta-C(51) is smaller
than that for a-C (which has a larger hyyg). The monotonic increase in Py egr with E™ Ay

indicates that P} ¢ 1s not only a function of the Young’s modulus E, but also depends on

surface topography.
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Figure 4.5: (a) Local contact pressure distributions calculated from contact mechanics
calculations using AFM topographies measured inside the wear track after running-in (2000
cycles) with a scan area of 20x20 um?. (b) Effective local contact pressure P, f¢ as a function
of E*hyms, Where E™ is the contact modulus and Ay, is the combined root-mean-square slope
between two DLC surfaces. P, ¢ is defined as the median over all nonzero P; values and is

obtained from a numerical boundary element solution of two experimental DLC topographies
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under a normal pressure of 210 MPa. Filled circles mark the material parameter E*h;p,s of
each DLC coating. The boxes represent the range of the P; distribution (limited by the 25th
and 75th percentiles).

4.4 XPS surface analysis

Surface chemical analyses are performed using X-ray photoelectron spectroscopy (XPS)
inside and outside the wear tracks of the discs to study the mechanisms underlying the
tribological behaviours of DLC surfaces under PAO+ZDDP lubrication. The binding energies
(BEs) of the Cls, Ols, P2p, S2p and Zn2p3/2 photo-peaks are analysed carefully (see
Methods 3.4.6 for details of the fitting procedure and XPS spectrometer). Figure 4. 6 shows
the relative chemical compositions estimated from XPS spectra in the topmost 10 nm of DLC
surfaces on the discs. The ZDDP-derived elements, namely P, S, and Zn, are detected inside
the wear tracks of all DLC surfaces, whereas very small traces (0.1-0.4 at. %) of these
elements are found outside the wear tracks. The atomic concentrations of P, S, and Zn inside
the wear tracks decrease in the order: a-C:H > a-C > ta-Cs. The precise elemental

quantification results including C and O are given in Table 4. 3.

Atomic concentration (%)

P = Zn

Figure 4. 6. Atomic concentrations of ZDDP-derived elements P, S, and Zn obtained from XPS
spectra recorded on the DLCs flat after sliding tests in PAO+ZDDP.
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Table 4. 3. Elemental quantification obtained from XPS spectra recorded on DLCs flats.

DLC C (at. %) O (at. %) P (at. %) S (at. %) Zn (at. %)
a-C:H 73.6 14.3 3.4 3.8 4.9
a-C 77.2 14.9 2.8 2.7 4.7
ta-C(52) 86.6 9.6 0.8 1.4 1.6
ta-C(66) 87.5 9.4 1.0 1.1 1.1
ta-C(78) 87.9 9.0 0.9 1.2 1.0

The chemical states of C, O, P and Zn are practically undistinguishable between the five
DLCs (see Figure 4. 7). Cls XPS spectra show the contribution of three types of chemical
bonds: the first peak at BE = 284.8 eV is attributed to both sp” and sp’ carbon bonds in DLC
as well as to adsorbed aliphatic carbon. The second and third peaks at BE = 286.5 and
288.3eV correspond to C—O and O-C=0 bonds, respectively. Ols XPS spectra can be fitted
using only two peaks: the first peak at BE = 531.7 eV is attributed to non-bridging oxygen
(NBO) and the second peak at BE = 533.0 eV is attributed to bridging-oxygen (BO). P2p
spectra are fitted with one doublet with a separation of 0.84 eV and intensity ratio of 0.5. The
P2ps, peak located at BE = 133.4 eV corresponds to phosphates. The Zn2ps, peak at
BE = 1022.3 eV corresponds to ZnS or Zn*" in zinc phosphates.
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Figure 4. 7. (a) Cls, (b) Ols, (c) P2p, and (d) Zn2p;, XPS spectra obtained from the DLCs flats after
sliding tests in PAO+ZDDP.

For sulphur the situation is different, there are significant differences between the chemical
states of the five DLCs. Figure 4.8 shows the S2p XPS spectra inside and outside wear tracks
on flat specimens. It should be noted that the vertical axis of the spectra are not included as
the intensities of the peaks (in counts/second) between different samples are not directly
comparable to one another. However, it may be observed that the raw signal (black-dashed
curved) of the spectra outside the wear tracks are less smooth due to a lower signal-to-noise

ratio.

Outside the wear tracks, similar S2p XPS spectra are observed for all DLC surfaces with a
peak at BE = 162.4 eV (right column of Figure 4.8), which is very close to that of sulphur in
neat ZDDP (BE = 162.5 eV). The other peak at BE = 168.5 eV indicates the presence of
sulphates (presumably due to thermal oxidation of DLC surfaces and subsequent
chemisorption of ZDDP). In contrast, inside the wear track of a-C:H (left column of Figure
4.8), the S2p spectrum has one single component (in blue) at BE = 162.3 eV corresponding
to S—Zn""*" or S—P and S=P in thiophosphates®’. This peak is present also inside the wear
tracks of the other DLCs, but the spectra contain another component (in red) at BE = 163.3
eV corresponding to S—C bonds®. Note that C—S—H, C—S—C, or C—S—S—C bonding states are
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very difficult to distinguish as their shifts in the BEs are only about 0.1 eV*®. The other
component for ta-Cs is attributed to a peak at BE = 167.9 eV due to sulphur oxides®”.
Interestingly, the contribution from the S—C component at BE = 163.3 eV is much smaller
than the one at BE = 162.3 eV for the a-C and ta-C(51), and thus sulphur in these coatings is
preferentially bound to zinc and phosphorous (in the forms of S—P and S=P). In contrast, for
ta-C(66) and ta-C(78), the red contribution at BE = 163.3 eV is dominant, indicating the
breaking of S—Zn, S-P and S=P bonds in the ZDDP molecule and the formation of S—C
bonds. Figure 4. 9 shows a clear correlation between the wear volume and S—C/S—Zn ratio.

These results indicate that ZDDP is likely to stay intact on the softer three DLCs, whereas it

undergoes decomposition on the hard ta-Cs.

Inside Outside

| Tt ) ’
170 168 166 164 162 160 170 168 166 164 162 160
Binding energy (eV) Binding energy (eV)

Figure 4.8. S2p XPS spectra inside (left) and outside (right) the DLCs wear tracks. They are fitted
using a doublet due to spin-coupling with a separation of 1.2 eV and an intensity ratio of 0.5. Peak
coloured in blue correspond to S—Zn or S—P bonds, while red and green peaks correspond to S—C and
S—O bonds, respectively. The intensity of the S2p XPS spectra outside the wear tracks are magnified
by a factor of 3 (for the ta-Cs) and a factor 10 (for a-C:H and a-C) to improve visibility.

52



107 o [} #
—~ o~
o0 O
—~ 10° >~ ©
: i G O
s 100 T g 8 ©
- : @
0% @ © o~
, o Yy "
0.0 7/ 30

0.5
S-C/Zn-S ratio

Figure 4. 9. Wear volume W as a function of the S—C/S—Zn ratio. For a critical value of the S—C/S—Zn
ratio (located somewhere between 1 and 2.5) a transition from negligible to high wear can be
observed.

53



4.5 Scanning and transmission electron microscopy characterisations

It is still not clear whether ZDDP-derived tribofilms form on DLC surfaces. Thicknesses,
morphologies and chemical compositions of ZDDP-derived tribofilms are scrutinized using
SEM, EDX and TEM (see Methods 3.4.4 and 3.4.5). Figure 4. 10 shows representative SEM
images of the five DLC surfaces after sliding in PAO+ZDDP solution. Tribofilms derived
from ZDDP form on a-C:H, a-C, and ta-C(51) (Figure 4. 10 a—c), as evidenced by
superimposing the chemical map of zinc (in green colour). For a-C:H, ZDDP-derived
tribopatches are heterogeneous in size, ranging from 0.1 up to 5 um in diameter (Figure 4.
10a). For a-C, the tribopatches are more homogenous in size and distribution (Figure 4. 10b).
For ta-C(51), tribopatches are found in the least amount (Figure 4. 10c), in agreement with
the XPS results. For a-C:H and ta-C(51) the tribo-patches are found on the edges of the
stroke, for a-C which is rougher the tribo-patches are formed along the entire wear track (see
Figure A. 2). For ta-C(66) and ta-C(78), scratches are observed and no ZDDP tribo-patches
are observed (Figure 4. 10 d and e). Instead, small ZDDP-derived particles (marked by green
dots) are detected by punctual EDX spectra. EDX spectra (numbered 1-10) were recorded and
are marked in green-dashed circles where tribo-patches are found and by red-dashed circles

on the native DLC surface. The elemental quantification results are given in Table 4. 4.
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Figure 4. 10. Representative SEM images of DLC surfaces after sliding in PAO+ZDDP: (a) a-
C:H, (b) a-C, (c) ta-C(51), (d) ta-C(66), and (e) ta-C(78). Zinc’s chemical map is represented
in green (panel a-c) and EDX spectra are indicated by green and red dashed circles or dots.

Table 4. 4. Elemental quantification obtained by EDX analysis of a-C:H and ta-C in the regions shown
in Figure 4. 10 after tribological experiments in PAO+ZDDP.

Chemical composition (at.%)

Spectrum # C 0] P S Zn




Spectrum 01 84.3 5.0 2.8 1.9 6.0

Spectrum 02 99.3 0.7 - - -
Spectrum 03 88.3 3.2 1.6 2.0 4.9
Spectrum 04 99.8 0.2 - - -
Spectrum 05 93.9 1.4 0.3 1.7 2.7
Spectrum 06 99.7 0.3 - - -
Spectrum 07 98.8 0.2 0.3 0.6 0.1
Spectrum 08 99.8 0.2 - - -
Spectrum 09 96.1 2.0 0.5 1.1 0.3
Spectrum 10 99.9 0.1 - - -

Cross-sections were prepared by Focus Ion Beam (FIB) and analysed by TEM and STEM.
The a-C:H and ta-C(66) samples were chosen since the first exhibits no wear and the largest-
tribopatches formation, while the latter undergoes severe wear and no visible tribo-patches are
formed. For a-C:H, a bright-field (BF) TEM image reveals that the ZDDP-derived tribolayer
(marked by a dashed green ellipse) is amorphous and discontinuous (Figure 4. 11a). Its
thickness is about 20 nm, i.e. 5—10 times thinner than typical pad-like tribofilms on steel
surfaces under similar sliding conditions’’. Figure 4. 11b shows a high-angle annular dark-
field (HAADF) image of the tribofilm and the chemical compositions in three different
regions of interest (ROI) (marked by dashed boxes). The presence of O, S and Zn inside the
tribofilm (ROI 1) is confirmed by elemental quantitative analyses and a combined EDX
chemical mapping for Zn, Pt, and C (Figure 4. 11¢ and Table 4. 5). Note that phosphorus is
not resolvable since its signal overlaps with the platinum signal. Figure 4. 11d shows a
superposition of six individual BF-TEM images of the entire cross-section of the ta-C(66)
sample (see Figure A. 3 for a 2D SEM image of the area where the FIB cut was made) .
There are two main features to be observed: on the right a large empty groove caused by wear
and on the left a similarly large groove that has been filled by re-deposition of a wear particle
that was smeared-in during sliding (both regions are indicated with arrows). There is a clear
boundary line between the re-deposited wear debris and the ta-C bulk (Figure 4. 11e).
Additionally, an asperity tip was formed by detaching from the rest of the particle due to
plastic deformation (follow red-dashed arrow) and this lead to the formation and propagation
of a crack (black color due to platinum infiltration during FIB preparation). Chemical

information was obtained by EDX for ROI 4-8 in Figure 4. 11f. ROI 4-6 contain sulphur and
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in fewer amounts zinc, ROI 7 and 8 contain mostly carbon and traces of oxygen, typical of the
native ta-C. This indicates that sulphur is transported into the ta-C subsurface region.
Interestingly, a higher magnification image (Figure 4. 11g) reveals that the sulphur-rich
bright regions (4-6) undergo phase transformation and exhibit ordered graphitic structures
(onion-like), which is consistent with a previous study by Berman et al. showing sulphur
diffusion into diamond nanoparticles and subsequent formation of an onion-like structure’’.
Additional images of these graphtic/onion regions are given in Figure A. 4. Moreover, to
further investigate this sulphur-doping phenomena, XPS profiles were acquired at different
intervals of sputter time for a total duration of 20 minutes. For ta-C(66), the XPS spectra after
S5-minute sputtering (corresponding to a sputter depth of about 0.5 nm®?) remain similar to
those before sputtering inside the wear track (Figure 4.8) and show the presence of significant
amounts of S—C bonds (see Figure A. 5). In contrast, for a-C:H, no peaks attributed to S—C
bonds are observed. This indicates that sulphur is present in the subsurface region of hard ta-

Cs, but not of a-C:H.
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Figure 4. 11. (a) BF TEM image of the cross section of a-C:H surface after sliding. (b) HAADF image
with recorded spectra from three different regions of interest (ROI). ROI 1: ZDDP-derived tribofilm,
ROI 2: protective platinum layer, and ROI 3: a-C:H layer. (c) EDX map cartography superposition
showing x-rays signal signatures of platinum (red), carbon (blue), and zinc (green). (d) Combined BF
TEM images of the cross-section of ta-C(66) surface after sliding. (¢ and f) TEM images of a
boundary between the smeared layer of redeposited wear debris and ta-C bulk (indicated in panel (d)
by the red and yellow box for panel (e) and (f), respectively). In panel (f), the ROIs used for EDX
analysis are specified. (g) A high magnification TEM image of the plastically transformed graphtic
region (ROI 5) and native ta-C structure (ROI 8).
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Table 4. 5. Elemental quantification of the spectra recorded in ROI 1-3 for a-C:H (Figure 4. 11b) and
ROI 4-8 for ta-C(66) (Figure 4. 11f).

Elemental quantification of the spectra (at.%)

Label ROI
C O S Zn Pt
1 65.7 22.0 5.1 5.0 22
a-C:H 2 66.1 - - - 33.9
3 100.0 - - - -
4 94.7 2.8 1.2 1.3 -
5 92.0 5.4 1.7 0.9 -
ta-C(66) 6 93.7 4.6 1.1 0.6 -
7 99.5 0.5 - - -
8 99.3 0.7 - - -

4.6 Quantum chemical calculations

The experimental correlation between wear and the presence of S—C bonds (Figure 4.8 and
Figure 4. 11) can be explained by weakening of ta-C matrices via incorporation of small
amounts of sulphur (Figure 4. 12). We carry out MD homogeneous shearing simulations of
sulphur-doped DLCs using a third-order density-functional tight-binding (DFTB3) method®”.
Lees-Edwards boundary conditions® are employed in this non-equilibrium MD simulations to
impose a shear flow in a representative volume element of a bulk a-C, a-C:H and ta-C system

(see Methods 3.5.2 for the details of sample preparation).

For all three systems, the average shear stress T (the yield stress) decreases with increasing
sulphur concentration Cg (Figure 4. 12b). While 7 is almost identical for a-C and a-C:H, it is
larger for ta-C (as expected). For a-C:H and a-C (red and blue curves in Figure 4. 12b,
respectively), the yield stresses at Cg = 0 at.% are about 11 — 12 GPa and almost the same as
that at Cs = 8 at.% for ta-C (green curve in Figure 4. 12b). Thus, significant sulphur doping
of the hardest ta-Cs can lower their yield stresses making the resulting sulphur-carbon phase

much weaker than pure a-C:H and a-C.
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Figure 4. 12. DFTB3 quantum MD simulation of sulphur doped DLCs subject to homogeneous
shear deformation. (a) Atomic configuration at ¢ = 50 ps for a-C with an initial density of 2.0 g cm”
and 8 at.% S. Carbon atoms are represented by grey and sulphur atoms by yellow spheres. A shear
velocity of v =100 m s™' is imposed along the x direction (as shown by red arrows) with Lees-
Edwards boundary conditions. (b) Shear stresses T as a function of the sulphur concentration Cg in
ta-C with an initial density pj,;; = 3.0 g cm”, in a-C with pi, =2.0 g cm™, and in a-C:H with
Pinit =2.0 g cm” and 20 at.% hydrogen. 7 is calculated every 10 ps and averaged for 50-ps MD
runs. Error bars represent standard error of means.

But how does sulphur doping occur and how do reactions of ZDDP depend on coating
properties such as stiffness, surface topography and chemical structure? Our experiments and
contact mechanics calculations indicate that local contact pressures between surface asperities
varies with the contact Young’s modulus E* and RMS slope hp,s of the coatings. The
differences in both the local contact pressure and surface reactivity of the DLC surfaces may
trigger different mechanochemical reactions of ZDDP and thus influence the macroscopic
tribological behaviour. Thus, additional simulations are performed in order to elucidate the
dependence of ZDDP decomposition reactions on the contact pressure and the chemical
structure of DLC coatings. Tribocontacts between DLC surfaces in presence of ZDDP are
modelled using both quasi-static quantum-mechanical molecular statics (QMS) and QMD
simulations (see Methods 3.5.2 for computational details). Two types of DLC surfaces are
considered: (i) an a-C:H with bulk density p = 2.0 g cm™ and hydrogen concentration Cy; =
20 at.% as well as (ii) an a-C with the same density p = 2.0 g cm™. The a-C sample
represents the near-surface-region of ta-C coatings, since ta-C is covered with a several-nm-
thick a-C layer due to the nature of the deposition process’* and a tribo-induced sp’-to-sp’

rehybridisation®*.
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Figure 4. 13a displays an initial configuration of the QMS system, where a ZDDP molecule
with ethyl groups is positioned between two a-C:H surfaces. Here, unpassivated surfaces are
considered since asperity collisions can remove terminating species mechanically, leaving
behind reactive carbon atoms®*. A full hydrogen passivation would inhibit reactions of ZDDP
even under extremely high contact pressures (P, > 10 GPa) (Figure A. 6). As the two
surfaces come gradually into contact, the ZDDP molecule reacts with the upper surface even
at a low contact pressure (P, = 0.1 GPa). The reactions starts with the breaking of a Zn—S
bond in the molecule and the formation of a S—C bond between the molecule and the upper
surface (Figure 4. 13b). The second chemical bond forms between the Zn atom in the
molecule and a C atom of the lower surface, resulting in the formation of a cross-linked
configuration that bridges the tribogap at a slightly larger contact pressure P, = 0.3 GPa (Fig.
6¢). At P, = 5.1 GPa, breaking of another Zn—S bond and formation of another S—C bond are
observed (Figure 4. 13d). As the contact is reopened, the cross-linked ZDDP molecule is
stretched (corresponding to negative contact pressures; see the grey line in Figure 4. 13f).
This mechanical pulling induces breaking of a S—C bond on the lower surface and reforming
of a Zn—S bond in the molecule, and eventually fragmentation of the ZDDP molecule into two
smaller products (Figure 4. 13e). It is important to note that reactions of ZDDP on surfaces
differ from those observed during simulations in the gas phase, where Zn—S bonds repeatedly
break and form and ZDDP’s decomposition starts with the loss of alkyl groupsgs. On surfaces,
breaking of Zn—S bonds is the first observed reaction because the formation of S—C bonds

with C atoms on the surface prevents the reformation of the Zn—S bonds.
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Figure 4. 13. Quasi-static contact-closing/opening simulations for a-C:H with p = 2.0 g cm™ and Cy
= 20 at.% and a-C with p = 2.0 g cm” in contact with a ZDDP molecule using DFTB3 quantum
chemical calculations. (a) Initial configuration and (b)—(e) evolution of atomic configurations for a
representative trajectory of a-C:H. (f) Evolution of the normal pressure P, as a function of the z
system dimension L, during the closing (black discs) and opening process (grey circles). For C and
H, different colours are assigned between the surface atoms (grey for C and white for H) and atoms
in the ZDDP molecule (green for C and cyan for H). Zn, S, P, and O are represented by violet,
yellow, orange, and red spheres, respectively. The L, values and corresponding normal pressures of
the snapshots (a)—(e) are indicated by labels in panel (f). (g) Averaged numbers of S—C bonds
(Ang_c) formed between ZDDP sulphur and DLC carbon atoms as well as (h) sulphur atoms
released from ZDDP (ngyjphyr) to the DLC after reopening the contact as a function of the contact
pressure P, for a-C:H with p = 2.0 g cm™ and Cy = 20 at.% (red) and a-C with p =2.0 g cm” (blue).
The error bars represent standard error of the means. The vertical lines mark the effective local
contact pressures P; ¢ for the five experimental coatings (Figure 4.5b).

Bond-breaking and -forming processes of ZDDP are strongly affected by the contact pressure
but not by the chemical structure of the DLC surfaces. Figure 4. 13g shows the contact
pressure dependence of chemical reactions of ZDDP squeezed quasi-statically between two a-
C and two a-C:H surfaces. The values (ng_c) on the vertical axis represents the average
number of bonds between sulphur and DLC carbon atoms that remain intact after reopening
the contacts. Our simulations reveal that the formation of S—C bonds is the most dominant

chemical reaction, which is in agreement with our XPS results (Figure 4.8). While (ng_c)
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increases with contact pressure P, (0.5 < P, < 10 GPa), the pressure dependence of (ng_c) in
a-C:H and a-C is almost identical. For both DLC surfaces, chemical reactions of ZDDP
follow the scenario described in Figure 4. 13. At P, < 2 GPa, most ZDDP molecules
chemisorb without decomposition (Figure 4. 13b) or decompose into two fragments by
breaking of Zn—S bonds. A further increase of the contact pressure induces decomposition of

ZDDP into atoms and small fragments.

Only sulphur atoms that are effectively released onto the DLC surface are relevant to the
weakening of the DLC presented in Figure 4. 12. Therefore, we next calculate the average
number of sulphur atoms (ngyjphyr) that are not bound to any atoms in ZDDP and remain
chemisorbed on the DLC surface after reopening the contact (see Figure 4. 13h). As already
observed for (ng_c), (Nsuiphur) increases significantly with P, and no difference between a-
C:H and a-C is detectable (Figure 4. 13h). Even though the a-C systems used here are
representative of the surface region of ta-C, which typically has a low sp’ content of about 10
%>*, we performed a comparison between ta-C with high sp’> percentages Psps (ranging from
48-67%) and a-C with ps,3 =2 — 9% and observed that (ns_c) and (ngyjphur) are not

significantly affected by the sp> content of the hydrogen-free DLC surface (see Figure A. 7).

Next, we perform QMD sliding simulations to explore the role of shearing (Figure 4. 14). A
DLC/ZDDP/DLC tribo-interface is studied at a sliding velocity of 30 m s and various P,
values (see snapshots for P, = 10 GPa in Figure 4. 14b and c). After 0.2 ns sliding, the two
DLC surfaces are separated quasi-statically to ensure the consistency with the QMS results.
For both a-C and a-C:H (ngyjpnyr) increases about 2-3 times at all P, compared with
(nsuiphur) in QMS simulations and the effect of the DLC’s chemical structure on the effective
number of sulphur atoms left on the surface is not significant (except for P, = 2 GPa) as

shown in Figure 4. 14a.
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Figure 4. 14. DFTB3-MD sliding simulations of a-C:H and a-C in contact with a ZDDP molecule. A
shear velocity of 30 m s™ is imposed along the x direction using Lees-Edwards boundary conditions.
The system temperature is kept constant at 7 = 300 K. (a) Averaged numbers of sulphur atoms
(nsulphur) released from ZDDP to DLC after reopening the contact as a function of the contact
pressure P,. The error bars represent standard error of the means. The vertical lines mark the
effective local contact pressures P; o for the five experimental coatings (Figure 4.5Figure 4.5b).
As references, (nsyiphyr) for quasi-static calculations with no shear (Figure 4. 13g) are depicted
with semi-transparent markers. Representative snapshots of DLC surfaces at P,=10 GPa for (b) a-
C:H and (c) a-C. The left and right pictures in panel (b) and (c) show configurations at ¢ = 0.0 and
0.2 ns, respectively.

Thus, the chemical difference between a-C:H and ta-C, i.e. presence or absence of hydrogen,
hardly affects the kinetics of ZDDP’s decomposition. The local contact pressures alone
determine the chemical state of sulphur on the different DLC surfaces. However, the DLC’s
chemical structure affects shear accommodation in the DLC/ZDDP/DLC interface at high
contact pressures. Similar surfaces functionalized with ZDDP-derived fragments form at
small contact pressures (P, S 5 GPa) on a-C:H and a-C (Figure A. 8), whereas a clear
structural difference is observed at P, = 10 GPa (Figure 4. 14b and c¢). While a layer of

ZDDP-derived fragments still accommodates shear on a-C:H, the a-C surfaces are cold-

welded (Figure 4. 14¢ and supplementary movies 1 and 2). In this case, ZDDP-derived

atoms/fragments diffuse under.—_th the surface as a result of mechanical mixing.

Figure 4. 15 provides further statistical evidence that the chemical difference between the
DLC surfaces (i.e. the hydrogen concentration) has a significant effect on the shear response

of the frictional interface. First, the weakest interface in each final configuration after MD
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sliding is determined and then the number of cold-welding C—C bonds n&”. within this
interface is calculated. Averaging over different MD runs yields the mean density of cold-
welding C—C bonds (n&";) for a-C:H and a-C (Figure 4. 15a). (n&".) is almost equal to zero
at P, < 2 GPa for both a-C:H and a-C, indicating the presence of a sliding interface with no
significant cold welding. However, (n&";) increases drastically for a-C at P, 2 5 GPa, which
is a typical contact pressure range reached only by ta-C(66) and ta-C(78) in our experiments
(as shown by the vertical lines of Figure 4. 15a). In this case, the cold welding and shear-
induced plastic flow increase the mobility of atoms and induce chemical mixing of the
contaminated a-C surfaces. Figure 4. 15b and c clearly show that the depth distribution (z-
axis profile) of the sulphur density at P, = 10 GPa is significantly broadened for a-C, while

sulphur is still localized at the surfaces for a-C:H.
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Figure 4. 15. (a) Mean bond densities of cold-welding C—C bonds (ng‘_’vc) at = 0.2 ns. The error

bars represent standard error of the means. n&". (2) is defined as the number of C—C bonds across a

x-y plane at height z. For each system, the minimum values n&Y. = min, n&".(z) (corresponding

to a shear interface) is searched with a step of Az = 0.5 A. (b) Depth profile of the number density
of sulphur psyiphur (nm™) averaged over the last 0.1 ns MD runs at P, = 10 GPa. (c) Example of a
chemically mixed a-C layer at # = 0.2 ns. The horizontal dashed line represents an initial a-C surface
before sliding.

4.7 Discussion

In this study, a combined experimental and multiscale modelling approach reveal the crucial
impact of both contact mechanics of surface asperities and chemical structure of DLC
coatings on the tribochemistry of ZDDP decomposition and, in turn, on the different
macroscopic tribological behaviours of DLC coatings in boundary lubrication with a ZDDP-

additivated base oil (see Figure 4. 16 for a schematic representation of our findings). While
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the macroscopic cylindrical Hertzian contact pressure is identical (in all our experiments
Pracro = 210 MPa), the nanoscale mechanical response of surface asperities to the normal

load varies with contact modulus E* and RMS slope hjys = (|Vh|?) of the coatings.

44,96

According to Persson’s contact mechanics theory ", the average local contact pressure for

. msEY « 1 E .
small By,cro 1S given by (P;) = Ems® with the contact modulus E* = ST and the combined

rms,cylinder rms,disc

RMS slope of the two surfaces hyps = J (h’ )2 + (h’ )2. When the pressure

distribution follows a Rayleigh formula®, x is equal to \/g ~ 1.6 and the median P} g can

be also analytically calculated by 1"Tzh;msE* ~ 0.59hE* (irrespective of Ppacro)- A linear

fitting of P, o obtained from our contact mechanics calculations gives a slope of 0.4 that is
lower than the theoretical one. While this can be probably attributed to the lower degree of
self-affinity of our DLC surfaces with respect to the theory and to overestimation of h;,s due
to the presence of holes, Persson’s theory provides the rationale behind the results of our
contact mechanics calculations. Interestingly, the ordering in P, ¢ between a-C and ta-C(51)
is an example showing that P, .¢r depends on both contact stiffness and topography of the
DLC surfaces. While ta-C(51) is much stiffer than a-C, hp, for ta-C(51) is almost half of that
for a-C. This smaller hpy,s for ta-C(51) can decrease the effective local contact pressure P of

compared with a-C, which is in excellent agreement with the experimental results in the

S—C/S—Zn ratio (Figure 4. 9).

Our results suggest that the effective local contact pressure Pjq¢ represents a crucial
parameter to determine the kinetics of ZDDP decomposition as well as the wear and friction
regime. For soft DLCs (such as a-C:H, a-C, and ta-C(51)), at P o < 3 GPa, ZDDP
chemisorbs on the surfaces by breaking of Zn—S and formation of Zn—C bonds and undergoes
decomposition into zinc- and dithiophosphates (Figure 4. 16a). An anti-wear tribofilm,
consisting of zinc polyphosphates, can grow via accumulation and subsequent cross-linking of
such precursors®. During the tribofilm growth, the formation of a narrow shear zone in
ZDDP-derived layers inhibits weakening of DLCs by mechanical mixing. Eventually,
nanoscale patchy anti-wear tribofilms form on the surfaces. Conversely, P, o¢ exceeds 9 GPa
on hard ta-Cs and such high local contact pressures aggressively promote fragmentation of
ZDDP (Figure 4. 16b). Mechanochemical sulphur doping of the sub-surface region becomes

prominent and weakens the carbon matrix via mixing under shear, resulting in massive wear
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of ta-Cs. The difference in the wear volume between a-C:H and hard ta-Cs is consistent with
previous experiments®. Interestingly, the effective local contact pressure Py ofe (Fig. 1f) is
consistent with contact pressures for single-asperity sliding contact of DLC/steel where
tribofilm growth was observed”’. Since P, of¢ 1s estimated as the median of all the local contact
pressures in the real contact area from contact mechanics calculations, and thus characteristic
of asperity-asperity contacts, this consistency suggests that the use of Pj ¢ can fill the gap
between atomic and macroscopic experimental scales. The effective local pressure is
determined by the contact parameter E*h,,. Therefore, a direct link between the coatings’
properties and ZDDP’s tribochemistry as well as the DLCs’ macroscopic tribological

behaviour can be established. When E*h| s exceeds a critical value (~25 GPa), tribofilm

formation is replaced by sulphur doping (Figure 4. 16).

soft/moderate DLC

physisorption Zn-S bond breaking fragmentation narrow shear zone in ZDDP-derived
anchoring via S sulphur release ZDDP-derived material  patchy tribo-film

physisorption Zn-S bond breaking fragmentation C-C cold welding weak a-C:S
anchoring via S sulphur release chemical mixing tribolayer formation

Figure 4. 16. Schematic representation of likely scenarios (a) for formation of ZDDP-derived patchy
anti-wear tribofilms on soft DLC coatings (when E*hy,s < 25 GPa) and (b) for wear of hard ta-C
coatings lubricated by a ZDDP-additivated oil.

In addition to contact pressure, mechanical stimuli by shear stress play a decisive role in
lowering the activation barrier for chemical reactions of ZDDP and increasing the
accessibility of reactive sites. Moreover, shear action at high contact pressures (P; > 5 GPa)
makes the effect of the DLC’s chemical structure (i.e. presence or absence of hydrogen)
apparent. At low contact pressures (P, < 5 GPa), irrespective of presence or absence of
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hydrogen, shear can be accommodated in a narrow region consisting of ZDDP-derived
species. However, at P, > 5 GPa, for a-C and ta-Cs, the separation between two surfaces is
insufficient to localize shear in the ZDDP-derived tribolayer, and cold welding via C—C bonds

(bridging the two surfaces) takes place.

Under shear, mechanical mixing of the cold-welded surfaces induces sulphur doping into the
subsurface regions resulting in significant weakening of the material and wear. This process is
mechanically driven and leads to a non-equilibrium state with low shear resistance that
accommodates the shear deformation. As typical of other mechanically driven tribological
processes™>’, this metastable material is higher in energy than the original one and sulphur
penetration cannot be described thermodynamically. In contrast, on a-C:H, the ZDDP
chemisorbed layer is able to support the high contact pressure (P; > 5 GPa) due to steric
hindrance between surface hydrogen atoms (this would most likely occur also for a hard ta-
C:H despite the high contact pressure). Thus, since Pjq¢ < 3.5 GPa for a-C:H, a-C and ta-
C(51), soft DLC surfaces are likely to remain intact, and the accumulation of ZDDP-derived

species can lead to the growth of anti-wear tribofilms irrespective of the chemical difference

of the DLC coatings.

4.8 Summary and Conclusions

In summary, our friction experiments combined with surface analyses and contact mechanics
calculations suggest that friction and wear of DLCs in PAO+ZDDP depend on asperity-scale
contact pressures. For softer DLCs, the majority of asperities experience mild local contact
pressures (less than a few GPa), which seems to be sufficient for the growth of a 20-nm-thick,
patchy tribofilm but insufficient for the complete decomposition of ZDDP. In contrast, for
harder DLCs, higher effective local contact pressures (P ogr > 9 GPa) might promote breaking
of Zn—S bonds in ZDDP and preferential formation of S—C bonds, accompanied by

penetration of sulphur into the sub-surface region and massive wear.

In conclusion, this study sheds light on hitherto unknown multiscale physical processes and
reveals how the interplay of mechanical, topographical and chemical factors determine the
tribological behaviour of DLC coatings under lubricaton with a ZDDP-additivated base oil.
We find a knowledge-based design recipe for DLC coatings (hydrogen-free and of moderate
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hardness) that are wear resistant in ZDDP-additivated oils while still inducing ultralow

friction.

Furthermore, the insights into the fundamental mechanochemistry of ZDDP and the
interplaying role of mechanics and chemistry could be transferable to ferrous or other non-
ferrros/metallic lubrication systems. Hopefully, this study will pave the way for further
studies aiming at finding FMs and lubrication configurations/conditions that improve the wear
and friction performance of DLC/ZDDP systems and, more in general, at controlling
tribochemistry of additives by tuning microscopic contact mechanics and surface chemical
structure. Such studies could facilitate the alternative formulation of less harmful anti-wear

additives that protect iron and DLC surfaces simulataneously.
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Chapter 5: Effect of mechanical and chemical

parameters on the behavior of DLC/ZDDP

systems

In the previous chapter, it was shown that hard ta-Cs exhibited severe wear
and rise of p in ZDDP-solution, whereas soft and moderate hard DLCs did
not. From the differing experimental results found in the scientific literature,
it is clear that the tribological behavior of DLC coatings varies greatly
depending on the environment and test conditions. In this chapter, different
parameters such as surface roughness, sliding speed, contact pressure,
counterpart material, and chemistry of the additives used to study their
influence on the friction and wear properties of DLC/ZDDP systems to

better predict and control them.
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5.1 Effect of surface roughness.

5.1.1 Introduction

It is generally agreed that smoother surfaces lead to lower friction coefficient and wear. It is
important to acknowledge that most DLC deposition processes lead to rough surfaces due to
growth defects in the form or protrusions, often also referred to as “droplets”. During sliding,
these defects may detach from the surfaces and effectively act as abrasive particles on the
sliding interface between the two bodies leading to wear. It is surprising that this very
important factor is often overlooked and it is not uncommon to find studies were different

DLCs with different surface roughness are being compared.

To study the effect of the initial roughness of ta-C(66) coatings, sliding tests were performed
with smooth and rough samples for comparison. Smooth surfaces (R, initiat = 10 nm) were
obtained by performing the standard polishing procedure of ta-C coatings described in section
3.1.1 (lapping with diamond slurry for the flat, and industrial polishing procedure for the
cylinder). “Rougher” surfaces (R, initiat = 25 nm) were obtained by shortening the duration of
the polishing procedure. The test conditions given in Methods 3.3.1 are reminded in Table 5.
1.

Table 5. 1. Test parameters used in the reciprocating sliding tests.

Test conditions

e Contact = cylinder-on-disk
e Fy=23N,50N

e  Phet, =210 MPa, 300 MPa
e T=110°C

° V=0.1ms'1,0.05ms'1

e | =10mm

e t=90min (2,700 cycles)

5.1.1.1 Friction and wear results

Figure 5. 1 shows the friction curves of ta-C(66)/ta-C(66) tribopairs in PAO base oil with
different surface roughnesses. The smooth ta-C surfaces exhibit a steady friction coefficient of

0.02 after a short running-in period (a few hundred cycles). In the case of the rough surfaces,
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the friction coefficient varies throughout the test. At first, it reaches a minimum value close to

0.04 — 0.05 and then it fluctuates between 0.06 and 0.08.

0,12
0,10
0,08
u 0,06
0,04
0,02

0,00
0 5000 10000 15000 20000 25000 30000
Cycles

@=—Ra=25nm ====Ra=25nm ====Ra=10nm Ra=10nm

Figure 5. 1. Friction curves of ta-C/ta-C tribopairs in PAO base oil with different initial surface
roughness. Smooth surfaces Ra i, = 10 nm (blue curves), and “rough” surfaces, Ra i, = 25 nm (red
curves).

Figure 5. 2 shows optical images of the wear scars of the flats and cylinders after sliding. The
smooth surfaces exhibit no measurable wear, whereas the rough surfaces show horizontal
scratches. Figure 5. 3 shows optical interferometer images of the flat and cylinder. The wear
scars are very rough and irregular. The wear depth of the flat and cylinder is approximately
0.5 um (25% of the coating thickness) and 1.0 um (50% of the coating thickness),

respectively.
Ra i = 10 Nnm Ra i = 25 Nnm

1]10.14mm|

(1]80pm)|

200um . 200um

Figure 5. 2. Wear scars of disks (top) and cylinders (bottom) of ta-C/ta-C tribopairs after sliding tests
in PAO base oil with smooth surfaces (left) and rough surfaces (right).
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Figure 5. 3. Optical interferometer images of the rough disk (left) and cylinder (right) after sliding in
PAO base oil (top) and horizontal wear profiles parallel to sliding direction (bottom). The red-colored
areas are positive wear (above baseline) while the green and blue areas are deep negative wear (below
baseline). The cylinder base line is straightened to observe the wear track.

5.1.2 Summary and Conclusions

To summarize the results, the smooth ta-C surfaces (Ra =~ 10 nm) give low friction (n = 0.02)
and no measurable wear is observed on the wear tracks. When the polishing procedure is
shortened and the ta-C surfaces are rougher (Ra = 25 nm), p = 0.06 — 0.08 and the surfaces
undergo severe wear equivalent to 25% and 50% of the coating thickness for the disk and
cylinder, respectively. To minimize friction and wear DLC surfaces must be polished close to

a mirror-finish (Ra = 10 nm).

5.2 Effect of contact pressure and sliding speed (lubrication regime).

5.2.1 Introduction

In reciprocating friction tests, the sliding speed v is not constant. At the edges of the stroke
(where there is a change of direction), v falls to zero, whereas v reaches its maximum value in
the center of the stroke. This means that at the edges of the stroke, much less lubricant is
entrained in the contact zone between two contacting bodies, possibly resulting in a transition
from mixed/elastohydrodynamic lubrication (ML/EHL) to boundary lubrication (BL). In
Chapter 4, it was evidenced by SEM images that the tribofilm form on the edges of the wear
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tracks of soft DLCs and not in the center. Additionally, the AFM images showed that after

running-in, hard ta-Cs exhibit scratches at the edges, but not in the center of the wear track.

In this chapter, the initial contact pressure Pye, and average sliding speed v of ta-C(66)/ta-
C(66) contacts was varied for four different test configurations shown in Table 5. 2. The other
test parameters are unchanged from the previous chapter. Both parameters have an impact on
the lubricant film thickness and therefore on the lubrication regime of the system. Case 1
corresponds to the typical contact pressure and sliding speed values that are commonly used
in experimental studies to try to imitate the conditions in line contacts of sliding components
in ICEs. Case 2, 3, and 4 are more severe since the pressure is increased and/or the sliding
speed is decreased. Lambda values were calculated according to the Methods section 3.3.2.
The percentage of the stroke length where boundary lubrication applies to case 1, 2, 3, and 4

are approximately 20%, 30%, 52% and 76%, respectively, as illustrated in Figure 5. 4.

Table 5. 2. Configurations of contact pressure, sliding speed and A calculations for the sliding tests.

Label Pueriz (GPa) v (mm/s) AMax
Case 1 210 100 1.9
Case 2 300 100 1.7
Case 3 210 50 1.2
Casec 4 300 50 1.1
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Case 1 Case 3
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Figure 5. 4. Lambda Calculations for Cases 1 - 4. Blue curves represent the sliding speed that
corresponds to the sliding distance (stroke length) on the horizontal axis.

5.2.2 Friction and wear results

Figure 5. 5 shows the friction curves obtained from sliding tests of ta-C/ta-C in PAO base oil.
At least three tests were performed for each case. For case one, the friction coefficient is
steady throughout the tests at a value of 0.02. Surprisingly, when the contact pressure is
increased (Case 2) the friction coefficient decreases to 0.01. This will be discussed further
ahead after examination of the wear tracks. According to Stribeck’s curve it is expected that
increasing the applied force will shift the lubrication regime towards the left (boundary
lubrication) and increase the friction coefficient. However, this will be explained by looking

at the wear tracks. For the most severe cases (3 and 4), the friction coefficient is similar to the
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other tests at the beginning around (0.02), but starts to rise towards the end of the sliding test
up to 0.06 — 0.07.

0,08
Case 1l Case2 «=—=Case3 e—(Case4
4
0,06 A
%)
p 0,04 4
0,02 A 1
2
0,00 L] T T T T T T T T T T T T T T T T T T T T T T T T T
0 5000 10000 15000 20000 25000
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Figure 5. 5. Friction curves of ta-C(66) lubricated with PAO base oil at different combinations of
contact pressure and sliding speed. Case 1: Py, = 210 GPa, v = 100 mm/s. Case 2: Py, = 300 GPa, v
=100 mm/s. Case 3: Pyer, = 210 GPa, v = 50 mm/s. Case 4: Pye, = 300 GPa, v = 50 mm/s.

The wear tracks are shown in Figure 5. 6. In case 1, the height of the flat wear track is 4 mm,
which corresponds to the linear surface of the cylinder. The cylinder wear track is not
observable (Hertz diameter =~ 70 um shown for reference). For case 2, the flat coupon has a
particular shape: the height at the edges is larger than at the center of the wear track (indicated
by red dash-lines), which indicates that the contact surface is larger at the edges and the
surfaces are more separated towards the center. This corresponds well to the predicted lambda
calculations in Figure 5. 4 and illustrates that wear starts at the portion of the stroke length
that corresponds to boundary regime (edges of the wear track). The cylinder wear track is
clearly visible with a width of 115 pum. It is mostly smooth, but some horizontal scratches
(parallel to sliding) can be observed. The enlargement and smoothening of the cylinder wear
track effectively decreases the applied contact pressure and can explain why p drops to 0.01.
The wear tracks of cases 3 and 4 are much more scratched for both the flat and cylinder. This

increases their surface roughness and p starts to increase towards the end of the sliding tests.
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Figure 5. 6. Optical images of the wear tracks of ta-C(66) flats and cylinders after sliding tests in PAO
base oil for case 1 (a-b) case 2 (c-d) case 3 (e-f) and case 4 (g-h).
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The wear volumes are presented in Figure 5. 7. There is no measurable wear for case 1 and
small wear for case 2. Cases 3 and 4 exhibit higher wear volumes and the wear of the disk is 3
- 5 times larger than that of the cylinder. This phenomena was also observed on the wear of
hard ta-Cs lubricated with ZDDP in Chapter 4.2, although the wear volumes were 5 — 10

times larger.
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Figure 5. 7. Wear volumes of ta-C(66) flats (red bars) and cylinders (blue bars) after sliding tests in
PAO base oil in four different parameter configurations.

5.2.3 Discussion

The use of the cylinder-on-disk reciprocating tests aim to mimic, for instance, a piston-liner
system. However, in the distribution part of an engine, on the cam-latch or cam-follower
contact, there is a reciprocating movement. This is not pure sliding, but the drive speed drops
to 0 at the edge of the follower or at the end of the stroke of the big skate. This is one of the
reasons for wear. Indeed when the driving speed drops to 0, the surfaces come into contact.
On a cam, there can be wear on both sides of the nose. This also corresponds to the area
where the driving speed drops to 0 and therefore the cylinder-on-disk reciprocating test is also
useful for this case. Almost no tribometer is representative of real contacts in engines. To be a
little more representative of the cam-follower contact, ring/plane can be explored with the
sliding speed ranging from 0.6 to 2.6 ms™ and contact pressures of about 500 MPa. The real
power dissipated by friction is generally around several tens of W in applications, while it is a

few tens of mW in the tribometer used in this work. Nevertheless, it is important to explore
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different parameter values, e.g. contact pressure, sliding speed..., to better understand the

tribological systems studied.

5.2.4 Summary and Conclusion

To summarize the results presented in this chapter, four different combinations of contact
pressure Py, and sliding speed v were tested. Increasing the contact pressure and/or
decreasing the sliding speed of the tests reduces the thickness of the separating lubricant film.
This leads to increased contact between asperities. Moreover, a larger portion of the stroke
length enters the boundary regime, which induces rougher/scratched surfaces and a rise of
friction coefficient. Wear starts in the regions where boundary lubrication applies (towards the
edges where the sliding speed drops to 0). As the surfaces become rougher, the wear spreads

towards the center until boundary lubrication applies on the whole stroke length.
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5.3 Effect of the counterpart material: DL.C/steel contacts.

5.3.1 Introduction

For more than a decade, DLC coatings have been applied in automotive parts to reduce
friction and wear in sliding components. There are two possible systems: both counterparts
can be DLC-coated (DLC/DLC) or only one of them, in which case the other material is most
often steel (DLC/steel) or another ferrous surface such as cast iron. For certain components
such as cam/valve-lifter or cam/follower, it is conceivable to apply DLC coatings to both parts
(already applied in the automotive industry). On the contrary, in other systems, it could be
more practical to only coat one part, for example in piston-ring/liner contacts, where coating
the liner can be done for competitive car racing models, but could amount to an important
price raise of commercial passenger cars. Therefore, from a practical point of view, both
systems are relevant to study in order to understand their tribological behavior and develop
efficient systems in order to reduce wear and friction of sliding components in ICE that could

also be applied to other machine elements.

Lafon Placette et. al performed ta-C/steel and a-C:H/steel friction tests in PAO base oil. Very
little wear was observed for a-C:H coatings, while harder ta-C coatings exhibited severe
tribochemical wear that was activated by temperature and followed an Arrhenius behavior’®.
Surface analysis revealed the formation of a carbon-rich tribofilm on the steel counterpart that
did not stop the progression of wear, and the resulting ta-C wear track was very smooth
(characteristic of tribochemical atomic layer by layer wear). In a different study Tasdemir et.

al found similar results”.

Okubo et. al reported similar wear results in PAO base oil of DLC/steel tribopairs '®. By
performing in-situ Raman observations, they infered that wear of ta-C against steel surfaces
was induced by graphitization and could be reduced, but not inhibited, by adding 1 wt.% of
GMO (glycerol mono-oleate) to the PAO base oil. They observed a reduction of friction
coefficient and argued that the contact temperature at the sliding interface was lowered,
therefore graphitization temperature for ta-C was not attained. The effect of reduced shear
stress and passivation of ta-C surface by formation of a GMO-derived tribofilm was not
discussed in detail, but could be of important relevance. On the other hand, Makowski et. a/
reported high wear of ta-C/steel tribopairs lubricated with with GMO compared to a fully
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formulated engine oil and other fatty-acids ™, which is contradictory to the results obtained

by Okubo. More studies on the effect of GMO on DLC/steel tribopairs is needed.
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Tasdemir et al.'” performed cylinder-on-disk unidirectional tests in taC/steel, taC/taC, and
steel/steel configurations lubricated with PAO, and PAO + additives (ZDDP and/or GMO).
For taC/steel in PAO, the initial friction coefficient was about 0.02, but increased drastically
up to 0.10 due to complete wear of the taC pin and appearance of steel substrate. Wear of the
ta-C pin was avoided in PAO + ZDDP due to the formation of the typical ZDDP pad-like
tribofilm on the steel disk and ta-C pin and the friction coefficient was stable at 0.08. Okubo
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et. al" also reported wear inhibition of ta-C/steel in PAO + ZDDP solutions.

In summary, the literature shows that in pure base oil lubrication, hard ta-C coatings undergo
severe wear against steel surfaces and a carbon transfer film can be observed on the steel wear
track, however, it does not stop wear. The resulting wear track on the ta-C is smooth, hinting
tribochemical wear rather than abrasive and it is aggravated by the increase of temperature. In
PAO + ZDDP, the wear of ta-C is inhibited due to the formation of the typical
zinc/polyphosphate tribofilm formation on the steel surface, which inhibits carbon transferring

from the ta-C.

5.3.2 Friction and wear results

DLC/steel tribopairs in base oil and ZDDP-solutions are studied by reciprocating sliding tests
using the standard test parameters as the ones given at the beginning of this chapter in Table
5. 1. The friction curves of ta-C/steel tribopairs lubricated with PAO base oil and PAO +
ZDDP solution are shown in Figure 5. 8. The black curve corresponds to the typical
steel/steel tribopair in PAO + ZDDP for reference. In PAO base oil p is approximately 0.11
for the steelcylinger/ta-Caisk tribopair. When the tribopair is inversed to ta-Ceyinder/Ste€laisk, [ 1S
drastically reduced to 0.02. This can be explained by a carbon film that is transferred onto the
steel surface (discussed in the previous studies mentioned above) resulting in an atomically
smooth ta-C/ta-Cynserred Sliding interface. However, this is not sustainable, as after 17,000
cycles the ta-C cylinder is completely worn out. The wear of the ta-C exposes the chrome
interlayer and there is a momentarily steel/chrome sliding interface, which explains the rise of
u. Ultimately, the contact area is enlarged and displaced due to the continuous wear and again
a ta-C/steel contact is attained decreasing u back to 0.02. In PAO + ZDDP, both steelcyiinder/ta-
Cuisk and ta-Ceylinger/steelgisk tribopairs exhibit a similar steady state friction coefficient close to
0.07 — 0.08, (which corresponds to a 40% reduction compared to the steel/steel tribopair).
However, their running-in is different. For the ta-Ceyiinger/steelaisc tribopair, p drops to 0.04 at
the beginning of the test, but after a few thousand cycles (= 5,000) it stabilizes at 0.08. For the

inversed tribopair, steelcyiinder/ta-Caisk, this running-in procedure does not occur and p has been
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steady since the beginning of the test (similar to the steel/steel tribopair). This difference is
most likely due to the formation time of the ZDDP-derived tribofilm on the steel surface. It
occurs almost immediately on the 80 pm wide contact area of the cylinder, but requires about
5,000 cycles to form on the 10 mm long surface of the disk that has a kinematic length almost

150 times larger than the one of the cylinder.

PAO PAO + ZDDP
0,14 0,14
——ta-C/steel 1 n

0,12 1 —steelrta-C 0,12 'w—v i

0,10 ‘W 0,10 -
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Figure 5. 8. Friction curves of ta-C(66)/steel tribopairs lubricated in PAO (left) and PAO + ZDDP
(right). The black curve corresponds to steel/steel in PAO + ZDDP and serves as reference. The
tribopairs designation correspond to cylinder/disk configuration.

Optical images of the wear tracks are shown in Figure 5. 9. In PAO base oil there is the
formation of a “brownish” tribofilm on the steelcyiinder/ta-Caisk tribopair (Figure 5. 9a and b).
When the tribopair is inversed (ta-Ceyiinder/Ste€laisk) and the ta-C is now on the cylinder, it
completely wears out and the chrome interlayer is visible (Figure 5. 9¢ and d). The kinematic
length of the cylinder is 150 times shorter than that of the disk, so when the ta-C is on the
cylinder the wear due to the transfer of carbon atoms is accelerated drastically. In PAO +
ZDDP, there is the formation of a ZDDP-derived tribofilm (blue color) on the steel surfaces
for both cases whether the steel coupon is the disk or cylinder. However, the morphology of
the ZDDP tribofilms formed on steel/ta-C tribopairs is different from the typical pad and
valley tribofilm formed in steel/steel contacts (Figure 5. 9i and j). The tribofilms formed on
the steel surfaces in steel/ta-C contacts are more homogenous and continuous, with well-

defined straight edges (see Figure 5. 9¢ and h).
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Figure 5. 9. Optical images of the wear tracks of asymmetric ta-C/steel tribopairs and steel/steel
tribopair as reference after sliding tests in PAO (top) and PAO + ZDDP solution (middle).

The wear volumes of the disks and cylinders are shown in Figure 5. 10. In PAO base oil the
ta-C cylinder is completely worn out (shown in Figure 5. 9d), when sliding against the steel
disk. This result is in good agreement with previous studies that show that in ta-C/steel
contacts the carbon atoms of the ta-C are continuously transferred to the steel surface, causing

98102 By inversing the tribopair (ta-C coating on the disk against steel cylinder), there is

wear
no measurable wear on the disk or cylinder (Figure 5. 9a and b), which provides a possible
solution to prevent wear in the absence of ZDDP. When ZDDP is added to the base oil, a
tribofilm is formed on the steel surface so the sliding interface becomes ta-C against ZDDP
tribofilm. This prevents carbon transfer and inhibits wear of the ta-C, in agreement with

previous studies'**'%.
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Figure 5. 10. Wear volumes of ta-C/steel tribopairs after sliding tests in PAO and PAO + ZDDP
solution.

5.3.3 Surface analysis techniques

In Chapter 4, it was shown that ZDDP induces wear of hard ta-C/ta-C contacts. There was a
strong correlation between the wear of hard ta-Cs and the chemical state of sulphur (Figure 4.
9), where C-S bonds (Figure 4.8) and diffused sulphur atoms into the ta-C matrix were
observed, inducing a structural change from amorphous carbon to graphitic/onion-like
structures (Figure 4. 11). The results presented above show that in ta-C/steel contacts, ZDDP
has the opposite effect and actually fulfills its role as an anti-wear additive to protect the ta-C

surface. To understand this behavior surface, chemical analysis were performed by XPS.

Figure 5. 11a shows the S2p spectrum obtained on the ta-C disk after sliding against the steel
cylinder and an optical image of the corresponding wear track from where the spectra was
obtained. The S2p spectrum is composed of 2 components: the first and most prominent one
at 162.2 eV (in blue) corresponds to S-Zn, or S-P and S=P in thiophosphates. There is a
second small contribution at 168.9 eV from sulphates. The correlation found in Chapter 4
between no wear and absence of S-C bonds still applies. For comparison, the S2p spectrum of
ta-C disk against ta-C cylinder in PAO + ZDDP (Figure 5. 11 b) from chapter 4 is shown
where severe wear was observed and the dominant component of the spectrum was the S-C

bonds (in red).
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Figure 5. 11. S2p XPS spectra measured on disk samples from: (a) ta-C/steel tribopair and (b) ta-C/ta-
C tribopair after sliding tests in PAO + ZDDP. Optical images of the wear tracks are shown to
illustrate the difference in wear associated with the chemical state of sulphur.

The Cls, Ols, P2p, and Zn2p3/2 spectra are shown in Figure 5. 12. The Cls photopeak is
composed of three contributions: the first peak at 284.8 eV is attributed to sp® and sp> carbon
bonds of the ta-C as well aliphatic carbon. The second and third peaks at 286.5 and 288.4 eV
correspond to C—O and C=0O bonds, respectively. The Ols spectrum can be fitted using two
contributions: the first one, at 531.7 eV, is attributed to non-bridging oxygen and the second
one, at 533.0 eV, is attributed to bridging oxygen. The P2p spectrum is fitted with one doublet
with a separation of 0.84 eV and intensity ratio of 0.5. The P2ps/, peak located at B.E. = 133.4
eV corresponds to phosphates. The Zn2ps,, peak at B.E = 1022.3 eV corresponds to ZnS or

Zn*" in zinc phosphates.
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Figure 5. 12. (a) Cls, (b) Ols, (c) P2p and (d) Zn2ps, XPS spectra obtained from ta-C disk after
sliding tests against steel cylinder (steel/ta-C tribopair) in PAO + ZDDP.
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Figure 5. 13 shows the CI1, Ols, P2p, S2p, Zn2ps3, and Fe2p XPS spectra recorded on the
steel disks from ta-Ceyiinder/Steelaisk and steel/steel tribopairs after sliding tests in PAO +
ZDDP. Even though the optical images revealed a difference in the morphology of the ZDDP-
derived tribofilms, their chemical compositions are the same. The Cls spectrum is composed
of three contributions: the first one, at 284.8 eV, corresponds to aliphatic carbon, while C-O
and C=0O species are observed at 286.4 and 288.3 eV, respectively. The Ols spectrum is
composed of two components, the first and largest one at 531.4 eV is non-bridging oxygen
(NBO), while bridging-oxygen (BO) is located at 533.0 eV. The P2ps,, photopeak at 133.5 eV
indicates the presence of phosphates. The S2p spectrum consists mostly of one contribution
located at 162.0 eV, which corresponds to metal sulfides (ZnS) and/or S-P and S=P bonds in
thiophosphates. There are two other very small contributions at 164.0 and 168.0 eV, which
correspond to sulfites and sulphates, respectively. The Zn2ps,, photopeak is composed of two
contributions: the first one, at 1022.1 eV, corresponds to ZnS and Zn phosphates, while the
second one at 1023.8 eV corresponds to ZnO. The Fe2p spectra are also shown, although the
signal/noise ratio is too low to be taken into account as a significant concentration. The
atomic concentrations are given in Table 5. 3 and the parameters used for the fitting

procedure are given in Table A. 1.

Similarly to the XPS results presented in Chapter 4, the concentrations of the ZDDP-derived
elements (P, S, and Zn) are between 1 — 2 %, confirming again that thick ZDDP-tribofilms do
not form on hard ta-C surfaces in the tested conditions. The chemical composition of the
ZDDP-derived tribofilms on steel surfaces contain higher amounts of P and Zn and less S,
which has been shown many times in the literature. They are very rich in oxygen, which is
characteristic of the well-known zinc-phosphate glass that composes the bulk of the
tribofilms.

Table 5. 3. Relative chemical composition obtained from XPS spectra of steel/ta-C, ta-C/steel, and
steel/steel tribopairs. The spectra are obtained from the disk samples of the tribopairs (cylinder/disk).

Elemental quantification (at. %)

Tribopair Cls Ols P2p S2p Zn2ps3p Fe2p
Steel/ta-C 78.9 15.8 1.3 1.4 2.6 0.0
ta-C/Steel 31.8 45.0 9.0 3.5 10.6 0.1
Steel/steel 31.6 45.2 8.9 3.6 10.6 0.1
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Figure 5. 13. XPS spectra obtained from steel disk vs. ta-C cylinder (a, c, e, g, i, k) and steel disk vs.
steel cylinder (b, d, f, h, j, 1) after sliding tests in PAO + ZDDP.

The tribofilms formed on the steel surfaces were analyzed by SEM technique. Figure 5. 14
shows representative SEM images of the steel disks of ta-Ceyinder/Steelgisk and steel/steel
tribopairs after sliding tests in PAO + ZDDP. EDX spectra were obtained in specific regions
of interest, indicated by dashed rectangles. The regions in green correspond to the ZDDP-
derived tribofilm, in yellow to the steel (iron) surface and in red to tungsten precipitates. The
EDX elemental quantification results are given in Table 5. 4. Despite the almost identical
chemical composition, there is a clear difference in the morphology of the ZDDP-derived
tribofilms on the steel surfaces. For the ta-Ceyinder/Steelaisk tribopair (Figure S. 14a and c) the
tribofilm forms long-continuous stripes with well-defined straight edges. The tribofilms
formed on the steel/steel tribopair (Figure 5. 14b and d) shows the typical pad and valley (so-
called “pad-like”) tribofilm. Obviously, ta-C is harder and stiffer than steel, so the real contact
area between steel/ta-C and steel/steel tribopairs can differ due to less elastic deformation that

the ta-C asperities undergo under the same applied load and lead to different morphologies.
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Figure 5. 14. Optical and SEM images of the wear tracks of steel disks in: (a and c¢) ta-C.yjinger/Ste€laisk
and (b and d) steel/steel tribopairs after sliding in PAO + ZDDP. The dashed rectangles indicate the
regions of interest where EDX spectra were obtained.

Table 5. 4. Elemental quantification obtained by EDX analysis of the spectra recorded in ROI 1-6
shown in Figure 5. 14.

Elemental quantification (at. %)

ROI # C O P S Fe Zn w
1 2.1 32.6 9.0 4.6 9.9 41.4 0.4
2 3.7 12.1 2.1 3.2 67.1 9.5 2.4
3 9.4 4.5 0.9 11.0 29.0 1.2 44.1
4 1.8 32.8 9.4 4.1 13.8 38.1 0.0
5 5.1 3.9 0.2 0.7 84.9 1.4 3.9
6 6.4 6.7 2.9 9.3 28.6 5.4 40.0

5.3.4 Summary and Conclusions

To summarize the results obtained in this section, without a protective tribofilm the ta-C
counterparts exhibits severe wear in ta-C/steel tribopairs. Wear can be greatly reduced if the
ta-C coated surface is the counterpart with the longest kinematic distance i.e. on the disk. In
PAO + ZDDP, the typical pad-like tribofilm is formed on the steel counterpart (but not on the
ta-C surface), which protects both the steel and the ta-C surface and inhibits wear; in this case

fulfilling its role as anti-wear additive. The friction coefficient of ta-C/steel tribopairs is

88



approximately 0.07. This represents a 40% reduction compared to a steel/steel contact, which
is in line with the search of reducing friction and improving fuel efficiency of ICE in

passenger cars.
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5.4 Effect of other phosphorus and sulphur-containing additives on the

tribological properties of DLC coatings

5.4.1 Introduction

Chapter 4 evidenced the wear of hard ta-C coatings in presence of ZDDP. The released
sulphur atoms from the ZDDP molecule and subsequent sulphur doping, which weakens the
ta-C material, is at the origin of the wear mechanism. In order to further understand this
phenomenon, reciprocating sliding tests were performed with a-C:H and ta-C(66) coatings
using different additives with and without sulphur (see Figure 5. 15). The description of the
tribometer and test conditions are given in the Methods section 3.3.1 and reminded in Table

5.5.

Table 5. 5. Test conditions used for the reciprocating sliding tests.

Test conditions

e Contact = cylinder-on-disk

e FNn=23N
® Pher, =210 MPa
e T=110°C

e v=0.lms"
e | =10mm

e t=90min (2,700 cycles)

The procedure for preparing the lubricant solutions and their concentrations is given in the
Methods section 3.2. The ZDDP molecule used in the previous sections of this work was a
primary-C4 (R=C4Hy). The ZP additive, with the same chemical composition as ZDDP except
that the four S atoms are replace by O atoms, was studied. However, its alkyl chain is longer
(R=CgH,7), so a ZDDP primary-C8 (R=CgH,7) additive was also studied to keep this variable
equal. Finally, the TPS additive containing only H, C and S was tested to remove the
influence of O, P, and Zn elements. This additive is used as an extreme-pressure (EP) in
lubricant formulations in metal working fluids (MWF). To the best of the authors’
knowledge, this is the first study that compares such types of additives with similar chemical

structures on DLCs.
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Zinc dialkylphsophate (ZP) Di-ter-butyl-trisulphide (TPS-44)

Figure 5. 15. Chemical structure of the tested additives.
5.4.2 Friction and wear results

Figure 5. 16 shows the evolution of the friction coefficient pu obtained from sliding tests of a-
C:H/a-C:H tribopairs in PAO and PAO + additives lubricants (the results with ZDDP
primary-C4 were already presented in Chapter 4 and are included in this chapter to facilitate
the direct comparison with the other additives). In PAO base oil, u reaches a steady-state
value of 0.09. When ZDDP primary-C4 is added to the PAO base oil, p increases slightly to
0.10. In PAO + ZDDP primary-C8 and PAO + ZP primary-C8, u = 0.07, suggesting that even
though their chemistries are different (ZDDP contains S, which is replaced by O in ZP), the
length of the alkyl chain could be responsible for the friction reduction compared to the
ZDDP with shorter alkyl chain length (R=C4Hy). Finally, in PAO + TPS p = 0.10. It should be
noted that for all the friction curves (except PAO base oil), pu is lower at the beginning of the
test and increases gradually throughout the test. This could be due to the progressive

formation of tribofilms, which will be studied further ahead.
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Figure 5. 16. Friction curves obtained from sliding tests of a-C:H/a-C:H tribopairs in PAO base oil and
PAO + additives lubricants.

Figure 5. 17 shows the friction curves obtained from sliding tests of ta-C(66)/ta-C(66)
tribopairs in PAO and PAO + additives lubricants. In PAO and PAO + ZP, p = 0.02 and
remains steady throughout the test, indicating that ZP does not affect friction compared to
PAO base oil alone. For both ZDDP additives (Primary-C4 and C8), u starts as with the PAO
base oil at around 0.02 — 0.03, but after approximately 10,000 cycles, p gradually increases up
to 0.10 and the signal becomes unstable (not smooth) at the end of the test. The moment at
which p starts rising varies from one test to the other, but always occurs between 4,000 -
12,000 cycles. Finally, in PAO + TPS, there is a similar behavior of low friction at the
beginning of the test (u = 0.02 — 0.03) followed by a gradual increase up to 0.07.
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Figure 5. 17. Friction curves obtained from sliding tests of ta-C(66)/ta-C(66) tribopairs in PAO base
oil and PAO + additives lubricants.

Optical images of the wear tracks are shown in Figure 5. 18. For ta-C, the wear tracks in PAO

base oil and PAO + ZP (n = 0.02) are barely visible on the cylinder and no scratches are seen
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on the flat. For the other additives that exhibited a rise of u during the sliding tests (ZDDP
primary-C4, primary-C8 and TPS), the wear tracks on the flats and cylinders exhibit large
horizontal scratches and increased surface roughnesses (as shown in the optical interferometer
images, see Figure 5. 19). For a-C:H, the wear tracks are much smaller and exhibit no
horizontal scratches. The cylinders wear tracks have a width of 70 — 115 um (initial contact
area ~ 70 pm) and seem very smooth, except for the cylinder in ZP that shows small

horizontal scratches.

a-C:H ta-C
PAO
[1110.20mn)
ZDDP |
IC4
[1]10.00mm}
ZDDP , |
I1C8 : |
ZP
I1C8
TPS

Figure 5. 18. Optical images of the wear tracks of a-C:H and ta-C(66) flats and cylinders after sliding
tests in PAO base oil and PAO + additives lubricants.
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Figure 5. 19. Optical interferometer images of wear tracks of ta-C flats and cylinders after sliding tests
in: (a) PAO + ZDDP primary-C4, (b) PAO + ZDDP primary-C8, and (c¢) PAO + TPS solutions.

The wear volumes measured by optical interferometry are shown in Figure 5. 20. For a-C:H,

there was no measurable wear for the flats and mild wear for the cylinders (wear depth

between 0.1-0.2 um). The ta-C coatings exhibited severe wear in ZDDP primary-C4, ZDDP
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primary-C8, and TPS solutions. The wear depths on the flats and cylinders are approximately
0.5-0.6 and 1.0 -1.5 pm deep, which equals to about 25% and 75% of the coating thickness,
respectively. It is worth noticing that the wear volumes of the flats are one order of magnitude
greater than those of the cylinders, despite a much largerkinematic distance (150 times larger).
This is indicative of tribochemical wear due to chemical reactions of sulphur at the sliding

interfaces and not mechanical or abrasive wear.

a b
~ 1,0 I Oa-C:H g 2,0 + Oa-C:H(No measurable wear)
£ 3
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Figure 5. 20. Wear volumes of a-C:H and ta-C cylinders (a) and flats (b) after sliding tests in PAO
base oil and PAO + additives lubricants.

5.4.3 Surface analysis techniques

Surface chemical analysis were performed by XPS on the flat coupons after sliding tests in
PAO + additives lubricants to study the chemical compositions of the surfaces. Figure 5. 21
shows the relative chemical compositions of P, S, and Zn elements for: (a) a-C:H and (b) ta-C.
The atomic concentrations including C and O are given in Table 5. 6. Their concentrations
are three to five times greater for a-C:H than ta-C. For a-C:H the concentration decreases in
the order: ZDDP primary-C4 = ZDDP primary-C8 > TPS > ZP. It should be noted that the
sulphur content is equivalent between the ZDDP and the TPS additives (S = 2400 ppm) and
so is the phosphorus content between ZDDP and ZP (P = 1200 ppm), as presented in the
methods section 3.2. For ta-C, the atomic concentrations are barely above 1 % and in the case
of the ZP additive the P and Zn concentrations are between 0.1 — 0.2 %. The same amounts

are found outside of the wear tack due to physical adsorption.
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Figure 5. 21. XPS atomic quantification results of a-CH (a) and ta-C(66) (b) after sliding tests in PAO
base oil and PAO + additives lubricants.

Table 5. 6. Relative chemical composition obtained from XPS spectra on the a-C:H and ta-C flat
coupons after sliding tests in PAO + additives lubricants.

a-C:H

Additive Cls (at. %) Ols (at. %) | P2p (at. %) S2p (at. %) | Zn2ps (at. %)
ZDDP 1C4 73.6 14.3 3.4 3.8 4.9
ZDDP 1C8 71.0 16.4 4.0 3.8 4.9

ZP 83.2 14.6 1.2 0.0 1.1
TPS 81.4 16.1 0.0 2.5 0.0
ta-C-66)

Additive Cls (at. %) | Ols(at. %) | P2p(at. %) | S2p (at. %) | Zn2ps. (at. %)
ZDDP 1C4 87.5 9.3 1.0 1.1 1.1
ZDDP 1C8 87.4 9.0 1.2 1.2 1.2

ZP 92.9 6.8 0.2 0.0 0.1
TPS 91.5 7.4 0.0 1.1 0.0

One of the main reasons for testing these additives was to study the effect of sulphur on the
friction and wear properties of a-C:H and ta-C. In Chapter 4, it was evidenced that in PAO +
ZDDP primary-C4 lubrication, there is a correlation between wear and the presence of C-S
bonds for hard taCs and no wear on one side, and lack of S-C bonds for soft and moderate
hard DLCs (a-C:H, a-C, and ta-C(52)) on the other side. In this section, those results are
compared with the other ZDDP (primary-C8) and the TPS additive to further investigate this

phenomenon.

For this reason, particular attention is once again paid to the S2p spectra shown in Figure 5.

22 obtained inside the flat wear tracks of a-C:H (a) and ta-C (b). They are fitted using a
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doublet due to spin-coupling with a separation of 1.2 eV and an intensity ratio of 0.5. Each
peak is identified by a color and corresponds to a specific chemical state. The blue peak at
B.E. =163,3 £ 0,1 eV corresponds to S-Zn, and S-P or S=P bonds in thiophosphates. The red
peak at B.E. =163,3 £0,1 eV corresponds to S-C bonds. Next, the yellow peak at B.E. = 164
+0,1 eV is attributed to the S(0) oxidation state of S-S-S** bonds in long polysulphides or the
central and terminating sulphur atoms in shorter polysulphides such as Ss* as in [S-S-S]*

105

where the terminating sulphur atoms do not exhibit strong chemical shifts . Lastly, the green

peak at B.E. =168, 4 £ 0,1 eV is attributed to oxidized sulphur species such as sulphates.

In the case of a-C:H, there are no S-C bonds (in red) formed with any of the additives. As
where for ta-C, the S-C peak is the dominant chemical state of all three spectra. It is also
noteworthy to observe that the sulphate peak (in green) is relatively larger in TPS, and very
little or no sulphates are found with ZDDP.

t u t L—
170 168 166 164 162 160 170 168 166 164 162 160
Binding Energy (eV) Binding Energy (eV)

Figure 5. 22. S2p spectra obtained inside the flats wear tracks of a-C:H (a) and ta-C (b) after
sliding tests in PAO + additives.

Figure 5. 23 shows the Cls, Ols, P2p, and Zn2p;, spectra for a-C:H (a-d) and ta-C (e-h). As
it can be observed, there are no significant chemical shifts between the spectra obtained with
the different additives for a-C:H and ta-C. The Cls XPS spectra show the contribution of
three types of chemical bonds: the first peak at B.E. = 284.8 ¢V is attributed to both sp* and
sp> carbon bonds in DLC as well as to adsorbed aliphatic carbon. The second and third peaks
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at B.E. = 286.5 and 288.3 eV correspond to C—O and O-C=0 bonds, respectively. The Ols
XPS spectra is fitted using two peaks: the first one at B.E. = 531.7 eV, is attributed to non-
bridging oxygen (NBO) and the second one, at B.E. = 533.0 eV, is attributed to bridging
oxygen (BO). The P2p spectra are fitted with one doublet with a separation of 0.84 eV and
intensity ratio of 0.5. The P2p;, peak located at B.E. = 133.4 eV corresponds to phosphates.
The Zn2ps; peak at B.E. = 1022.3 eV corresponds to ZnS or Zn>" in zinc phosphates. A small
peak corresponding to Zn-O bonds is found for the a-C:H in ZP additive at B.E. = 1024.3 eV.
The parameters used for the fitting procedure of all the spectra are given in Table A. 2 and

Table A. 3 for a-C:H and ta-C, respectively.
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Figure 5. 23. Cls, Ols, P2p, and Zn2p;/, spectra obtained on the flat coupons of a-C:H (a-d) and ta-C
(e-h) after sliding tests in PAO + additives lubricants.

In order to investigate whether or not these additives form tribofilms on the a-C:H and ta-C

surfaces, SEM + EDX analysis were performed on the flat coupons. Figure 5. 24 shows

representative SEM images of a-C:H and ta-C surfaces after sliding tests in PAO + additives.

Tribofilms were formed on the a-C:H surfaces (Figure 5. 24a-c¢) under lubrication with

ZDDP primary-C4, ZDDP primary-C8, and ZP (marked with green-dashed circles). Their

chemical composition was checked by EDX analysis, see Table 5. 7. The tribofilms formed

99



with both ZDDP molecules (Figure 5. 24a and b) consist of tribopatches that have an
average diameter of about 1 pm and up to 5 um for the largest ones. The tribopatches formed
with ZP (Figure 5. 24c¢) have a diameter smaller than 1 um, but are more homogenous in size
and more densely packed. The ta-C surfaces show horizontal scratches (in agreement with the
wear results) and no tribofilms were observed. Only small particles containing traces of the

additive-derived elements were found (marked by green-dashed circles).

Figure 5. 24. Representative SEM images (SE detection mode) of a-C :H in (a) ZDDP primary-C4, (b)
ZDDP primary-C8, (c) ZP and ta-C in (d) ZDDP primary-C4, (¢) ZDDP primary-C8 and (f) TPS.
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Table 5. 7. Elemental quantification obtained by EDX spectra recorded on the a-C:H and ta-C flats
indicated by green and red dashed circles in Figure 5. 24

Chemical composition (at.%)

Spectrum
C O P S Zn
#
ZDDP 1 01 84.3 5.0 2.8 1.9 6.0
C4 02 99.3 0.7 0.0 0.0 0.0
ZDDP 1 03 88.3 33 1.6 1.9 4.9
a-C:H
C8 04 99.7 0.3 0.0 0.0 0.0
05 91.7 3.5 1.6 0.0 3.2
7P
06 99.8 0.2 0.0 0.0 0.0
ZDDP 07 98.8 0.2 0.3 0.6 0.1
I1C4 08 99.8 0.2 0.0 0.0 0.0
c ZDDP 09 98.8 0.2 0.2 0.7 0.1
ta-
I1C8 10 99.8 0.2 0.0 0.0 0.0
11 90.1 8.6 0.0 1.3 0.0
TPS
12 99.6 0.4 0.0 0.0 0.0

5.4.4 Summary and Conclusions

In summary, four different additives, namely ZDDP primary-C4, ZDDP primary-C8, ZP, and
TPS, were studied on a-C:H and ta-C coatings. The a-C:H coatings exhibit no wear, and p
varies between 0.07 — 0.12 (lowest p with longer alkyl chains). MEB and XPS analysis
revealed the formation of ZDDP-derived patches on the surfaces. Ta-C exhibits no wear in
PAO, with sulphurless additive lubrication, PAO + ZP, there was no change in its friction and
wear properties as the ZP molecule did not react with the ta-C surface. However, with
sulphur-containing additives, severe wear and a rise of p occur in PAO + ZDDP (both
primary-C4 and C8) and PAO + TPS. The correlation observed in Chapter 4 between the
formation of S-C bonds and severe wear of hard ta-C coatings continues to apply. SEM and
XPS analysis revealed that ZDDP-derived tribofilms do not form on the ta-C surfaces, only a

very small amount (about 1%) of additive-derived elements were detected.
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Chapter 6: Contribution of controlled
environment lubrication to the comprehension
of the tribochemistry of S-containing additives

on DLC surfaces.

In the previous chapters, liquid lubricants used in the automotive and other
mechanical applications were used to study the tribological behavior of
DLC systems. In this chapter, sliding tests are performed using an
Analytical Tribometer in Controlled Environment (ATCE), which allows
the introduction of gas additives in a wide range of pressures to study
specific molecules. In this way, a specific chemical function of a complex
additive molecule can be targeted to obtain a simpler tribological system.
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6.1 Ta-C in controlled gas environments

6.1.1 Introduction

For this study, ball-on-disk sliding tests were performed with an ATCE system described in
the Methods section 3.3.4. XPS analysis are carried out after the sliding tests without the
samples being exposed to air. This allows a better analysis of the tribochemical reactions
taking place at the sliding interface. The testing conditions used were as follows: applied load
Fx= 5 N (corresponding to an initial maximum Hertzian contact pressure Pye, = 800 MPa),
temperature T = 20°C, average speed v = 0.2 mm s™, stroke length 1 = 2 mm for a total of 100
passages (50 cycles). The tests were performed in three different controlled environments:
first, in UHV to study the tribological behavior of self-mated ta-Cs without any lubrication as
reference; second, in O, environment to investigate the effect of oxygen, which is an element
present in many additives and oils; and third in di-methyl sulfide (DMS) environment to study
the tribochemistry of sulphur-containing molecules and its effect on the friction and wear

properties of ta-Cs. The tested environments are summarized in Table 6. 1.

Table 6. 1. Tested environments during the sliding friction tests.

= el Conditions
UHV P =1x10" mbar
P,=3.10" mbar
0, P,=3.10" mbar
P;=3 mbar
DMS P;=3.10" mbar
S P,=3.10" mbar
H3C/ \CH3 P;=3 mbar

6.1.2 Friction and wear results

The friction curves of ta-C(66)/ta-C(66) tribopairs obtained from sliding tests in UHV, O, and
DMS environments at different pressures are shown in Figure 6. 1 a and b. In UHV the
friction coefficient u was about 0.70 throughout the test. After 95 passages the ta-C flat was
completely worn out and the steel substrate was exposed, which caused p to decrease. The

test was stopped shortly afterwards at 100 passages. In O, environment, p is close to 0.75 at
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the lowest pressure (P = 3.10” mbar) and p = 0.80 — 1.00 at the intermediate and highest
pressure (P = 3.10"" mbar and P = 3 mbar). In DMS at low and intermediate pressures (P =
3.10” mbar and P =3.10"" mbar), p oscillates between 0.80 — 1.00. At the highest pressure (P
= 3 mbar), there is an incredible friction reduction. p = 0.05 and is steady throughout the

whole test.
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Figure 6. 1. Evolution of friction coefficient of ta-C(66) during sliding tests in controlled
environments: (a) O, and (b) DMS at 3 mbar, 3.10" mbar, and 3.10” mbar. The dotted black line is the
reference test in UHV.

Stick-slip phenomena (indicative of adhesive wear) was observed during the friction tests for
all the curves where pu > 0.7. The only case where this was not observed was for DMS at high
pressure (P = 3 mbar), where p = 0.05. Images of the instantaneous friction coefficient for one

and a half cycles are shown in Figure 6. 2.
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3 UHV

Figure 6. 2. Tangential force signals of one and a half cycles of ta-C sliding in: (a) UHV, and (b) O,,
and DMS environments.

Optical images of the wear tracks after sliding in UHV are shown in Figure 6. 3. In these
tests, there is no oil to evacuate the wear debris generated during sliding so they remain on the
surface of the wear tracks. The images were taken before cleaning the samples to observe the
wear debris (that resemble black smeared stains). Such wear particles have already been
observed during sliding tests of different DLCs in various atmospheres'*"'%. In UHV the ta-
C flat was completely worn out and the steel substrate was exposed. The ta-C coating on the

ball also underwent severe wear, but was not fully removed.
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Figure 6. 3. Optical images of the ta-C flat (left) and ball (right) after sliding tests in UHV. The images
were taken before cleaning the samples to avoid removing the black wear debris.

The wear tracks after sliding tests in O, and DMS are shown in Figure 6. 4a and b,
respectively. It can be observed that black wear debris are found on the wear tracks of the
tests that exhibited high friction (u > 0.7), which is the case for O, environment at the three
tested pressures and in DMS at the lowest (P = 3.10” mbar) and intermediate pressures (P =
3.10" mbar). In the only case where friction was low (i = 0.05), in DMS at P = 3 mbar, the

wear tracks are not even visible under the observed conditions and no wear debris were found.
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Figure 6. 4. Optical images of the ta-C flats (top) and balls (bottom) after sliding tests in: (a) O, and (b)
DMS at low, intermediate, and high pressures (P = 3.10” mbar, P = 3.10" mbar, and P = 3 mbar,
respectively). The images were taken before cleaning the samples to avoid removing the black wear
debri particles.
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Optical interferometer images of the ta-C flats and balls after sliding in UHV are shown in
Figure 6. 5. The ta-C coating on the flat was completely worn out and the maximum wear

depth went beyond 3 pum (the coating thickness is 2.0 um). Similarly, the ball also exhibited

severe wear although the wear depth was = 1.0 um (50% of the coating thickness).

Flat Ball

“0.0 05 1.0 15 20 23 000 0.10 0.20 0.30 0.40 0.50 0.60
mm mm

Figure 6. 5. Optical interferometer images of the wear tracks of ta-C(66) flat and ball after sliding in
UHYV. The image of the ball is flattened to observe the wear scar.

The wear tracks after sliding tests in O, are shown in Figure 6. 6. At the lowest pressure (P =
3.10" mbar), the flat and ball have a wear depth of approximately 1.0 pm. At the intermediate
and highest pressures (P = 3.10" and P = 3 mbar) the flat wear depth is greatly reduced (less
than 0.1 um), and the ball wear depth decreases to 0.6 pm.

The wear tracks in DMS are shown in Figure 6. 7. At the lowest and intermediate pressures
(P =3.107 and 3.10"" mbar), the flats exhibit very little wear (wear depth < 0.1 pm) while the
balls wear depth is between 0.5 — 0.8 pm. At the highest pressure (P = 3 mbar), there is no

measurable wear and the wear tracks are barely visible.

108



Flat Ball

0.2
E 043
0.6 !
0.8 : Ml\m-—_,J\»J
1.0 : y A .
0.0 05 1.0 15 20 23 000 0.10 020 030 040 0.50 0.60

0.20 . . { -0 T " ;
0.0 05 10 15 20 23 0.00 0.10 020 0.30 040 050 0.60

mm mm

' ? i N Ml [ N/ W™
0.10 ‘L 4 { ! —0~2 V yw [ u

£ ’ | I ] E _0.4 A Mrl

0,004 : I ] E 044} ¥ WA,V

nmo WMWW“‘WWWW 06 ! W UV ! !

| 08
020 r ; . . -1.07 T T T T
0.0 05 10 15 20 23 0.00 0.10 0.20 0.30 0.40 0.50 0.60
mm mm

Figure 6. 6. Optical interferometer images of the wear tracks of ta-C(66) flats and balls after sliding
tests in O, environment at different pressures: (a) 3.10” mbar, (b) 3.10" mbar, and (c) 3 mbar.
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Figure 6. 7. Optical interferometer images of the wear tracks of ta-C(66) flats and balls after sliding
tests in DMS environment at different pressures: (a) 3.10” mbar, (b) 3.10" mbar, and (c) 3 mbar.
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The wear volumes were calculated from the optical interferometer measurements and are
shown in Figure 6. 8. At intermediate and high O, pressures, wear is greatly reduced
compared to UHV and O, at low pressure. In DMS, even at the lowest and intermediate

pressures wear is greatly inhibited, and at the highest pressure it is completely avoided.
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Figure 6. 8. Wear volumes of the ta-C(66) flats and balls measured by optical interferometer after
sliding tests in UHV, O,, and DMS environments at different pressures.

6.1.3 Raman spectroscopy

The black wear debris were analyzed by Raman Spectroscopy (see Methods section 3.4.2 for
analysis conditions) on the ta-C flat after sliding tests in O, environment at low pressure (P =
3.10” mbar). This test showed the second largest amount of wear after the vacuum test. The
Raman spectra are shown in Figure 6. 9. Three zones (indicated by red points) were analyzed
to compare their ratios between the intensities of the G and D peaks at different laser energies
to look for indications of graphitization. At laser power = 5%, the spectra obtained outside the
wear track (a) and inside the wear track on the white region (b) are identical. However, the
spectra on the black wear debris exhibit a very slight increase of the intensity of the D peak,
suggesting graphitization occurred. At higher laser energy (100%), there is no change on
spectra (a) and (b), but spectrum (c) shows an even higher increase in intensity of the D peak.
It is obvious that the laser energy has an effect on the obtained spectra. Therefore, with the
current experimental evidence, it is not very clear how to prove that graphitization indeed
occurred. In the future, TEM observations could be performed to study the structure of the

black wear debris and study if graphitic structures are observed.
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Figure 6. 9. Raman spectra at different laser powers recorded on the ta-C flat after sliding test in O,
environment at P = 3.10” mbar on different regions of interest: (a) outside of the wear track, (b) inside
the wear track on the white region, (c) inside the wear track on the black wear debris.

6.1.4 XPS analysis

After the sliding tests, the disks and balls were transferred to the XPS analysis chamber
without being exposed to air. The surface chemical composition were analyzed in order to
study their chemical states and understand the different wear and friction results obtained. The
atomic concentrations of sulphur and oxygen in DMS and O, environments on the flats and
balls are shown in Figure 6. 10 a and b, respectively. The atomic concentrations including
carbon are given in Table 6. 2. In DMS, the highest amount of sulphur found on the wear
tracks was at the lowest pressure (P = 3.10~ mbar), which is counter-intuitive as higher
amounts of sulphur were expected at higher pressure. This matter will be addressed in the
discussion section. The sulphur concentration on the disk decreases in the order: 3.107 > 3.10°
! mbar > 3 mbar. For the balls, it decreases in the order: 3.107 > 3 mbar > 3.10" mbar. In 0,
environment, the oxygen concentration was similar or slightly higher outside the wear tracks
compared to the inside. Before introducing the samples to the ATCE system, they were
exposed to air while being stored. Thus oxygen is always found on samples exposed to air due

to adventitious contamination, oxidation, water etc.... However, the chemical state between t
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outside and inside of the wear tracks was different, and will be shown in the XPS spectra

below. The wear tracks on the balls in O, were not visible on the acquired picture. Indeed,

there was no chemical contrast compared to the outside where oxygen is also present.

Therefore the wear tracks could not be analyzed.
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Figure 6. 10. XPS elemental quantification obtained from: (a) ta-C balls and flats in DMS and (b) ta-C

flats in O,.

Table 6. 2. Relative chemical composition obtained from XPS spectra on ta-C flats and balls after
sliding tests in O, and DMS environments.

Environment | Pressure | Sample Cls (at. %) O1s (at. %) S2p (at. %)
(mbar)

3.107 flat 93.5 6.5 0.0
3.10™ flat 92.6 7.4 0.0

02 .
3.10 flat 91.7 8.3 0.0
Outside flat 91.9 8.1 0.0
3 ball 92.7 3.8 3.6

3.10°
flat 93.9 33 2.7
. ball 90.5 8.8 0.7

3.10°
flat 92.9 53 1.9

DMS

0 ball 92.8 4.6 2.6

3.10
flat 97.2 2.1 0.7
. ball 92.7 7.1 0.2

Outside

flat 93.9 6.0 0.2
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The S2p spectra obtained from inside the wear tracks of the ta-C balls and disks are shown in
Figure 6. 11. XPS S2p spectra obtained after sliding tests in DMS environment from inside
the wear tracks of: (a) ta-C balls (b) ta-C disks. Figure 6. 11. They are fitted using a doublet
due to spin-coupling with a separation of 1.2 eV and an intensity ratio of 0.5. The spectra
recorded outside the wear tracks are not shown as there were only very small traces of sulphur
(= 0.2 at. %). The S2p photopeak obtained on the disks are composed of one main
contribution (in red) at B.E. = 163.2 eV, which corresponds to organic sulphur species (C-S-X
bonds). As already mentioned in Chapter 4, it is difficult to distinguish between C-S-C, C-S-
S, and C-S-H chemical states as the shifts in B.E. are close to 0.1-0.2 eV from each other. For
the balls, there was a slight difference between the low and intermediate pressure compared to
the high pressure. At high pressure (P = 3 mbar), the peak is shifted (+ 0.4 eV) towards higher
B.E. =163.6 eV. This shift is larger than the error measurement which is considered to be 0.1
eV, indicating that the shift is significant and representative of a different chemical state. It
could explain the decrease in friction coefficient p = 0.05 compared to the tests in low and
intermediate pressures were p was higher than 0.8. This matter will be addressed in the
discussion section ahead. It should be noted that no peak was observed at B.E. = 164.0 eV,
which corresponds to the S(0) oxidation state in S-S-S bonds in long polysulphides. There is a
second small contribution of oxidized sulphur species between 166.0 eV — 166.8 eV

corresponding to sulphites and sulphates, respectively.

The Cls and Ols spectra acquired at different pressures show no significant difference and
are not shown here. The Cls spectra is composed as usual of three contributions: the first peak
at B.E. = 284.8 eV is attributed to both sp* and sp’ carbon bonds in DLC as well as to
adsorbed aliphatic carbon. The second and third peaks at B.E. = 286.5 and 288.1 eV
correspond to C—O and O-C=0 bonds, respectively. The Ols XPS spectra is fitted using only
two peaks: the first one at B.E. = 531.7 eV is attributed to O=C bonds and the second one at
B.E. =533.0 eV is attributed to O-C bonds. The full detail of the parameters use for the fitting

procedure of the spectra are given in Table A. 4.
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Figure 6. 11. XPS S2p spectra obtained after sliding tests in DMS environment from inside the wear
tracks of: (a) ta-C balls (b) ta-C disks.

The Ols spectra obtained from the ta-C flats are shown in Figure 6. 12. The spectrum outside
the wear tracks is made up of oxygen derived from adventitious contamination and water.
There is no difference between the spectra recorded at the three different pressures: in all
cases the Ols photopeak is composed of two contributions. The first one at B.E. = 531.4 eV
and the second one at B.E. = 5329 eV, corresponds to O=C and O-C bondslog_m,
respectively. Similarly, there is no difference in the Cls which are composed of three
contributions, as usual: the first peak at B.E. = 284.8 eV is attributed to sp® and sp’ carbon
bonds in DLC and adsorbed aliphatic carbon. The second and third peaks at B.E. = 286.5 and
288.1 eV correspond to C—O and O-C=O bonds, respectively. The full details of the

parameters used for the fitting procedure of the spectra are given in Table A. 5.
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Figure 6. 12. XPS Ols spectra obtained after sliding tests in O, environment from inside and outside
the wear tracks of: (a) ta-C balls and (b) ta-C disks.

6.1.5 Discussion

In the previous chapters, it was shown that hard ta-Cs exhibited wear in the presence of
sulphur-containing additives in liquid lubrication, while softer DLCs did not. The results
presented in this chapter seem contradictory, as in DMS environment at sufficiently high
pressure (P = 3 mbar), the ta-C surface is passivated and wear is avoided. The tests were
conducted with another tribometer and different testing conditions had to be used. There are
two main differences between the tests conducted in the previous and present chapter that
could explain the discrepancy in the results. First, in the sliding tests in controlled atmosphere,
the temperature inside the tribometer chamber is 20°C, while in the tests conducted with
liquid lubricants the temperature is 110°C. It is possible that the sulphur-induced wear
mechanism of ta-Cs is temperature dependent; this remains to be investigated. Second, the
DMS molecule already contains C-S-C bonds in its structure so the C-S-X bonds detected by
XPS on the ta-C surface could come from this fragment of the molecule, and not necessarily

from ta-C carbon atoms bonded to the sulphur atoms from the DMS molecule. If the DMS
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molecule decomposes into small fragments or entirely (breaking its C-S-C fragment) then the
released sulphur atoms could react with the ta-C surface. To explain the low friction
coefficient observed (n = 0.05), it is reasonable to assume that a sulphur tribofilm was formed
on the ta-C surface, and not diffused into the ta-C matrix as in the previous chapters. In the
S2p spectra, there was no peak detected at 164.0 eV corresponding to S-S-S bonds in long
polysulfides. This suggests that a very thin sacrificial sulphur tribofilm (perhaps only a few

monolayers thick) is formed.

In the previous chapters, there was a correlation between severe wear and the presence of C-S
bonds at B.E. = 163.3 eV. In this chapter, when wear is observed, at low and intermediate
pressures, the C-S bonds are also observed at B.E. = 163.2 eV, while at high pressure (P =3
mbar) when there was no wear, the C-S bonds were observed at B.E. = 163.6 eV. This
chemical shift to higher energy is significant as the error measurement is considered to be 0.1
eV. It could represent a different chemical state such as C-S-S or C-S-H bonds which could be
expected from a thin sulphur tribofilm and low friction. This aspect remains unclear as it is
difficult to distinguish between C-S-C, C-S-S, and C-S-H chemical states. Performing tests
with other molecules such as dimethyl disulfide (DMDS), dimethyl trisulfide (DMTS) which
contain C-S-S-C and C-S-S-S-C fragments, respectively, or other organic polysulfides could
help to shed more light in this matter.

6.1.6 Summary and Conclusions

The tribological properties of ta-C were investigated by reciprocating sliding test in UHV, O,,
and DMS environments at low (P = 3.10~ mbar), intermediate (P = 3.10"' mbar) and high
pressure (P = 3 mbar). High friction (u > 0.70), stick-slip phenomena, and severe to mild wear
was observed in UHV, O; (all three pressures), and DMS at low and intermediate pressures.
However, in DMS at high pressure (P = 3 mbar) p is reduced to 0.05 and wear is completely
inhibited by passivation of the ta-C surface by the DMS additive. Presumably, passivation
occurs by the formation of a thin sulphur film which acts as lubricant. Although,
complementary tests with other polysulphide molecules and analyses are needed to check.
This subject will be further addressed in the suggestion for future works sections at the end of

this work.
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6.2 DLCs lubricated in neat ZDDP film.

6.2.1 Introduction

In Chapters 4 and 5, the tribological properties of DLCs in liquid lubrication with ZDDP-
containing solutions were studied. The decomposition and reaction mechanisms of ZDDP
were investigated for various DLCs by Quantum Chemical Simulations, where ZDDP-
molecules were introduced between two modelled DLC asperities under an applied normal

pressure Py and shear stress.

In this chapter, reciprocating sliding tests were conducted using the same analytical tribometer
under controlled environment (ATCE) as in Chapter 6.1. Before introducing the disk into the
tribometer chamber, a thin layer of neat ZDDP was applied on its surface. The procedure
consists of applying a small drop of liquid ZDDP using a micropipette and spreading the drop
across the surface while removing the excess using aluminum sheet foils. The resulting ZDDP
film can be observed in Figure 6. 13. The optical interference suggest the ZDDP layer has a

thickness of a few hundreds of nm and is not perfectly homogenous.

Figure 6. 13. (a) picture and (b) optical image of the neat ZDDP layer on DLC surface.

The ZDDP-coated disk and the ball samples were introduced into the tribometer chamber
where the reciprocating sliding tests are conducted in UHV using the same test parameters as
the ones given in Table 6. 1. For this study, two DLC coatings were tested: a-C:H, and ta-
C(66) to study the tribochemistry of DLC/ZDDP interfaces without the influence of a base oil

or outside air contamination.

6.2.2 Friction and wear results

Friction curves of a-C:H and ta-C(66) in UVH (without ZDDP layer) used as reference are
shown in Figure 6. 14a. The a-C:H coating exhibits a friction coefficient p = 0.01 at the
beginning of the tests, but after 10 passages ( 5 cycles), p rises and stabilizes at 0.75. The low
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friction regime is obtained when the a-C:H surface is still terminated with H, but after initial
wear and H depletion at the surface, p rises. For ta-C, p = 0.70 throughout the test, as
observed already in Chapter 6.1 (shown here again to facilitate comparison). Figure 6. 14b
shows the friction curves obtained from a-C:H and ta-C(66) with the applied layer of neat
ZDDP on the flat sample (shown in Figure 6. 13). In pure ZDDP lubrication without base oil,
friction is incredibly reduced by 10 times compared to UHV, and p = 0.075 for both a-C:H
and ta-C(66). After a few hundreds of passages, the ZDDP film is completely depleted (290
and 390 passages for ta-C(66) and a-C:H, respectively) and p starts to rise due to direct
contact of the DLC surfaces (the depletion time depends on the thickness of the ZDDP layer,

which is not homogenous and varies in each test).

Shorter tests were performed and stopped after 50 and 145 passages to obtain analysis points
at different moments of the friction curve (beginning, middle, and end). The wear tracks of
the a-C:H and ta-C(66) flats are shown in Figure 6. 15. As it can be seen, at the beginning of
the test after only 50 cycles (Figure 6. 15a and d), there is still liquid ZDDP on the center of
the wear track. At the middle and at the end of the tests (Figure 6. 15b-c and e-f ) the liquid
ZDDP layer has been mostly depleted inside the wear tracks. During the low friction regime
(when p = 0.075) there is still ZDDP lubrication and no wear is generated on the flat or ball

on neither a-C:H nor ta-C.
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Figure 6. 14. Friction curves of a-C:H and ta-C(66) obtained from sliding tests in: (a) vacuum and (b)

ZDDP thin layer.
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Figure 6. 15. Optical images of the wear tracks of ta-C flats after: (a) 50 passages, (b) 145 passages,
and (c) 290 passages and a-C:H flats after: (d) 50 passages, (e) 145 passages, and (f) 390 passages.

121



6.2.3 XPS analysis

After the sliding tests, the flat samples were directly transferred to the XPS analysis chamber
for analysis without being exposed to the outside air environment. XPS spectra were recorded
inside of the wear tracks of the a-C:H and ta-C flats after individual sliding tests performed
for 50, 145, 290, and 390 passages. Additionally, spectra were recorded outside of the wear
tracks on the neat ZDDP layer to have a reference value of the B.E. (binding energy) and
chemical state of each element. The elemental quantification results are presented in Figure 6.
16. As it can be observed, the highest amount of ZDDP-derived elements (P, S, and Zn) can
be found on the spectra corresponding to neat ZDDP and decreases as the number of passages
increases (as the ZDDP layer starts to be depleted). The quantities are practically the same

between ta-C and a-C:H; the precise values including C and O are given in Table 6. 3.
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Figure 6. 16. XPS elemental quantification obtained from a-C:H and ta-C(66) disks after short tests
when p = 0.08 (50 cycles) and long tests when the friction coefficient p starts to rise (290 and 390
cycles for ta-C and a-C:H, respectively).
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Table 6. 3. XPS clemental quantification obtained from a-C:H and ta-C(66) disks after short (50
cycles) and long sliding tests (290 and 390 cycles for ta-C and a-C:H, respectively).

Additive C (at. %) O (at. %) P (at. %) S (at. %) Zn (at. %)

Neat ZDDP 73.0 10.0 4.9 8.6 3.5
a-C:H 50 cycles 78.8 8.0 3.6 6.2 34
ta-C 50 cycles 80.3 7.5 34 6.2 2.7
a-C:H 145 cycles 88.7 4.7 1.8 34 L.5
ta-C 145 cycles 87.8 49 1.8 3.9 1.6
a-C:H 390 cycles 92.4 3.2 1.2 2.2 1.1
ta-C 290 cycles 90.3 4.2 1.6 2.7 1.2

The Cls and Ols XPS spectra obtained on neat ZDDP and inside the wear tracks of a-C:H
and ta-C flats at the beginning and end of the friction tests (50 passages and 390/290 passages,
respectively) are shown in Figure 6. 17. The P2p, S2p, and Zn2ps, spectra are shown in
Figure 6. 18. The B.E.s obtained from neat ZDDP and in the inside of the wear tracks are
practically identical, indicating that there was no change in the chemical states of the elements

found on the wear tracks after sliding.

The Cls spectra are composed of two contributions: the first one at 284.8 £ 0.1 eV, is
assigned to aliphatic carbon and C-C, and C-H bonds in ZDDP and the DLC coatings. The
second one, at 286.5 + 0.1 eV, corresponds to -C-O bonds in ZDDP. The Ols spectra consists
of two peaks: the first and smallest one, at B.E. = 531.7 £ 0.2 eV, is assigned to O-Zn bonds
and the second at 533.1 £ 0.2 eV to the C-O-P fragment of ZDDP. The P2p spectra are fitted
with one doublet due to spin-coupling with a separation of 0.84 eV and intensity ratio of 0.5.
The only P2ps, peak at B.E. = 133.5 + 0.2 eV is assigned to the (-CO),P=S fragment in
ZDDP. The S2p spectra are fitted using a doublet with a separation of 1.2 eV and an intensity
ratio of 0.5. They consist of two contributions: the first one, at 162.4 + 0.2 eV, is assigned to
the P-S-Zn fragment in ZDDP and the second one, at 164.0 £ 0.2 eV, is assigned to the S=P
bond in ZDDP. Finally, the Zn2ps, spectra are composed of two peaks: the first one at 1022.3
+ 0.2 eV is assigned to Zn-S and the second and smallest one at B.E. = 1023.8 + 0.3 eV is
assigned to Zn-O bonds (in agreement with the Ols spectra). The parameters used for the

fitting procedure of the spectra are given in Table A. 6.
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Figure 6. 17. Cls (left) and Ols (right) XPS spectra obtained from neat ZDDP (row 1 top to bottom),

a-C:H and ta-C disks after sliding tests for different durations: 50 cycles (row 2 and 3), a-C:H after
390 cycles (row 4) and ta-C after 290 cycles (row 5).
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Figure 6. 18. P2p (left), S2p (middle), and Zn2ps; (right) XPS spectra obtained from neat ZDDP (row
1 top to bottom), a-C:H and ta-C disks after sliding tests for different durations: 50 cycles (row 2 and
3), a-C:H after 390 cycles (row 4) and ta-C after 290 cycles (row 5).

6.2.4 Discussion

From the results of the previous chapters it was expected that in ZDDP lubrication, ta-C
would undergo severe wear accompanied by S-C bonds and sulphur diffusion into the ta-C,
but this was not observed. As discussed in Chapter 6.1, the sliding tests performed inside the
test chamber of the ATCE apparatus were performed at 20°C. There was no observable
difference between the chemical states of the ZDD-derived elements from the spectra
obtained on neat ZDDP and the ones inside the wear tracks. This suggests that the ZDDP
molecule was not decomposed, thus no S-C bonds and sulphur doping could occur. The effect

of temperature on the tribochemistry of DLC/ZDDP systems still needs to be investigated.

6.2.5 Summary and Conclusions

A thin layer of neat ZDDP was applied onto a-C:H and ta-C disks and sliding tests were
performed in UHV to study a simplified system that resembles the conditions in atomic
simulations performed of ZDDP molecules between DLC asperities. In UHV without a ZDDP
layer, p = 0.70 — 0.75 and severe wear occurred for ta-C and a-C:H coatings. When the thin
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ZDDP layer is applied, friction was reduced by 10 times, with p = 0,075 and no wear. This
low friction regime lasts for a few hundred cycles until the ZDDP liquid film is completely
depleted and direct contact between the DLC surfaces occurs. The chemical states of the
ZDDP-derived elements (P, S, and Zn) were practically identical between neat ZDDP and the
inside of the DLC’s wear tracks, suggesting that in the tested conditions the ZDDP molecules

do not decompose nor react with the ta-C or a-C:H surfaces.
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Chapter 7: General conclusions and

suggestions for future work

In this chapter, the main findings and conclusions of this work are
summarized. Suggestions for future work are given to follow-up on certain

results that could benefit from complementary experiments.
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7.1 General Conclusions

The main objective of this work was to study the tribological effect and interactions between
low-friction-inducing materials, such as DLC, and traditional engine oils additives, such as
ZDDP. This is of important relevance towards the goal of improving fuel efficiency in

passenger cars by reducing energy losses due to friction and wear in ICE.

Based on the experimental, analytical, and simulation results, it can be concluded that the
tribological behavior of DLC/DLC tribopairs in ZDDP lubrication is governed by their
mechanical (hardness, elastic modulus) and chemical (hydrogen content, carbon sp3/ sp2 ratio)
properties. Their surface topography (4ms and /4’uys) plays a crucial role in inter-asperity
contacts which leads to different local asperity pressures between the DLCs and influence
their tribochemical reactions with the ZDDP molecule. Even though thin ZDDP-derived
patchy tribofilms grown on soft and moderate-hard DLCs, ZDDP has very little, or no effect
on their tribological behavior. An optimal combination of ultralow friction (n = 0.02) and
negligible wear was achieved with moderate hard ta-C(51). However, ZDDP has a
catastrophic effect on hard ta-Cs which exhibit severe wear, increased surface roughness, and
rise of friction coefficient. The newly proposed wear mechanism of hard ta-Cs can be

summarized as follows:

e The high stiffness and surface topography of hard ta-Cs lead to effective local
pressures P;= 10 GPa. The high pressures at contacting asperities lead to cold welding
and increase the defragmentation of the ZDDP molecule.

e Free sulphur atoms are released into the sliding interface, causing chemical mixing.
The released sulphur atoms diffuse into the sub-surface of the ta-C coating and
weaken the material (decreasing the shear strength).

e Plastic deformation, and the formation of graphitic regions and onion-like structures
are observed in the weakened, sulphur-rich zones.

e In ta-C/steel tribopairs, wear was avoided and in this case ZDDP fulfilled its role as
AW agent, preventing tribochemical wear of the ta-C counterpart due to the transfer of
carbon atoms onto the steel surface.

e In ta-C/steel tribopairs, ZDDP does not cause any wear. Indeed, in this asymmetric
configuration it protects the ta-C counterpart from tribochemical wear that occurs in
PAO base oil lubrication by limiting the diffusion of carbon atoms onto the steel

surface. Thus, fulfilling its role as AW agent.
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The effect of sulphur was further investigated by testing other sulphur-containing and
sulphur-free additives. Similar tribochemical wear and high friction were observed for hard
ta-Cs lubricated with sulphur containing molecules (ZDDP primary-C4, ZDDP primary-C8,
and TPS). On the contrary, no wear was observed with the sulphur-free, ZP additive, which
does not react with the ta-C surfaces in the tested experimental conditions. For a-C:H
surfaces, wear did not occur with any of the tested additives and the lowest friction coefficient

(n =0.07) was obtained with additives containing longer alkyl chains.

Other mechanical parameters were studied to better understand the tribological behavior of
DLC/ZDDP systems. In general, to minimize friction and wear, the DLC surfaces must be
polished close to a mirror finish (R, = 10 nm). When lubricated with sulfur-containing
compounds, this will reduce the effective local pressure at the asperity level and thus decrease
the decomposition of the molecules trapped between them. Certain tribological phenomena,
such as tribofilm formation, and wear initiation, are favored at the edges of the stroke, where

the lubrication regime shifts from ML/EHL to BL.

Finally, sliding tests were performed in a controlled environment chamber to study simpler
tribological systems and the tribochemical reactions taking place at the DLC surfaces. In this
configuration, the working temperature was set at 20°C, while it was set at 110°C for the tests
performed in liquid lubrication. This difference could be responsible for the differing results

and still needs to be investigated.

In O, environment, wear of ta-C could be reduced to some extent, but high friction (n > 0.7)
and stick-slip phenomena was still observed. Similar results were observed in DMS
environment, but when the partial pressure was sufficiently high, friction was greatly reduced
(n = 0.05), and wear was completely inhibited. Presumably due to passivation of the ta-C

surface by a thin sulphur layer.

In neat ZDDP lubrication under UHV, both a-C:H and ta-C exhibited low friction (n = 0.075)
and no wear was observed during this low friction regime, while the ZDDP layer was not yet
depleted. There was no change in the chemical states of the ZDDP-derived elements found on
neat ZDDP and inside the wear tracks, suggesting that its defragmentation did not occur. It is
possible that higher temperature is needed to active the molecule and still needs to be

investigated.

In general, this study sheds light to the underlying micro/nano-scale mechanisms that are

responsible for macroscopic tribological behaviour of DLC coatings lubricated in ZDDP and
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similar additives. Practical solutions are given to optimize the friction and wear properties of
DLC/ZDDP systems that can be directly applied to ICEs in passenger cars. The harmful effect
of sulphur-containing additives will hopefully lead to the formulation and use of other

additives that can protect steel surfaces, while not harming DLCs.

Furthermore, the multi-approached methodology used in this work can be used in future
studies aiming at finding optimized tribological behaviours between different materials and
lubricants. by controlling the mechanical and chemical parameters of the materials and fine-

tuning the tribochemistry of the lubricants.

7.2 Suggestions for future works

There are a certain results presented in this work that still require more investigation to better

understand them. Some suggestions are given below:

1. It is still not clear why soft a-C:H and a-C coatings exhibit higher friction coefficient
(u=0.10) in PAO base oil, while for harder ta-Cs p = 0.02. It is possible that the ta-C
surfaces become smoother and the lubrication regime is predominantly EHL, while BL or
ML could apply at larger portions of the stroke for softer DLCs. Similarly, low friction (p
=0.02) is observed for ta-C/steel tribopairs where tribochemical wear leads to atomically
smooth surfaces. A closer inspection of the surface roughness by AFM could shed some
light in this matter. AFM topographies were already recorded in this work, but in PAO +
ZDDP lubrication, and not in pure PAO.

Another possibility is the dehydrogenation of PAO and subsequent passivation of hard ta-
Cs surfaces, where effective local pressures at contacting asperities are larger than those
of softer DLCs. It has been shown, that H terminated nanocrystalline diamond surfaces
(NCD), exhibit superlow friction''?. Superlubricity has also been observed with ta-C and
a-C:H coatings in low pressure hydrogen environment'”’. Sliding tests performed at low
sliding speeds, in boundary lubrication (BL) regime, could be performed to eliminate the

contribution of EHL regime.

2. The results in liquid lubrication (Ch. 4 and 5) and those obtained in controlled
environment (Ch. 6) are divergent. In the former, wear of ta-C was observed with
sulphur-containing additives, while for the latter, no wear was observed in DMS

environment or lubricated with a layer of neat ZDDP. An important difference between
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both configurations is the working temperature, which was set at 110°C in liquid
lubrication (representative of ICE), and only at 20°C in controlled environment. This
parameter can activate the diffusion process of the active elements like sulphur brought to
the surface, causing them to penetrate further into the subsurface. The effect of
temperature remains to be investigated to check if it can explain the results obtained in

both different test conditions.

Finally, to study the reactivity of ta-C, a-C and a-C:H, tests could be performed with
other sulphur-containing molecules besides DMS, such as, dimethyl disulphide (DMDS)),
and dimethyl trisulphide (DMTS). The idea is to introduce the DLCs into the test
chamber in UHV and perform short sliding tests to generate wear and create reactive
surfaces with carbon dangling bonds. Next, the contact between the samples is removed
and the sulphur-containing molecules are introduced in gas phase for a given time, say 30
minutes. XPS spectra would be recorded in the reactive surface to study the
decomposition of the gas molecules without sliding motion. Afterwards, in a new area of
the surfaces, sliding tests could be performed in the presence of the gas molecules to
record XPS spectra and compare them with the ones where there was no sliding after the
gas molecules were introduced. And lastly, FIB + TEM analyses could be performed to

study the sulphur diffusion in the samples.
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Appendix A
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Figure A. 1. (a) Friction curves of ta-C(66) in PAO base oil (blue curve) and 5W30 (red curve)
lubrication. Instantaneous friction coefficient for one cycle in (b) PAO and (c) SW30. Optical images
of the wear tracks of the flats after sliding tests in (d) PAO and (e) SW30.
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Edge of wear track

ta-C(51)

Center of wear track

Figure A. 2. SEM images in SE detection mode
for ta-C(51) (top) and a-C:H (bottom).

at the edge (left) and center (right) of the wear track
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Figure A. 3. SEM images of the preparation zone for the ta-C(66) FIB cross-section sample.
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Figure A. 4. BF-TEM images of the graphitic-like (onions) structures observed on the cross-section
sample of ta-C(66).
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After 5 min sputtering

a-C:H

ta-C (66)

™

. . . 1 .
170 168 166 164 162 160

Bindi

ng energy (eV)

Figure A. 5. S2p XPS profiles obtained from a-C:H (top) and ta-C(66) (bottom) after 5 minutes of

sputtering.
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Figure A. 6. Quasi-static contact-closing/reopening simulations for hydrogen-passivated a-C:H with p
=2.0 gem” and Cy = 20 at.% and for hydrogen-passivated a-C with p = 2.0 g cm” in contact with a
ZDDP molecule using DFTB3 quantum chemical calculations. Averaged numbers of (a) S—C bonds
(Ang_c) formed between ZDDP sulphur and DLC carbon atoms as well as (b) sulphur atoms released
from ZDDP (ngyiphyr) to the DLC after opening the contact as a function of the contact pressure P, for
a-C:H (red) and a-C (blue). The error bars represent standard error of the means. The vertical lines
mark the effective local contact pressures P, o for the five experimental coatings (reported in Figure

4.5b).
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Figure A. 7. Quasi-static contact-closing/reopening simulations for sp*-rich ta-C with p = 3.0 g cm™
(orange) in contact with a ZDDP molecule using DFTB3 quantum chemical calculations. Averaged
numbers of (a) S—C bonds (Ang_¢) formed between ZDDP sulphur and DLC carbon atoms as well as
(b) sulphur atoms released from ZDDP (ngyiphur) to the DLC after opening the contact as a function
of the contact pressure P,. The plots for a-C:H (red) and a-C (blue) are the same as in Figure A. 6. The
error bars represent standard error of the means. The vertical lines mark the effective local contact

pressures P o for the five experimental coatings (Figure 4.5b).
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Figure A. 8. Representative pictures of DLC surfaces functionalized with ZDDP-derived
atoms/fragments at three different contact pressures (P, =2, 5, and 10 GPa) after surface separation for

a-C:H and a-C.
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Table A. 1. XPS fitting parameters used for the spectra presented in Figure 5. 11-13.

Sample Assignation Chemical state B.E. (eV) F‘(ZE)M Gauss %

Cls (1) C-C,C=C,C-H 284.8 1.6 95

Cls(2) C-O0 286.5 1.6 95

Cls (3) 0-C=0 288.3 1.6 95
ta-C disk Ols (1) NBO 531.8 1.9 80
Vs. Ols (2) BO 533.2 1.9 80
steel P2ps/» P-O 133.5 1.6 85
cylinder S2ps/2 (1) S-Zn 162.3 1.9 100
S2ps/2 (2) SO, 168.9 1.8 100

Zn2ps (1) ZnS, ZnPO, 1022.1 1.7 85

Zn2ps (2) Zn0O - - -

Cls (1) C-C, C=C, C-H 284.8 1.6 95

Cls (2) C-O 286.4 1.6 95

Cls (3) 0-C=0 288.5 1.6 95

steel disk Ols (1) NBO 5314 1.9 80
VS, Ols (2) BO 533.0 1.9 80
ta-C P2ps/> P-O 133.5 1.9 85
cylinder S2ps/2 (1) S-Zn, S-P, S=P 162.0 1.9 100
S2ps/2 (2) SO, 168.0 1.9 100

Zn2ps (1) ZnS, ZnPO, 1022.1 1.8 85

Zn2ps (2) ZnO 1023.8 1.8 85

Cls (1) C-C, C=C, C-H 284.8 1.5 95

Cls (2) C-O 286.3 1.5 95

Cls (3) 0-C=0 288.2 1.5 95

steel disk Ols (1) NBO 5314 1.9 80
VS, Ols (2) BO 532.0 1.9 80
steel P2ps/» P-O 133.5 1.8 85
cylinder S2ps/2 (1) S-Zn, S-P, S=P 162.0 1.9 100
S2ps/2 (2) SO, 168.4 1.9 100

Zn2ps (1) ZnS, ZnPO, 1022.0 1.8 85

Zn2ps (2) ZnO 1023.8 1.8 85

Table A. 2. Parameters used for the fitting procedure of the spectra shown in Figure 5. 23 of a-C:H.

Lubricant Contribution Assignment B.E. FWHM Gauss

(eV) (eV) (Y0)

Cls (1) C-C, C=C, C-H 284.8 1,4 95

Cls (2) C-O 286.,4 1,4 95

Cls (3) 0-C=0 288.,3 1,4 95

ZDDP 1 C4 Ols (1) NBO 531,7 1,7 80
Ols (2) BO 533,0 1,7 80

P2ps2 (1) P-O 133,4 1,7 85

S2ps.2 (1) S-Zn, S-P, S=P 162,3 1,9 100
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S2ps (2) S-C - - -
S2pss (3) S-S-S - - -
S2ps» (4) S-0 - - -
Zn2ps» (1) ZnS, ZnPOx 1022,3 1,7 85
Zn2p;; (2) ZnO - - -
Cls (1) C-C, C=C, C-H 2848 1,4 95
Cls (2) C-0 286,5 1,4 95
Cls (3) 0-C=0 288.3 1,4 95
Ols (1) NBO 531,7 1,7 80
Ols (2) BO 533,0 1,7 80
P2ps2 (1) P-O 133,5 1,6 85
ZDDP1C8 S2ps2 (1) S-Zn, S-P, S=P 162,4 1,8 100
S2ps (2) S-C - - -
S2psz (3) S-S-S - - -
S2ps» (4) S-0 - - -
Zn2ps» (1) ZnS, ZnPOx 1022,3 1,7 75
Zn2p;; (2) ZnO - - --
Cls (1) C-C, C=C, C-H 284,8 1,6 95
Cls (2) C-0 286,5 1,6 95
Cls (3) 0-C=0 288.3 1,6 95
Ols (1) NBO 532,1 1,9 80
Ols (2) BO 533,4 1,9 80
P2ps2 (1) P-O 134,0 1,8 85
ZP1C8 S2ps2 (1) S-Zn, S-P, S=P ] ] ]
S2ps (2) S-C - - -
S2pss (3) S-S-S - - -
S2ps» (4) S-0 - - -
Zn2ps» (1) ZnS, ZnPOx 1022,5 1,9 85
Zn2ps; (2) ZnO 1024,3 1,9 85
Cls (1) C-C, C=C, C-H 284,8 1,6 95
Cls (2) C-0 286,5 1,6 95
Cls (3) 0-C=0 288.4 1,6 95
Ols (1) NBO 532,1 1,9 80
Ols (2) BO 533,6 1,9 80
TPS P2ps2 (1) P-O - - -
S2ps (1) S-Zn - - -
S2ps (2) S-C - - -
S2ps (3) S-S-S 163,9 1,8 100
S2psp (4) S-0 168,5 1,8 100
Zn2p;; (1) ZnS, ZnPOx - - -
Zn2p;; (2) ZnO - - -
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Table A. 3. Parameters used for the fitting procedure of the spectra shown in Figure 5. 23 of ta-C(66).

Lubricant Contribution Assignment B.E. FWHM | Gaussian
(eV) (eV) (%)
Cls (1) C-C,C=C, C-H, C-S 284.8 1.4 95
Cls (2) C-0 286.5 1.4 95
Cls (3) 0-C=0 288.3 1.4 95
Ols (1) NBO 531.9 1.7 80
Ols (2) BO 533.0 1.7 80
JDDP I Ca P2ps/2 (1) P-O 133.3 1.9 85
S2ps/2 (1) S-Zn 162.3 1.9 100
S2ps/2 (2) S-C 163.3 1.9 100
S2ps/2 (3) S-S-S - - -
S2ps/2 (4) S-O 167.9 1.9 100
Zn2ps; (1) ZnS/ZnPO, 1022.4 1.8 85
Zn2ps; (2) ZnO - - -
Cls (1) C-C,C=C,C-H, C-S 284.,8 1,4 95
Cls (2) C-0 286,6 1,4 95
Cls (3) 0-C=0 288,6 1,4 95
Ols (1) NBO 531,8 1,8 80
Ols (2) C-0 533,0 1,8 80
ZDDP 1 C8 P2ps.2 (1) P-O 1333 1,7 85
S2ps2 (1) S-Zn 162,1 1,8 100
S2ps2 (2) S-C 163,3 1,8 100
S2ps (3) S-S-S - - -
S2ps2 (4) S-O - - -
Zn2ps; (1) ZnS, ZnPOx 1022,3 1,7 85
Zn2ps; (2) ZnO - - -
Cls (1) C-C,C=C, C-H 284.,8 1,3 95
Cls (2) C-0 286,4 1,3 95
Cls (3) 0-C=0 288,6 1,3 95
IP1CS Ols (1) NBO 532,1 1,8 80
Ols (2) BO 5333 1,8 80
P2ps/2 (1) P-O 133,6 1,7 85
S2ps2 (1) S-Zn, S-P, S=P - - -
S2ps2 (2) S-C - - -
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S2psr2 (3) S-S-S - - -
S2psp (4) S-O0 - - -
Zn2ps; (1) ZnS, ZnPO 1022,2 1,6 85
Zn2ps; (2) ZnO - - -
Cls (1) C-C,C=C, C-H, C-S 284,8 1,5 95
Cls(2) C-O0 286,5 1,5 95
Cls (3) O0-C=0 288,0 1,5 95
Ols (1) NBO 532,1 1,8 80
Ols (2) BO 5333 1,8 80

TPS P2ps2 (1) P-O - - -
S2psp (1) S-Zn, S-P, S=P - - -
S2ps2 (2) S-C 163,2 1,9 100
S2ps2 (3) S-S-S 164,1 1,9 100
S2ps2 (4) S-O0 168,4 1,9 100
Zn2p;, (1) ZnS, ZnPOx - - -
Zn2p;, (2) ZnO - - -

Table A. 4. Parameters used for the fitting procedure of the spectra recorded in ta-C flats and balls
after sliding tests in DMS environment at different pressures.

Pressure | Sample | Contribution Assignment B.E. (eV) FWHM Gaussian
(mbar) (eV) (%)
Cls (1) C-C,C=C, C-H, C-S 284.8 1.5 95.0
Cls (2) C-O0 286.5 1.5 95.0
Cls (3) O0-C=0 288.0 1.5 95.0
ball Ols (1) Cc=0 531.7 1.9 80.0
Ols (2) C-O0 533.1 1.9 80.0
S2ps/2 (1) S-C 163.2 1.7 90.0
3107 S2ps/2 (2) S-O0 165.5 1.7 0.0
Cls (1) C-C.C=C.C-H. C-S 284.8 1.5 95.0
Cls (2) C-O0 286.4 1.5 95.0
Cls (3) O0-C=0 287.9 1.5 95.0
flat Ols (1) Cc=0 531.6 1.9 80.0
Ols (2) C-O0 533.0 1.9 80.0
S2ps/2 (1) S-C 163.2 1.7 90.0
S2ps/2 (2) S-O0 165.9 1.7 90.0
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Cls(l) |C-C.C=C.C-H.C-S| 2848 1.5 95.0
Cls (2) C-O 286.5 1.5 95.0
Cls (3) 0-C=0 287.9 1.5 95.0
ball Ols (1) C=0 531.6 1.9 80.0
Ols (2) C-0 533.0 1.9 80.0
S2psla (1) S-C 1633 1.8 90.0
e S2psl2 (2) S-0 - 0.0 0.0
Cls(l) |C-C.C=C.C-H.C-S| 2848 1.5 95.0
Cls (2) C-O 286.4 1.5 95.0
Cls (3) 0-C=0 287.9 1.5 95.0
flat Ols (1) C=0 531.7 1.8 80.0
Ols (2) C-0 5332 1.8 80.0
S2psta (1) S-C 163.2 1.7 90.0
S2psl2 (2) S-0 0.0 0.0 0.0
Cls(l) | C-C.C=C.C-H.C-S| 2848 1.5 95.0
Cls (2) C-O 286.4 1.5 95.0
Cls (3) 0-C=0 288.1 1.5 95.0
ball Ols (1) C=0 531.7 1.9 80.0
Ols (2) C-0 5328 1.9 80.0
S2psta (1) S-C 163.6 1.7 90.0
3100 S2psl (2) S-0 166.6 1.7 90.0
Cls(l) | C-C.C=C.C-H.C-S| 2848 1.4 95.0
Cls (2) C-O 286.5 1.4 95.0
Cls (3) 0-C=0 - - -
flat Ols (1) C=0 531.7 1.9 80.0
Ols (2) C-0 532.9 1.9 80.0
S2psta (1) S-C 163.2 1.8 90.0
S2psl2 (2) S-0 0.0 0.0 0.0
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Table A. 5. Parameters used for the fitting procedure of the spectra recorded in ta-C flats after sliding
tests in O2 environment at different pressures.

Pressure Contribution Assignment B.E. FWHM Gaussian
(mbar) (eV) (eV) (%)
Cls (1) C-C,C=C, C-H 2848 1,5 95,0
Cls (2) C-0 286,5 1,5 95,0
P=3.10" Cls (3) 0-C=0 288,1 1,5 95,0
Ols (1) C=0 531,4 1,9 80,0
Ols (2) C-0 532,8 1,9 80,0
Cls (1) C-C, C=C,C-H 2848 1,5 95,0
Cls (2) C-0 286,5 1,5 95,0
P=3.10" Cls (3) 0-C=0 288,0 1,5 95,0
Ols (1) C=0 531,4 1,9 80,0
Ols (2) C-0 532,8 1,9 80,0
Cls (1) C-C,C=C, C-H 2848 1,5 95,0
Cls (2) C-0 286,6 1,5 95,0
P=3.10° Cls (3) 0-C=0 288,1 1,5 95,0
Ols (1) C=0 531,5 1,9 80,0
Ols (2) C-0 532,9 1,9 80,0

Table A. 6. Parameters used for the fitting procedure of the spectra recorded in ta-C flats after sliding
tests in UHV and neat ZDDP layer.

Position Contribution | Assignment B.E. (eV) FWHM (eV) % Gauss

Cls (1) C-C, C-H 284.8 1.4 95

Cls (2) C-0 286.5 1.4 95

Cls (3) C=0 - - 95

Neat ZDDP Ols (1) O-Zn 531.4 1.6 80
Ols (2) C-O-P 533.0 1.6 80

P2ps/2 (1) (-CO),-P=S 133.4 1.6 85

S2ps/2 (1) P-S-Zn 162.4 1.5 100

S2ps/2 (2) S=P 163.7 1.5 100
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Zn2ps (1) Zn-S 1022.3 1.6 85

Zn2ps (2) Zn-0O 1023.5 1.6 85

Cls (1) C-C.C-H 284.8 1.4 95

Cls (2) C-O 286.5 1.4 95

Cls (3) C=0 - - 95

Ols (1) O-Zn 531.4 1.6 80

a-C:H Ols (2) C-O-P 532.9 1.6 80
50 cycles P2ps/2 (-CO),-P=S 133.5 1.7 85
S2ps/2 (1) P-S-Zn 162.4 1.5 100

S2ps/2 (2) S=P 163.7 1.5 100

Zn2ps (1) Zn-S 1022.2 1.6 85

Zn2ps (2) Zn-O 1023.4 1.6 85

Cls (1) C-C.C-H 284.8 1.4 95

Cls (2) C-O 286.5 1.4 95

Cls(3) Cc=0 - 1.4 95

Ols (1) O-Zn 531.6 1.6 80

ta-C Ols (2) C-O-P 533.0 1.6 80
50 cycles P2ps/2 (1) (-CO),-P=S 133.5 1.7 85
S2ps/2 (1) P-S-Zn 162.4 1.4 100

S2ps/2 (2) S=P 163.8 1.4 100

Zn2ps (1) Zn-S 1022.3 1.6 85

Zn2ps (2) Zn-O 1023.7 1.6 85

Cls (1) C-C.C-H 284.8 1.4 95

Cls (2) C-O 286.5 1.4 95

Cls(3) Cc=0 - - 95

Ols (1) O-Zn 531.7 1.8 80

a-C:H Ols (2) C-O-P 533.1 1.8 80
390 cycles P2ps/2 (1) (-CO),-P=S 133.7 1.9 85
S2ps/2 (1) P-S-Zn 162.7 1.7 100

S2ps/2 (2) S=P 164.0 1.7 100

Zn2ps (1) Zn-S 1022.4 1.7 85

Zn2ps (2) Zn-0O 1023.7 1.7 85

ta-C Cls (1) C-C.C-H 284.8 1.4 95

151



50 cycles

Cls (2) C-0 286.3 1.4 95
Cls (3) C=0 2875 1.4 95
Ols (1) 0-Zn 532.0 1.8 80
Ols (2) C-O-P 533.4 1.8 80
P2ps2 (1) | (-CO)-P=S 133.7 1.9 85
S2psta (1) P-S-Zn 162.7 1.7 100
S2pst (2) S=P 164.2 1.7 100
S2psl> (3) Zn-S 1022.5 1.7 85
Zn2ps (1) Zn-0 1024.2 1.7 85
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